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Abstract

Hydrokinetic turbines are emerging as a prominent solution for green and
sustainable power generation. The Savonius hydrokinetic turbine, with its
simple design, low-cost, ease of installation, low noise, and good start-up
characteristics, is a promising technology for small-scale energy production.
However, its performance suffers from certain limitations such as low
efficiency and low starting torque. In this work, functionality of a
conventional Savonius Hydrokinetic turbine (SHKT) was assessed using
Computational Fluid Dynamics (CFD). The incorporation of streamlined bluff
bodies upstream of the returning blade induced a flow diversion towards the
advancing blade, consequently amplifying the power output. Cylinder,
diamond, D-shaped (Half cylinder) and flat deflector plate were used as
deflectors to analyse their impact on the turbine's performance. The results
revealed that the diamond-shaped bluff body, in contrast to the conventional
design, exhibited the maximum gain in turbine’s power coefficient (Cp) of up
to 31% more at Rx= 0.75D and Ry=0.51D, at tip speed ratio (A) equal to 1.2.
The inclusion of cylinder-shaped and D-shaped bluff bodies yielded
significant improvements in turbine’s operational performance at a consistent
tip speed ratio (1), with the former exhibiting a noteworthy increase of 11.83%
and the latter demonstrating a substantial enhancement of 19.89% in turbine’s
coefficient of power (Cp). At A=1, the diamond-shaped bluff body achieved
turbine’s peak power coefficient (Cp) of 0.298, signifying its optimal
performance. Furthermore, through the inclusion of a 45° angled flat plate
deflector positioned ahead of the driving blade and in combination with the
diamond-shaped bluff body, the overall power coefficient (Cp) of the turbine
experienced an additional enhancement of 29.58% at a tip speed ratio (A)=1.2.
Additionally, the diamond-shaped bluff body, in combination with a flat plate
deflector, demonstrated maximum average power coefficient (Cp) of 0.491 at a
tip speed ratio (A)=0.8. This outcome demonstrates a notable improvement in
the performance of the Savonius Hydrokinetic turbine when utilizing upstream
bluff bodies and deflector plates. Thus, the use of these augmentation can
significantly increase the efficiency of the Savonius Hydrokinetic turbine
systems.
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Nomenclature:

As=Swept area

H=Height of the turbine

D=Rotor diameter

R=Rotor radius

d,=Blade Diameter

d.=Cylinder diameter

dp=D-Shape bluff Body diameter

a= Horizontal distance between blades
V;=Inlet Velocity

w= Angular velocity

T= Moment

P,,=Available power

P,.otor=ROtor Power

C,= Coefficient of Power

C,,= Coefficient of Moment

Cpmax= Maximum Power Coefficient
C,»= Moment Coefficient

P¢= Force at fracture

p= Density of water

A= Tip speed ratio
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CHAPTER 1: INTRODUCTION

1.1 Research Context and Scope:

To have sustainable development, researchers and scientists are trying to find
new ways to minimize the effect of fossil fuels on the environment. The reliance
on conventional energy sources (non-renewable) which includes oil, natural gas,
coal etc. for energy production has detrimental environmental impacts, including
the occurrence of acid rain and the exacerbation of the greenhouse effect. These
sources exhibit remarkable efficiency in fulfilling the escalating energy
requirements. However, their utilization poses significant environmental and
human health challenges. As global development progresses at an accelerated
pace, the energy demand across the world continues to surge. This surge places
additional strain on non-renewable resources, intensifying their detrimental
effects on ecosystems and human well-being. The human search for new ways to
produce energy to meet the demand fosters the evolution of sustainable
technologies. Renewable sources of energy have fewer effects on the ecosystem
and environment and have huge potential to meet the burgeoning energy demand
increasing worldwide [1]. A hydrokinetic turbine is a turbo machine designed to
tap into the Kkinetic energy present in flowing fluids and turn it into usable
mechanical power. These turbines do not require the heavy structure of dams or
other extensive facilities and that’s why these turbines are a more reliable and
low-cost source of energy for remote power generation. These turbines are
typically installed in open water environments, including free-flowing rivers,
riverbanks, and areas where currents create distinct flow paths, such as expansive
oceans and energetic tidal currents [2].

1.1.1 Global Hydro Energy Trends:

Global energy demand especially in developing countries is increasing
exponentially due to population and economic growth. This is a positive
indicator for the economic rise but it also shows alarming indicators for
environmental changes such as global warming etc. The increase in energy
demand globally also poses new challenges in the energy sector. Fossil fuels are
still dominant in the global energy supply and contribute majorly according to
the International Energy Agency report of 2020 as shown in Figure 1. The
capacity of hydroelectric power stations globally has been steadily amplifying
over the preceding decades. According to the International Hydropower
Association, the total installed capacity of hydroelectric power plants in the
world reached 1,308 GW in 2020, which is an increase of 1.2% from the
previous year [3]. Hydropower is a green, non-polluting, and economical energy
source outlet. It is one of the dominant components of renewable energy. In




2009, 3329TWh electricity has been produced by hydro energy and represents
16.5% of the share of world electricity [4].

While large-scale hydroelectric power plants still dominate the industry, there
has been a trend towards smaller-scale hydropower plants in recent years. This is
because smaller plants can be more easily built in remote areas and can be better
suited for off-grid power generation. Emerging economies have witnessed
notable advancements in the adoption of hydroelectric power as a sustainable
energy source. This is driven by the need to increase access to electricity and
reduce dependence on fossil fuels. In a broader perspective, hydroelectric power
maintains its significance as a pivotal renewable energy source on a global scale.
Its continuous expansion and sustainable development serve as a key component
in satisfying the expanding energy demands globally, all while mitigating carbon
emissions.

1973 and 2018 source shares of electricity generation’

1973 2018
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Figure 1: Shares of Electricity Generation Sources.

1.1.2 Hydro Energy Trend in Pakistan:

Hydroelectric power plays a vital role in Pakistan's electricity generation,
accounting for a significant portion of the country's power supply. Following its
independence in 1947, Pakistan started its journey with a power capacity of 60
MW, as per the inherited infrastructure [5]. However, the widening gap between
electricity demand and supply has been exacerbated by rapid population growth,
urbanization, and industrialization. While some progress was initially made in
the energy sector, the insufficient addition of electricity to the power grid over
the years has led Pakistan to face significant energy shortages, transforming the
energy crisis into a national security concern. Despite Pakistan's abundance of
natural energy resources, the energy crisis has severely impacted various sectors
including social, economic, agricultural, and industrial. The power sector in
Pakistan heavily relies on fossil fuel-based resources like natural gas and oil,
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which dominate the country's energy mix. Driven by economic expansion, the
appetite for electricity is on an upward trajectory, leading to the import of
hydrocarbons and expenditure of approximately 20% of foreign exchange
reserves, as Pakistan possesses limited indigenous fossil fuel reserves. Currently,
the overall energy mix in Pakistan comprises 61% fossil fuels, 29% hydroelectric
power, 4% nuclear power, and 6% other sources [6].Figure 2 represents the
energy mix of Pakistan in 2020. Despite having significant hydroelectric power
resources, Pakistan is still considered to be underutilizing its potential. There are
various challenges to the development of hydroelectric power in Pakistan,
including financing, land acquisition, and environmental concerns. The country
has been working to address these challenges through policy measures and
partnerships with international organizations exploring opportunities for the
development of new hydroelectric power plants. Pakistan's hydroelectric power
plants include large dams, run-of-the-river plants, and small-scale hydropower
plants. The country has been focusing on developing run-of-the-river and small-
scale hydropower plants in recent years. For instance, the 108 MW Golen Gol
hydropower project, which is a run-of-the-river plant, was completed in 2020.
Pakistan possesses abundant reserves of renewable energy resources, including
hydro, wind, and solar. These vast resources present a significant opportunity for
Pakistan to harness renewable energy and effectively meet the demands of its
energy sector. Hydroelectric power, in particular, holds great importance within
Pakistan's energy mix. Further development and expansion of hydroelectric
projects are vital for fulfilling the country's increasing energy requirements while
simultaneously reducing dependence on fossil fuels.

ENERGY MIX OF PAKISTAN IN 2020 IN MW &

PERCENTAGE SHARE
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Figure 2: Percentage Share Energy Mix of Pakistan.



1.2 Scope and Motivation:

Based on a survey conducted by the UNDP (United Nations Development
Program), it is estimated that approximately 1.7 to 2 billion individuals
worldwide lack access to grid-based energy. The majority of these individuals
reside in rural or remote areas [7]. In today's era of progress and development,
access to electricity has become a fundamental necessity. The natural resources
present in remote areas hold significant potential as sustainable and reliable
sources of energy for generating electricity. Various methods enable the retrieval
of energy from different sources like streams, rivers, etc. to provide electricity to
those areas that have access to flowing water. Potential energy and kinetic
energy can be extracted from water to produce electricity. Conventionally, there
was a greater emphasis on exploiting water’s potential energy by storing it in
large dams and converting potential energy to electrical energy using different
types of turbines like Kaplan, Francis, and Pelton. To reduce further exploitation
of larger hydro potential sites, hydrokinetic energy conversion is a viable
solution to meet the demand for electricity in underserved regions. Despite
having significant hydroelectric power resources, Pakistan is still considered to
be underutilizing its potential. To cater the escalating demand for energy and the
potential utilization of natural resources hydrokinetic technology is a feasible
solution. The primary goal of this research is to ascertain the practicality of
Savonius hydrokinetic turbines for use in small-scale or off-grid applications,
where conventional hydropower plants are not practical or feasible. The
objective of this research is also to explore the potential of Savonius hydrokinetic
turbines for harnessing energy from sluggish water flows like in rivers and tidal
pathways. The assessment of environmental impacts and sustainability of
Savonius hydrokinetic turbines compared to other forms of renewable energy
generation will also be the scope of this research.

The driving force behind this research stems from the imperative need to address
climate change and reduce dependency on fossil fuels by exploring green and
sustainable energy sources. The pressing need to address the energy
requirements of remote or rural areas, where an interconnected power system is
lacking or unreliable, acts as the impetus behind this research. It also explores
the opportunity to harness energy from low-speed water currents that are
currently underutilized. The desire to develop and improve technologies that
have low environmental impacts and are compatible with aquatic ecosystems is
also a major motivation behind this research work.

1.3 STEEPLE Factors Analysis:

This research work on Savonius Hydrokinetic turbine was not chosen just
because of its technical characteristics but it also highlights concerns associated
with social economic, political, legal, and environmental.



Socially, the presented research work aims to provide small scale clean, and
cheap energy generation for those living in secluded regions with no access to
electricity and no connection to the grid. The project highlights how using this
alternative source of electricity can be generated in remote areas where people
have continuously flowing water, streams, or rivers. This thesis also aims to
increase awareness related to the adoption of sustainable energy alternatives. The
project also highlights the issue of energy and the environment and presents how
energy and environmental issues can be minimized using renewable resources
efficiently.

Technologically, this research work represents the optimization of Vertical Axis
Savonius hydrokinetic turbines through numerical analysis using upstream bluff
bodies or deflectors. This research involves the testing of Savonius hydrokinetic
turbine through computer simulation using Ansys fluent. The purpose of the
presented thesis work is to enhance the power coefficient (Cp) using deflectors
and bluff bodies. Toward these objectives, we are actively taking part develop
renewable energy technologies to minimize our energy crisis.

Environmentally, the intention of this research work is to offer an optimized
source of energy that would not damage our environment and would be an
alternative source to fossil fuel-based energy generation which are major sources
of CO2 emissions and greenhouse effect. The project highlights energy
generation through Savonius hydrokinetic turbines that unitize energy in free-
flowing water streams or canals which will reduce to use of non-renewable
sources and our environmental footprint.

Economically, this research work represents the optimization of conventional
Savonius hydrokinetic turbines numerically to unitize the energy available in
free-flowing water in rivers, streams, and man-made canals to provide an
alternative source of energy for people living in remote areas near these
renewable resources.

Politically, this project aims to provide an alternative source of electricity to the
people who are living in remote areas and don’t have access to the national grid.
Also, this research highlights the usefulness of a clean source of energy and
would be a step forward to minimize the country's energy crisis by providing an
independent source of clean and cheap renewable source of energy.

From a legal perspective, this research work is in accordance with the
recommendations outlined in Pakistan's Alternate Renewable Energy policy. The
policy sets forth ambitious goals to augment the impact of renewable and
sustainable alternatives in the country's national power grid, aiming to increase
the share from 5% to 20% by 2025 and further to 30% by 2030. Additionally,
IRENA has identified a substantial potential of approximately 60 GW within
Pakistan's hydropower sector. World Bank also suggested in 2020 that Pakistan
should quickly implement a major scale-up of renewable energy generation and



this research work represents a step in this direction using energy generation
through optimized Savonius hydrokinetic turbines. This project also highlights
small-scale energy generation according to NEPRA (Distributed Generation/Net
Metering) Rules 2014 which allows injecting generated energy to the National
grid of Pakistan.

Ethically, this thesis aims to reduce the destruction we caused to our
environment by using non-renewable resources. A huge percentage of energy
that we are using around the world still comes from conventional resources (non-
renewable) such as oil, coal, or gas that are environmentally destructive. This
project highlights that by using renewable energy resources we can take part to
protect our environment. The projects provide and clean and cheap renewable
source of energy and empower people in remote areas having no access to
electricity.

1.4 Framework and Limitation of the Research Work:

1.4.1 Framework of the thesis:

The format of this thesis encompasses four primary chapters, with the first
chapter comprising two sections. Chapter one offers an introductory overview
and background on the subject of hydrokinetic turbines. It discussed the basic
concept and scope of hydrokinetic turbines to cater to small-scale energy needs
in remote and rural locations and current hydro energy trends globally and in
Pakistan and also discusses the history and current trends of Hydrokinetic
turbines. The second section discusses the Social, Technological, Environmental,
Economic, Political, and Legal (STEEPLE) analysis, organization, and limitation
of the presented research work. Chapter two presents a comprehensive literature
review of previous studies conducted on Savonius turbines, along with
geometrical details of the present model used in this study. This chapter provides
a detailed investigation of the design features and parameters that influence
turbine’s performance. In Chapter three, a detailed account is provided on the
numerical modeling approach utilized in this study, emphasizing the utilization
of CFD techniques to optimize the effectiveness of the Savonius turbine. Chapter
four encompasses the presentation and extensive analysis of the results obtained
from the numerical simulations. In the chapter, a comprehensive overview is
given of the comparisons between the performance features of the conventional
Savonius turbine and the optimized turbine, along with an exploration of the
impact of various bluff bodies on the turbine's performance. Additionally, this
chapter concludes the study, highlighting key findings, and proposes potential
avenues for future research. Lastly, chapter five gives a conclusion of the
presented research and highlights key findings of the research future directions.

1.4.2 Limitations of the research work:
This research work primarily focused on analyzing the operational effectiveness
and performance features of the Savonius Hydrokinetic turbine through 2D



analysis, based on the premise of an even distribution of quantities along the
height of the rotor. It is important to note that two-dimensional analysis may lead
to an overestimation of the turbine's performance, representing a fundamental
limitation of this study.

Utilizing CFD analysis, the 2D analysis of the Savonius turbine provided
valuable insights into flow patterns and performance characteristics. However, it
is crucial to acknowledge that this approach cannot fully capture the three-
dimensional flow dynamics observed in real-world scenarios. Conducting a
comprehensive three-dimensional analysis would require more extensive
computational resources and time, which could have confined the scope of this
work. While the numerical results of the conventional Savonius turbine
presented in this investigation have been validated against experimental data
from Sheldahl [8], it is crucial to acknowledge that the experimental results for
the modified turbine’s design are still pending and, therefore, not included in this
research work. It is worth mentioning that CFD simulations can impose
significant demands on computational resources, including high-performance
computing resources. This aspect can pose limitations for research projects with
limited access to such resources.

Although hydrokinetic turbines, including the Savonius Hydrokinetic turbine,
offer a promising alternative to traditional sources of energy, they do have
limitations that must be taken into consideration. One major limitation is the
need for strong currents or flow rates to generate enough power to be
economically viable. In locations where currents are weak or inconsistent,
hydrokinetic turbines may not be a viable option. Another factor that limits the
use of hydrokinetic turbines, including Savonius turbines, can be limited by
regulatory and environmental concerns. The placement of turbines in waterways
must take into account potential impacts on navigation, recreation, and wildlife,
and permits may be required before installation can take place. Additionally,
concerns about noise pollution and visual impacts may limit the number of
locations where hydrokinetic turbines can be installed.



CHAPTER 2: LITERATURE REVIEW
2.1 Concept of Hydrokinetic Power:

Hydrokinetic technologies are specifically engineered for deployment in diverse
aquatic environments, encompassing unconstrained rivers, marine currents, and
artificial waterways. Hydrokinetic turbines fall into the “zero-head” category
which taps into the kinetic energy of water movement rather than relying on the
potential energy of descending water. These turbines are designed for effective
minimum speed of about 0.25 m/s of flowing water can be installed in different
configurations like underwater, floating, fixed, anchored, or towed where the
effective. The power generation of a hydrokinetic turbine is tied to the velocity
of the water flow, similar to a wind turbine’s power production is linked to the
speed to the wind. Equation (2.1) represents the power density (PHK) of turbine:

Where;

E= Device efficiency specified by manufacturer
Cp= Coefficient of Power

p =Fluid Density

V= Fluid Velocity

A= Turbine Swept Area

Generation of electricity from kinetic energy extracted from flowing fluid is
determined by overall coefficient of power ( Cp). The coefficient of power (Cp)
of the system is typically estimated to be around 0.35 in practical scenarios.
Compared to similar rated power wind turbine, hydrokinetic turbine with fluid
velocity of 2-3 m/s can yield up to four time more energy per square meter of
rotor-swept area. The utilization of high-energy tidal sources outweighs the
associated expenses, despite the initial costliness of harnessing tidal energy.
Across various tip speed ratios, power performance tests are typically carried out
to determine coefficient of power (Cp) can be calculated using hydrokinetic
power or power density (PHK) as in equation (2.3);



Cp=PHKTX @................ (2.3)

2.2 Hydrokinetic Turbines:

When compared to other renewable energy resources, hydro energy is considered
highly dependable and affordable. Hydrokinetic energy is the Kinetic energy that
is available in unimpeded rivers, irrigation channels, upstream/downstream of
dams, or lakes. This available kinetic energy can be converted for small-scale
hydropower generation and can be utilized through turbines known as
hydrokinetic turbines to generate electricity [9]. Hydrokinetic turbines belong to
the category of power-generating technologies engineered to utilize the available
hydrokinetic energy of incoming flowing fluid with low head and low velocity
[10]. According to the report of the US Department of Energy in 1981
hydrokinetic turbines can be defined as “Low-Pressure run-off-the-river ultra-
low-head turbines that operate equivalent or less than 0.2m head”[11].
Hydrokinetic turbines alternatively referred to as free-flow turbines, zero-head
turbines, ultra-low-head turbines, or water-current turbines and have huge
potential to exploit the available Kinetic energy found in unrestricted/free-
flowing fluid such as rivers, tides, irrigation channels, and canals [12].

2.3 Hydrokinetic Turbines Types:

Hydrokinetic turbines can be typically classified into two main groups: axial
flow and cross-flow hydrokinetic turbines. This broad classification relies on the
pivot axis of the rotor concerning the direction of the flow of fluid. Axial flow
turbines are designed to rotate with their axis parallel or horizontal to the
direction of fluid flow. These turbines are also known as propeller turbines as
these turbines work similarly to ship propellers. As flow is parallel to pivot axis
of the rotor in axial flow turbines, these turbines are ideal for rivers or irrigation
channels where flow is more likely streamline. The rotor of axial flow turbines
could have two, three, or multi-blades according to power or moment
requirements. Solid mooring and buoyant mooring are examples of axial flow
turbine configurations. Cross-flow turbines are designed to rotate with their
rotational pivot perpendicular to the direction of fluid flow. Cross-flow turbines
are further classified as horizontal-axis and vertical-axis cross-flow turbines.
Cross-flow turbines can capture the water from any direction and utilize the
channel depth efficiently due to their cylindrical shape. Cross-flow turbine can
have two, three, or multi-blades similar to axial flow turbines depending on the
power or torque requirement. H-Darrius, Darrius (Straight blade), Gorlov, and
Savonius (Straight/Helical blade) are examples of cross-flow hydrokinetic
turbines [13]. The physical arrangement of hydrokinetic turbines is presented in
Figure 3.



(c) Darrieus (d) Gorlov (€) Savonius

Horizontal Axis Turbines Vertical Axis Turbines

Figure 3: Classification of Vertical and Horizontal HKT [14].
Based on driving force, cross-flow turbines are further classified as:

e Lift Force-Based Hydrokinetic Turbines (Darrius Turbine, H-Darrius,
Gorlov Helical Darrius, Achard Turbine, Lucid Spherical Turbine)

e Drag Force Based Hydrokinetic Turbines (Savonius Turbine, Bronzinus
Turbine, CU Turbine, Flipping Turbine, Hunter Turbine, Tideng Turbine)

e Combined (Lift and Drag) Based Hydrokinetic Turbines (Darrius
Outside-Savonius Inside, J-Shaped Rotor, Darrius downside-Savonius
Upside, Darrius Upside-Savonius Downside

Some of the other types of Hydrokinetic turbines are:

Archimedes Screw Turbines: These consist of a screw-like rotor that rotates as
water flows through it. These turbines are often used in low-head applications,
such as irrigation canals.

Oscillating Hydrofoils: These have blades that oscillate back and forth in the
water to generate power. Oscillating hydrofoils are typically used in low-velocity
environments, such as tidal flows and slow-moving rivers.

Hydrodynamic Turbines: These turbines work by utilizing the forces of drag and
lift exerting on the blades as water flows over them. These turbines commonly
employed in rivers, canals, and tidal flows.

Each type of hydrokinetic turbine has its own strengths and weaknesses, and the
choice of a particular type depends on factors like water velocity, head, and site
conditions. Figure 4 represents the summary of the basic classification of
hydrokinetic turbines.
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Figure 4: Categorization of Hydrokinetic Turbines.

2.4 Advantages and Disadvantages of Hydrokinetic

Turbines:

Hydrokinetic turbines are mechanical systems that extract kinetic energy of
water in motion and generate electricity. These turbines are typically installed in
rivers, tidal streams, or ocean currents, and can provide a source of renewable
energy with minimal environmental impact. However, like any technology,
hydrokinetic turbines have both advantages and disadvantages.

One key benefit of hydrokinetic turbines is their ability to generate electricity
from a dependable, consistent and reliable source of energy. Unlike wind and
solar power, which can be variable and intermittent, the flow of water in rivers
and oceans is relatively consistent and can be harnessed continuously.
Hydrokinetic turbines also have minimal environmental impact compared to
other forms of hydropower, such as large-scale dams, which can cause
significant disruption to river ecosystems and fish populations. Another
advantage of hydrokinetic turbines is their versatility. These turbines can be
deployed across diverse water environments, capable of harnessing energy from
fast-flowing rivers to slow-moving tidal currents. They also offer scalability,
allowing for easy adjustments in size to meet energy needs of the local
community or industry.

However, hydrokinetic turbines also have some disadvantages. A significant
hurdle is the high capital cost of installation and maintenance. Hydrokinetic
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turbines require specialized engineering and infrastructure to install and
maintain, which can be expensive and time-consuming. The turbines can also be
vulnerable to damage from debris and extreme weather events, which can lead to
downtime and repair costs. Another disadvantage of hydrokinetic turbines is
their potential impact on aquatic life. The rotating blades of the turbine can pose
a hazard to fish and other organisms and the installation of the turbines can
disrupt fish migration patterns and alter sediment flow, which can affect aquatic
ecosystems.

In conclusion, hydrokinetic turbines have several advantages and disadvantages
as a renewable and sustainable energy source. While they offer a predictable and
versatile source of electricity with minimal environmental impact, they also face
challenges related to high capital costs and potential impacts on aquatic life. As
with any technology, careful consideration of the benefits and drawbacks of
hydrokinetic turbines is necessary to ensure their responsible and sustainable use
[15-16].

2.5 Savonius Hydrokinetic Turbine:

The Savonius turbine, invented by Sigurd J. Savonius in 1922, is a drag-type
turbine that is designed specifically for low fluid speed [17]. The Savonius rotor
is a vertical axis rotor made up of two semicircular blades arranged in an “S”
shape designed to capture energy through drag forces as shown in Figure 5. The
convex side of one half-cylinder and the concave side of another half-cylinder
simultaneously face the fluid. The concave side of the half-cylinder experiences
a higher drag force due to its higher drag coefficient compared to the convex
side. The variance in drag force initiates the spinning motion of the rotor and
develops mechanical power. The Savonius turbine serves as an alternative source
for generating small-scale energy. Its key advantages includes simplicity, good
starting ability, low cost, easy installation, low operating speed, and
independence from the fluid’s direction [18].
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Figure 5: Schematic view of Savonius Hydrokinetic Turbine.
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2.6 Augmentation Techniques in Savonius Turbines:

Savonius turbines are cheap, simple to design and construct, less operation cost
compared to other vertical axis turbines but it has poor efficiency comparatively.
Numerous researchers are working for many years to fix this problem of
Savonius turbines. Numerous efforts have been undertaken to optimize the
effectiveness of Savonius turbines either by adjusting the geometric
configurations or employing various augmentation techniques. To boost the
performance features and effectiveness of the Savonius turbine, several
techniques employed, such as deflector plates, concentrators, curtain plates,
advancing and returning blade deflectors, venting slots, and the employment of
valves, etc. Some of these devices are elaborated below.

2.6.1 Adoption of Guide Vanes:

Guide vanes are blades installed upstream of the Savonius rotor that redirect the
flow of water, increasing its velocity and pressure before it reaches the turbine
blades. Applying this technique has demonstrated a substantial boost in the
operational performance of Savonius turbines, leading to higher power output
and efficiency. Studies conducted on guide vane adoption for Savonius turbines
have reported significant improvements in the coefficient of power (Cp),
indicating a substantial increase in the energy yield that can be extracted from
the water flow. The adoption of guide vanes for performance improvement of
Savonius turbines is a promising area of research that has the potential to make
these turbines more efficient and widely applicable for small-scale energy
generation.

An investigation conducted by Aldoss et al. demonstrated that the inclusion of
guide vanes can boost the power coefficient (Cp) of the Savonius turbine by up to
54% [19]. Similarly, another study by Saha et al. reported that the adoption of
guide vanes can increase the operational performance and effectiveness of
Savonius turbines by up to 78%. These findings indicate that the use of guide
vanes is a promising approach to improving the efficiency and power output of
Savonius turbines, making them more suitable for small-scale energy generation
[20]. A study conducted by Tariq et al. on the performance of a Savonius turbine
by utilizing guide vanes. The findings of the study revealed a substantial boost in
the power coefficient of the turbine, reaching as high as 43%, attributed to the
implementation of guide vanes [21].

2.6.2 Deflector Plates:

Deflectors are plates that are installed upstream of the Savonius rotor at an angle.
These plates assist in diverting the water towards the turbine blades, increasing
the velocity and pressure of the water. The function of deflector plates is to steer
the incoming flow specifically towards the advancing blade of the Savonius
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turbine. Past studies have demonstrated that the deployment of deflector plates
significantly boost he effectiveness of the Savonius turbine. In a study conducted
by Habib and Rahman, it was reported that the incorporation of deflector plates
had a substantial impact on the power coefficient (Cp) of the Savonius turbine,
resulting in an impressive increase of up to 46% [22]. Another investigation
conducted by Oyewola et al. reported an improvement in the power coefficient
(Cp) of the Savonius turbine by 53% through incorporation of deflector plate
[23]. Similarly, Singh et al. performed an investigation and reported an
enhancement in the effectiveness of the Savonius turbine with the use of
deflector plates [24].

2.6.3 Spoilers Plates:

Spoilers are flat plates that are affixed to the surface of the blades in a Savonius
turbine. They create turbulence in the flow of water, which helps to upgrade the
coefficient of power (Cp) of the turbine. Research studies have shown that
spoilers can boost the performance of Savonius turbines. For example, a study
conducted by Hossain et al. and reported improvement in the power coefficient
(Cp) of a Savonius turbine by up to 50% through the use of spoiler plates [25].
Another study by Rahman et al. reported an improvement in effectiveness of a
Savonius turbine by 20% using spoilers [26]. Similarly, Kumar et al. also
performed an investigation and reported that the performance of the Savonius
turbine can be enhanced with the use of spoilers [27].

2.6.4 Venting Slots:

Venting slots are small openings that are strategically positioned on the upstream
side of the Savonius turbine rotor to enable air to be released from the upper
section during rotation, thereby enhancing efficiency by minimizing turbine
drag. Wijekoon et al. examined the effect of venting slots on Savonius turbines
and found that adding venting slots improved the turbine's power coefficient (Cp)
by up to 36% [28]. Another study conducted by Habib et al. on the deployment
of venting slots to improve turbine’s efficiency and reported 37% better results in
power coefficient (Cp) of Savonius turbine through the utilization of venting slots
[29].

2.6.5 Concentrators:

Concentrators are devices that are used to increase the velocity and pressure of
the incoming fluid by concentrating the flow before it reaches the rotor of the
Savonius turbine. This is achieved by using a converging section of the duct or
nozzle, which narrows down the flow area and increases the fluid velocity. Habib
et al. examined a Savonius turbine equipped with a converging nozzle as a
concentrator and reported that this configuration increased the turbine's power
coefficient by as much as 29% [30]. Another study conducted by Mohammadi et
al. on Savonius turbine integrated with a converging nozzle as a concentrator and
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found that this setup increased the turbine’s coefficient of power (Cp) up to 38%
[31].

2.6.6 Valves:

Valves play a crucial role in regulating fluid flow into the Savonius turbine,
enabling control over flow rate, pressure, and velocity, thereby enhancing the
overall performance of the turbine. A study by Yilmaz and Keskin investigated
the Savonius turbine performance by incorporating valves and reported
improvement in turbine’s performance up to 26% [32]. Similarly, Chauhan et al.
also investigated Savonius turbine performance and found increase up to 20% in
coefficient of power (Cp) using a valve to control the flow rate [33].

2.6.7 Bluff Bodies:

Recent research has extensively examined how the performance features of
Savonius turbines can be enhanced by adding bluff bodies. Bluff body
attachments have been shown in multiple studies to have a notable influence on
the aerodynamic characteristics and overall performance of Savonius turbines.
For instance, a study by Yang et al. examined the significance of different bluff
body shapes on the turbine's performance. In the research, cylindrical bluff
bodies were examined, varying in diameter and length. The research findings
indicated that the installation of properly designed bluff bodies resulted in
enhanced power coefficient and increased moment generation, leading to
improved overall turbine performance [34]. Another study conducted by Wang et
al. focused on optimizing the bluff body configuration for a Savonius turbine
using numerical simulations and experimental validation. In the research, the use
of rectangular bluff bodies, and adjusting their dimensions and positioning were
studied. The research concluded that the strategic placement and shape of bluff
bodies positively influenced the turbine's performance by promoting better flow
control and reducing negative effects such as drag. These studies offer valuable
information on how bluff bodies can effectively enhance the performance of
Savonius turbines, providing guidance for future design improvements and
practical applications [35].

2.7 Previous research on Augmentation Techniques:

Considerable work has been dedicated to improving the efficiency of the
Savonius turbine through experimental, numerical, and theoretical approaches.
Multiple studies were conducted in recent years for conventional Savonius
turbines to boost their performance features. In their research, Kailash Golecha
et.al investigated conducted experiments on modified Savonius turbine
experimentally by adding a deflector plate upstream of the returning blade and
reported the turbine achieved a maximum power coefficient (Cp) of 0.21 at
1=0.82. Eight different positions of the deflector plate were examined and
identified the optimum position. At optimum position of deflector, two and
three-stage modified turbine rotors were tested. The results showed a 42% and
31% increase in power coefficient (Cp) for a 0-degree and 90-degree phase shift
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of the deflector respectively. Additionally, a modified three-stage rotor
demonstrated a 17% amelioration in the maximum power coefficient (Cp) [36].
Kaprawi Sahim et.al conducted an experimental study on a hybrid (Savonius-
Darrius) turbine. Savonius buckets incorporated into the Darrius turbine
configuration and reported that self-starting capability of Darrius turbine
improved due to the presence of Savonius rotors even at low velocity conditions.
Further, concluded that Savonius rotor elements should be positioned near the
shaft and placed in the middle of Darrius's wing avoiding alignment with the
same arm of Darrius’s wing for optimal performance [37]. Kaprawi S. et.al
investigated a hybrid (Darrius-Savonius) hydrokinetic turbine experimentally
operating at a constant speed of 0.8 m/s. To address the issue of low moment in
the standalone Darrius turbine, a deflector plate upstream of the returning blade
of turbine’s rotor was installed. The findings revealed an improvement of 18% in
the coefficient of power (Cp) and 16% in the coefficient of moment (Cm). The
study recommended an optimum deflector angle of 30° for better performance
[38]. Moshahi et.al investigated the efficiency of a novel deflector system for a
Savonius hydrokinetic turbine utilizing numerical analysis to improve turbine’s
coefficient of power (Cp). Results revealed that, at tip speed ratio (TSR) =0.7
maximum power coefficient (C,) was achieved 0.14 with modified turbine
compared to 0.125 for a turbine without a novel deflector [39]. Kuo-Tsai Wu
et.al conducted a study to examine the design parameters of Savonius turbine
using both numerical and experimental approaches. The impact of various design
parameters of blades such as arc angles, placement angles, and number of blades
on turbine’s performance were investigated. The results indicated that turbine
with six blades and arc angle of 135° and placement angle of 0° was the most
suitable design considering higher moment, better performance, and cost [40].
Mohd Badrul Salleh etal investigated two and three blades Savonius
hydrokinetic turbine incorporated with a deflector experimentally and reported
that the performance of both rotors improved significantly. The coefficient of
power (Cp) enhanced by 128.38% for the two-bladed turbine and increase by
604.62% for three blades Savonius hydrokinetic turbine [41].Shashikumar C M
et al. examined the effect of different VV-angles ranging from 90° to 40° on
modified V-shaped turbine utilizing experimental and numerical methods. All
the experiments were conducted for constant value of 0.7 for arc radius, edge
length and aspect ratio (AR). The maximum coefficient of performance (Cp)
reported was 0.2279 at a tip speed ratio (A) of 0.9 and incoming velocity of
0.3090 m/s for an 80° V-angle blade profile. Performance improved by 86.13%
when rotor with three plates (two end plates and one middle) with an aspect ratio
of 1.75 was used compared to turbine with two end plates [42]. Ramin Alipour
et.al investigated a Savonius turbine numerically with a parabolic blade shape by
manipulating semicircular and arc shapes followed by straight arc blade shapes.
The results revealed that the maximum coefficient of performance (Cp) was
improved by 7.7% for the proposed turbine shape compare to the arc shape
followed by the straight arc and 12% gain compared to the semicircular shape
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blade [43]. Sourish Singha and R. P. Saini conducted a numerical study on new
modified Savonius hydrokinetic turbine having twisted blades to analyse its
performance in multiple operational situations. The results revealed that the
maximum coefficient of power (Cp) obtained 0.30 at a tip speed ratio (A) of 1.4
and water upstream velocity of 2m/s [44]. Thochi Seb Rengma investigates the
interaction of twin Savonius Hydrokinetic turbines experimentally. Concerning
gap distance and phase shift, different configurations of clusters were studied
under low water velocity of 0.75 m/s. The results revealed that the turbine
achieved its maximum power coefficient (Cp) achieved of 0.15 at a A=0.3.
Moreover, the most effective configuration included a gap distance between the
turbines equivalent to 0.6 times the turbine diameter along with 30° phase shift
between the turbines [45]. Priyo Agus Setiawan et.al numerically investigated
the impact of different cylinder diameters positioned alongside the advancing
blade on the operational effectiveness of the Savonius hydrokinetic turbine.
Results revealed that the turbine achieved maximum coefficient of power (Cp) at
ds/D ratio of 0.7 and a 2=0.7 with a gain of 28% compared to conventional
turbine [46].

The literature review highlighted the significant impact of using deflector as an
augmentation device on the overall performance of the Savonius turbine which
has sparked the interest of researchers. The backward facing (returning blade) of
the Savonius turbine generates a negative moment leading to a substantial
decrease in both power and moment output of turbine. To overcome this
drawback, several augmentation techniques adopted in previous studies but
utilizing flat plate deflectors greatly influence the returning blade by creating
large vortices in the wake region causing instability of flow. To mitigate the
formation of vortices and reduce the turbulent intensity, it is necessary to
incorporate an effective method that disrupts the wake zone. Moreover, utilizing
an obstacle in the hydrokinetic Savonius turbine is advantageous compared to the
Savonius wind turbine because it operates with a consistent water flow direction,
unlike the unpredictable wind flow in wind turbine. Previous studies have
explored the use of curtains to enhance turbine’s performance but the simplicity
has not been prioritized in those approaches. Therefore, in this research paper,
simple bluff bodies are utilized upstream to the returning blade of the Savonius
hydrokinetic turbine (SHKT) to optimize the performance. Moreover, a deflector
plate is also utilized in front of the driving blade to analyse the effect on the
performance along with bluff bodies.
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CHAPTER 3: NUMERICAL MODELING

3.1 Introduction:

The flow movement surrounding a Savonius rotor is highly fluctuating over time
and performing CFD simulation for accurate results is a challenging task. The
fluid dynamics surrounding a Savonius rotor is highly time-sensitive and
performing CFD simulation for accurate results is a challenging task.
Turbulence modeling is a computational technique employed in fluid dynamics
to simulate the impact of turbulence behavior on flow of fluids. Turbulence is an
intricate  phenomenon that arises when fluid flows rapidly or encounters
obstacles leading to complex patterns of swirling and unforeseeable movement
within the flow. It results in random fluctuations in the flow, which can exert a
notable influence on the efficiency and output of wind turbine, including
Savonius turbine. These turbines are meticulously planned to extract energy from
the wind by using the lift and drag forces on blades as they spin around a central
axis. Turbulence modeling is required for Savonius turbines because the
turbulent flow around the blades can have a significant impact on their
performance. Turbulence triggers fluctuations in the forces of lift and drag that
affect the blades, which can lead to unsteady forces and vibrations. This can
reduce the efficiency of the turbine and increase the risk of mechanical failure.
By simulating the effects of turbulence using CFD, engineers can better
understand the flow around the turbine and optimize its design to improve
performance and reliability. Several different types of turbulence models can be
used for CFD simulations, each with its strengths and weaknesses. Some models,
like the RANS (Reynolds-averaged Navier-Stokes) models use averaging
techniques and are computationally efficient but may not capture all the
intricacies of turbulent flow. Other models, such as LES (large eddy simulation)
and DNS (direct numerical simulation), require significant computational
resources but can provide more accurate results. Overall, turbulence modeling is
an important tool for engineers designing Savonius turbines and other wind
energy systems. By accurately simulating the effects of turbulence on fluid flow,
they can optimize the design of these systems to maximize energy extraction and
minimize the risk of mechanical failure.

3.1.1 RANS (Reynolds Averaged Navier Stokes) Equation:

The flow around the hydrokinetic turbines operating in water is turbulent and
assumed to be unsteady and incompressible. RANS (Reynolds Averaged Navier
Stokes) turbulence models are still extensively utilized as CFD solvers for
examining vertical axis turbines. Due to complex flow behavior over rotating
hydrokinetic turbines RANS turbulence models present overall accurate results
with low computational cost.
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The flow around the hydrokinetic turbines operating in water is turbulent and
assumed to be unsteady and incompressible. Due to complex flow behavior over
rotating hydrokinetic turbines RANS turbulence models present overall accurate
results with low computational cost. The RANS (Reynolds-averaged Navier-
Stokes) equations is a set of equations used in computational studies of fluid
dynamics to model and simulate turbulent fluid flows. It relies on the Navier-
Stokes equations, which elucidate the movement of fluid particles, and includes
an additional term that accounts for the effects of turbulence. The RANS
equation can be written as equation (3.1);

p(g—l:+u.Vu) =-Vp+uV* —p(1—F)e ............. 3.1
Where;
p = density of the fluid
u =velocity vector
p=pressure
u =dynamic viscosity
F= damping function (Model specific)
e=turbulent kinetic energy dissipation rate

The RANS equation can be broken down into its individual components to
provide a precise understanding. The left-hand side represents the time rate of
change of momentum of the fluid and the convective acceleration due to the
movement of the fluid. Similarly, the terms on the right-hand side of the equation
represents the forces acting on the fluid, including the pressure gradient, viscous
forces, and turbulent dissipation.

The term (1-F) ¢ in the RANS equation represents the impact of turbulence on
the flow of fluid. Turbulence is distinguished by small-scale, chaotic fluctuations
in velocity and pressure that are difficult to resolve in a CFD simulation. The
term (1-F) € is a model-specific damping function that is used to approximate the
consequence of turbulence on the flow. The value of ‘F’ varies depending on the
turbulence model being used and is typically determined through empirical
testing or validation against experimental data.

In summary, the RANS equation is a fundamental equation used in CFD
simulations to model turbulent fluid flows. It accounts for the implication of
turbulence on the behavior of fluid’s flow by including an additional term that
represents the rate of dissipation in the context of turbulent kinetic energy. The
value of the damping function ‘F’ is determined through empirical testing or
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validation against experimental data and varies depending on the turbulence
model being used.

3.2 Mathematical Model of Savonius Rotor:

According to the mathematical model proposed by Paraschivoiu, the total
moment exerted by Savonius turbine’s rotor is the aggregate of the individual
moments acting on each blade of the rotor [30]. Mathematically total moment is
given by equation (3.2);

Q=0Qu+0Qp.eeeeeen... (3.2)

Figure 6: Savonius rotor mathematical modeling scheme.

The difference in pressure between both blades of turbine can be utilized to
obtain total moment. This can be mathematically presented as in eq. (3.3);

Q = 2r2H [2(APy — AP,)Sin20d0 ................ (3.3)
r= Rotor blade radius
H=Turbine height
0= Angular position of the rotor blade
AP,,= Pressure difference on advancing blade

APp=Pressure difference on returning/drag blade
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Based on experimental procedures, the derived correlation for pressure
difference based on gauge measurement is given by equation (3.4) and (3.5);

AP
K=gh2 o, (3.4)
2 e
And,
AP
K =g (3.5)
2 L

Where; K= f (o) and K’=f (o)
a= blade azimuthal angle

Similarly;

Where;
V., =Free-stream velocity
Vi= Absolute velocity at point M; (shown in Figure 6)

Using equation (3.4), (3.5) in equation (3.3) gives;

Mathematically, average power (P) and normalized coefficient of power (Cj) can
be represented as in equations (3.9, 3.10);

P=wQ==["Qda ... (3.9)
«__ P
] e VI (3.10)

Where * represents a normalized variable
o= Angular velocity
As=Swept area

By combining equations 3.7, 3.8, 3.9, and 3.10 and making K=K" gives
LKA
Cp= [2 2 ]

2T
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For Maximum power coefficient;

Solving equation (3.12) gives;

o T ] ER ] P — (3.13)

T

By solving the resulting equations after setting C; equal toC,,, a tip speed ratio
(A) of 0.79 is obtained as the value that maximizes the coefficient of power (Cp).
This finding demonstrate a favourable correspondence with the results from
Sandia National Laboratories, where the maximum coefficient of power (Cp) was
conducted on a Savonius turbine having two blades with s/d= 0 for tip speed
ratio (A) approximately 0.8.

3.3 Evaluation Metrics of Savonius Turbine:
Performance metrics or operational parameters of the Savonius rotor included
angular velocity (w), tip speed ratio (A) , total power (P), power coefficient (Cp),
rotor moment (T), and moment coefficient (Cm). These parameters impact the
performance of the Savonius turbine and relate to each other.

3.3.1 Tip Speed Ratio (4):

Tip speed ratio is “the ratio of blade tip velocity or tangential velocity (V;,) to
the free stream velocity (1/,) of the fluid”. The mathematical representation of tip
speed ratio is given below in equation (3.14);

— Veip _ Ro
A== (3.14)

Where; R= Radius of the rotor and w= Angular velocity

3.3.2 Available Power, Rotor Power, and Power Coefficient:
Available power is the power that is carried by incoming fluid to the Savonius
turbine and the rotor captures this power. Fluid incoming velocity, density, and
area highly influence available power. The available power can be expressed
mathematically using equation (3.15);

Where;
A= Swept Area

p= Density of fluid and V,, = Incoming velocity of the fluid
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The power that the rotor of the turbine captures from incoming fluid is known as
“rotor power” and it is the function of the total moment and angular velocity (w)
of the turbine. Mathematically can be represented as in equation (3.16);

Protor =T *@W...coovvviiinninnn, (3.16)

Coefficient of power can be defined as “the ratio of mechanical power captured
by the rotor (Protor) and available power (Pavi) to the turbine is known as and it is
denoted as Cp. Mathematically, the it can be expressed as in equation (3.17);

Cp=motor — 22 (3.17)

Payi 0.5pAV,>
The power coefficient (Cp) of a turbine can be related to tip speed ratio (1) as in
equation (3.18);

C,=lroter — T3 (3.18)
14

Pavl 0.5pAV,2R

3.3.3 Moment Coefficient and Its relation with Power Coefficient:
The moment coefficient is the ratio of turbine moment that the turbine develops
and the available moment (the ability of fluid to generate moment). The moment
coefficient can be mathematically written as in equation (3.19);

_ T
m ™ 0.5pAV,2R

Using equation (3.18) and (3.19) power coefficient (Cp) and moment coefficient
(Cm) can be related as in equation (3.20);

At different Reynolds numbers (Re) and tip speed ratio (A1) turbine’s
performance can be conveniently measured. Based on incoming water speed and
the turbine’s diameter, the Reynolds number can be defined as in equation
(3.21);

Re=202 i (3.21)

Where V,, D, and v represent incoming velocity, turbine’s diameter, and
kinematic viscosity of water.

3.4 Design Parameters of Savonius Rotor:

The effectiveness of vertical axis Savonius turbine is typically affected by certain
design parameters, including the aspect ratio (AR), overlap distance between two
buckets of turbine, blade’s count, multi-staging, end plate dimensions, blades
profile or geometry and presence of turbine shaft [47].
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3.4.1 Aspect Ratio and Its effect on turbine performance:

The aspect ratio (AR) is a crucial design parameter that has a significant impact
on how well the vertical axis Savonius turbine performs. The aspect ratio (AR) is
“the ratio of turbine’s height (H) and turbine’s diameter (D)”. It is often
expressed as in equation (3.22);

AR=2 (3.22)

D

Many researchers conducted investigations to examine consequence of aspect
ratio (AR) on the power coefficient (Cp) of Savonius turbines. It is suggested
that, for aspect ratio (AR) should be less than 1.5 for achieving structural
stability of turbine. Moment generation increases for large diameters with a
simultaneous reduction in speed or rotational velocity.

A study conducted by Kim et al. evaluated significance of aspect ratio on the
functionality of a Savonius turbine. The study highlighted that the optimal aspect
ratio (AR) was spanned from 0.5 to 1.0 for Savonius turbine having two blades.
Beyond this range, the effectiveness of the turbine decreased due to more drag
[48]. Another study conducted by Oyewola et al. also assessed the consequence
of aspect ratio on the productivity of a Savonius turbine with different
configurations. The study showed that the optimal aspect ratio for a Savonius
turbine with two blades was 0.8 yielding 30% more coefficient of performance
compared to an aspect ratio of 0.6 [49].

3.4.2 Overlap Ratio and its effect:
Overlap ratio (B) can be defined as “the ratio of overlap distance (e) between the

blades of the rotor and the rotor diameter (D). It is often expressed as in equation
(3.23);

The overlap ratio greatly affects the effectiveness of the Savonius turbine. Rotor
having overlapping distance enhances the starting ability of Savonius turbine
because due to overlapping flow, the negative moment decreases and
consequently the average power increases. A larger overlap distance increases
the vortex effect in the overlap region and decreases the moment. A higher
overlap ratio can result in increased moment and power coefficient due to
increased interaction between the blades. However, too much overlap can lead to
increased drag and reduced efficiency. On the contrary, a lower overlap ratio (B)
can lead to reduced power output but also reduced drag and increased efficiency.

A study conducted by Chen and Chang probed the outcome of overlap ratio ()
on the execution of a Savonius turbine. The analysis exhibited that an overlap
ratio (B) of 0.5 resulted in the highest performance for a two-bladed rotor.
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Beyond an overlap ratio (B) of 0.5, resulted in a decrease in the performance of
turbine [50]. Another study conducted by Bhattarai et al. also evaluated the
impact of overlap ratio (B) on output efficiency of Savonius turbine with a
twisted blade configuration. The study highlighted that an overlap ratio (8) of 0.1
resulted in the highest power coefficient for a twisted-blade Savonius rotor.
Further increasing the overlap ratio beyond 0.1 led to a reduction in the power
coefficient (Cp) [51].

In conclusion, the overlap ratio of a Savonius turbine is an important design
parameter that affects its performance. An optimal overlap ratio can result in an
increased power coefficient, but increasing it beyond a certain limit can lead to a
reduction in performance due to increased drag.

3.4.3 Blades count and its effect:

The Savonius rotor can equipped with two, three or more blades. The number of
blades is a significant design factor that impacts the effectiveness of turbine,
influencing the moment and power coefficient, as well as the start-up and cut-in
wind speed of the turbine. A higher number of blades can result in increased
moment and power coefficient due to increased interaction with the flow of air or
water through the rotor. However, too many blades can lead to increased drag
and reduced efficiency. On the other hand, a lower number of blades can lead to
reduced power output but also reduced drag and increased efficiency.

Gandhi et al. explored the impact of blade number on the effectiveness of a
turbine. The study showed, increasing the number of blades from two to three
resulted in a 14% increase in the coefficient of the moment (Crm) and a 13% more
yielding in the power coefficient (Cp). However, further to four or five blades
resulted in low performance [52]. Another study conducted by Oyewola et al.
also assessed the consequence of blade number on turbine’s performance. The
study showed that increasing the number of blades from two to three resulted in a
39% increase in the coefficient of the moment (Cn) and 27% more yielding in
turbine’s power coefficient (Cp). However, increasing the number of blades
beyond three led to a reduction in performance [53].

In conclusion, blade count is an important design element that affects turbine’s
performance. An optimal number of blades can result in an increased power
coefficient, but increasing it beyond a certain limit can lead to a reduction in
performance due to increased drag.

3.4.4 Endplates diameter and its role:

Endplates are an important design feature of a Savonius turbine, as they can
affect the aerodynamics and performance of the turbine. The diameter of the
endplates, representing the circular ends of the turbine, can influence both
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turbine’s moment and power coefficient. A smaller endplate diameter can result
in reduced drag and increased efficiency, but can also lead to reduced power
output due to reduced interaction with the flow of air or water. Conversely, a
larger endplate diameter can result in increased interaction with the flow and
increased power output, but can also lead to increased drag and reduced
efficiency.

A study conducted by Choi et al. explored the outcome of endplate diameter on
the execution of a Savonius turbine. The study showed that increasing the
endplate diameter from 0.6D to 1.2D resulted in a 16% increase in turbine’s
coefficient of moment (Cm) and a 17% more yield in turbine’s power coefficient
(Cp). However, further increasing the endplate diameter to 1.5D or 2D led to a
reduction in performance due to increased drag [54]. Another study conducted
by Fong et al. also probed the outcome of endplate diameter on turbine’s
productivity. The study showed that increasing the endplate diameter from 0.5D
to 1.5D resulted in a 33% increase in turbine’s moment coefficient (Cm) and a
39% increase in the power coefficient (Cp). However, further increasing the
endplate diameter to 2.0D or 2.5D led to a reduction in performance due to
increased drag [55].

In conclusion, the diameter of the endplates is an important design feature that
affects the performance of a Savonius turbine. An optimal endplate diameter can
result in increased power output, but increasing it beyond a certain limit can lead
to a reduction in performance due to increased drag.

3.4.5 Blades geometric profile and its role:

The geometric profile of the blades is a critical design feature that determines the
aerodynamic characteristics of the turbine, which can significantly affect the
coefficient of moment and power coefficient. Various blade profiles have been
investigated in research studies, such as semi-circular, semi-elliptical, and flat
plates. The semi-circular blade profile is the most common due to its simplicity
and ease of manufacture. However, other blade profiles can potentially offer
higher performance due to improved aerodynamics.

A study conducted by Nidamanuri et al. assessed the effect of altering the blade
profile on the effectiveness of Savonius turbine. The study showed that a blade
profile with a curvature ratio of 0.7, which is between semi-circular and semi-
elliptical, yielded the highest coefficient of moment and power coefficient. This
blade profile offered a 17% increase in the coefficient of the moment (Cn) and a
16% more gained in the power coefficient (C,) compared to the semi-circular
blade profile [56]. Another study conducted by Hong et al. also examined the
consequence of blade profile on the efficiency turbine. The study showed that a
blade profile with an a symmetrical airfoil shape resulted in a 23% more yield in
the coefficient of the moment and a 20% enhancement in the power coefficient
compared to the semi-circular blade profile [57].
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3.4.6 Multi-staging and its effect:

Multi-staging is a technique where multiple Savonius rotors are stacked together
in series or parallel to enhance turbine’s performance. This technique has been
investigated in several research studies to determine its effect on moment
coefficient and power coefficient.

A study conducted by Mohamed et al. explored the outcome of multi-staging on
the Savonius turbine’s performance. The study revealed, that a two-stage
Savonius turbine resulted in a 69% increase in the coefficient of the moment
(Cm) and a 30% increase in the coefficient of power (Cp) compared to a single-
stage Savonius turbine. The study also found that the angle between the two
stages had a significant on turbine’s performance [58]. Another study conducted
by Hossain et al. evaluated the effect of parallel multi-staging on the turbine’s
performance. The study revealed, that a three-stage Savonius turbine resulted in
a 23% increase in the moment coefficient and a 46% increase in the power
coefficient compared to a single-stage Savonius turbine [59].

3.5 Turbine Design Parameters and Modeling:

3.5.1 Design Specifications and Geometric Representation:
Previous studies has revealed that the presence of deflectors greatly influence the
performance features of the Savonius turbine. By incorporating deflectors, the
adverse moment produced by the blade’s return motion in the Savonius turbine is
mitigated, resulting a noticeable decrease in the overall generated net moment
generated by the turbine. The negative moment can be reduced by installing
simple bluff bodies as deflectors which restrict the flow towards returning blade
and deflect toward driving blade consequently increasing the overall
performance of turbine.

Figure 1 portrays a schematic view of the Savonius rotor augmented with a
simple bluff body and flat plate deflector utilized in this research to optimize
turbine’s performance. The dimensional parameters of the conventional turbine
and proposed Savonius Hydrokinetic turbine with a bluff body and deflector
plate installed upstream are presented in Tables 1, and 2, and are illustrated in
Figure 7 and Figure 8. The same parameters for the Savonius rotor were also
reported in previous studies of Hossein Alizadeh et.al [60] and Esmaeel Fatahian
et.al [61].
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Figure 8: Dimensional metrics of Savonius rotor.

Table 1: Dimensional metrics of Savonius rotor.

Parameters Values
Rotor Diameter (D) 0.909 (m)
Blade Diameter (d) 0.5 (m)
Height (H) 1(m)
Turbine Rotor Area (A) 0.909 (m?)
Rotor Blade ‘Thickness 0.01 (m)
Distance between blades (s) 0.071 (m)
Aspect Ratio 1.1
Number of blades 2
Centre coordinates of the rotor (0,0)
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Table 2: Dimensional metrics of the bluff body and deflector’s positioning.

Parameters Values
Diameter of Cylinder (do/D) [0.3,0.4,0.5]
Angle (o) 135°
Tail Height (a) 0.079 (m)
Centre Distance from X-axis (Ry/D) [0.75,1,1,25]
Centre Distance from Y-axis (Rx/D) [0.23,0.37,0.51]
Geometrical parameters for deflector plate positioning
di (m) d2 (m) L (m) B
0.88 0.51 0.52 45°

3.6 Computational Approach and Boundary Setting:

3.6.1 Computational Domain and Grid:

The size of the domain plays vital role for accurate results and computational
time. The larger domain size increases the computational cost and time but leads
to accurate results. On the other hand, a small computational domain leads to
inaccurate results but reduces the computational cost and time. The meticulous
choice of an optimal domain size holds utmost significance in attaining precise
outcomes, while concurrently optimizing computational efficiency and cost
effectiveness. Figure 9 illustrates the computational domain employed in this
work. The generation of the computational domain is accomplished through the
utilization of ANSYS [62]. For computation with and without bluff bodies have
some differences. The computational domain is partitioned into two subdomains
for cases without bluff bodies and flat deflector plates: an inner rotating zone of
computational domain consisting of turbine blades with a specified diameter
denotes as “D” and a larger stationary zone situated outside the rotating zone.
The demarcation between the rotating and stationary zones is established by
means of an interface, enabling the rotation of rotating zone at defined rotational
velocity, while maintaining the stationary zone in a fixed position. The diameter
of the rotating domain is set to 1.1D, ensuring a proportional expansion of the
rotational zone. The upstream boundary is positioned at 8D, while the
downstream boundary is maintained at 16D. Additionally, the upper and lower
boundaries are positioned at 10D from the centerline of the turbine. In cases
involving the presence of bluff bodies, the computation domain is partitioned
into three distinct sub-domains: an inner domain (rotating), an outer domain
(stationary), and a dedicated domain encompassing the bluff bodies and flat
deflector plate, referred to as the bluff body domain. This division facilitates
accurate and analysis of complex flow interactions within the system.
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Figure 10 shows the boundary conditions representation applied in this study.
The boundary conditions are carefully enforced to ensure that the Reynolds
number aligns with the experimental conditions. At the upper and lower
boundaries of the domain, symmetry boundary conditions are prescribed,
effectively mirroring the flow characteristics. In consideration of the inlet
boundary condition, an inlet velocity is specified, with the magnitude of 0.48
m/s, corresponding to a Reynolds number of 4.32x10° aligning with the
experimental conditions. The surface of the rotor, bluff body, and flat plate
deflector is subjected to no-slip boundary conditions, signifying that the fluid
velocity at these surfaces is zero, thereby assuming a complete adherence of the
fluid to the solid boundaries. Pressure outlet (atmospheric pressure) applied as a
boundary condition to the outlet and common surface between the rotating and
stationary domain was considered as interface.

The grid generated for the computational domain was a combination of structure
and unstructured elements. The structured mesh was used for the stationary
domain with rectangular elements to improve mesh quality and make the mesh
more controllable. The grid of the rotating domain and bluff body domain was
built using unstructured triangular elements but to satisfy the turbulence model
requirements, a structured mesh with a boundary layer was implemented near the
wall. This approach ensures that the value of y+ remains below 1, guaranteeing
accurate modeling and capturing of the near-wall flow characteristics. In order to
achieve a target y+ value of one or lower (y+ < 1), a structured mesh consisting
of 20 layers was employed on the blades, with an expansion ratio of 1.2. The
initial distance of the first cell from the wall was determined to be 0.1 mm. The
grid configuration depicting the grid structure used in the computational domain
is depicted in Figure 11.
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3.6.2 Turbulence Model and Solver Setting:

CFD simulations were conducted using ANSYS Fluent software to analyse and
investigate the flow behavior within the system. In this study, we adopted the
(k—w) SST (Shear Stress Transport) turbulence model as suggested by
Balduzzi et al. [63] for CFD simulations. This model is advantageous for
accurately predicting the performance of the turbine as it combines the favorable
characteristics of the k — w model in near-wall zones and k — e model in the far-
field zones beyond the boundary layer thickness. By integrating these attributes,
the model effectively captures the flow dynamics in both near-wall and far-field
regions, resulting in reliable performance predictions for the turbine. The SST
(Shear Stress Transport) turbulence model, originally proposed by F. R. Menter
[64], is a hybrid formulation that combines the advantageous features of both the
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k —w and k — e turbulence models. By integrating the strengths of these
models, the SST turbulence model offers improved accuracy and robustness in
capturing a wide range of flow phenomena and turbulence characteristics as the
k — e model is unpredictable near-wall zones and shows better attributes in the
free flow outside the boundary layer and k — w is useful near-wall zones. The
transport equations associated with the k —w SST (Shear Stress Transport)
turbulence model can be described as follows:

B 0 ) ok
3t (pk) + a—xl (pkul) = a—x](f'k O_x]) + Gk - Yk + Sk ....................... (324)
) ) ) )
5 (p®) + 5= (powy) = o (rk a—:) 4Gy =Yy + Dy + Sy e, (3.25)
Where;

Gy= Turbulent kinetic energy generation

G,,= Specific dissipation rate generation

[, T, = The effective diffusivity of k and o.

Y, Y, are a dissipation of k and ® due to turbulence.
D,, = Cross-diffusion term.

Sk, S, are source terms.

The relations for the calculation of effective diffusivity (I',I,,) generation of
turbulent kinetic energy (Gy), dissipation of k and w (Y,,Y;), cross-diffusion
(D,,) are presented in below mentioned relations.

T = p+ 5—; .......................... (3.26)
T, =pn+ (’;‘—L ........................ (3.27)

Where o =Turbulent Prandtl number

Ue = Turbulent Viscosity

Where ‘4’ depends on the blending function.
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Dy =2(1 — F)pou s~ 22 i, (3.31)

w B_x] Xj
Where
F; = Blending function (Value Range: 0-1)

The value of the blending function near the wall is 1 and activates k — w
turbulence model and its value is zero in the far-field region which activates k —
e turbulence model. Cross diffusion (D,,) and blending function (F;) are the two
important factors that differentiated SST (k — w) model form k — w and k — €
turbulence model. SST (k — w) turbulence model is robust and precise for
intricate flow problems and behaves correctly for both near-wall zones and far-
field regions.

This research examines the performance features of the Savonius hydrokinetic
turbine by exploring a range of tip speed ratios, varying from 0.4 to 1.2 with an
increment of 0.2, in each simulation. A grid of 79,000 elements was used and the
simulation utilizes the Sliding Mesh Model (SMM) for rotational effects and the
SST k — w model for turbulence modeling. Regarding the turbulence conditions,
at the inlet, the turbulence intensity is 1% and the turbulent viscosity ratio is
10%. At the outlet, the turbulence intensity is 5% with the same turbulent
viscosity ratio of 10%. The time-step and sub-iterations were set at 1 degree and
20 per time step, respectively. The solution method employed in the CFD
simulation was a transient-pressure based approach, utilizing the SIMPLE
algorithm as the solver. The scheme used for solving the equations involved the
application of a least squares cell-based method for gradient computation.
Additionally, a second-order upwind discretization scheme was implemented for
ensuring accurate and stable calculations of the governing equations. These
discretization methods are known for their ability to capture the complex flow
behavior and provide reliable numerical solutions in computational fluid
dynamics simulations. Additionally, a convergence criterion of 10~> was set for
each variable. Equation (3.32) was used to calculate the time step for each
simulation.

3.7 Grid Independence and Time Step Study:

3.7.1 Grid Independence Analysis:

Achieving grid independence is crucial to balance computational time and
numerical accuracy effectively. It ensures that the results of the simulation
remain stable and reliable, reducing the need for excessive computational
resources while maintaining accuracy. The accuracy and reliability of results
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obtained through simulation highly depend on the size of the mesh. Conducting a
grid independence study aids in determining the optimal grid size that validates
the invariance of the solution as the mesh undergoes refinement. As the mesh is
refined with smaller elements or cells, the resulting solution yields higher
accuracy in capturing the desired outcome but with the expense of long
computational time and more data processing. So, a grid independence analysis
IS necessary to determine an adequate mesh size that balances computing time,
data processing, and result quality effectively.

In this study, a grid independence analysis is conducted utilizing three distinct
grid configurations, namely coarse, medium, and fine grids. The purpose of this
study is to ensure the solution's mesh independence by identifying the optimal
mesh resolution. The computational grid was refined from coarse (47k Cells),
and medium (79k Cells) to fine (154k Cells) maintaining the same mesh quality
and distributions. The examined parameter for the grid independence study was
the moment coefficient (Cm) and the grid independence study for three grids was
carried out until no significant change was observed in the moment coefficient
(Cm). For the mesh or grid independence study, all the simulations were
performed with the same solution parameters. All the study is performed for A=1
and the average moment coefficient is calculated for all three girds to find the
appropriate grid.
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Figure 12: Grid independence test.

Figure 12 shows the grid independence test for coarse, medium, and fine grid
sizes. The numerical results for medium grid size are nearly equal to fine mesh
and both meshes were compatible. It can be observed that the moment
coefficient (Cm) curve is consistent for fine and medium mesh. The error
between captured moment coefficient (Cm) results for fine and medium mesh
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was 0.294%. The influence of fine mesh was very little on results and so
medium mesh is selected for further computations as it can correctly predict the
rotor performance according to computed results as shown in Figure 13.
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Figure 13: Comparison of Moment Coefficient (Cn) for different
grids.

3.7.2 Time Step Study:

After performing the mesh independence test and selecting a medium grid with
79k Cells, time step study is also performed to select the optimum time-step size
for further simulations. Given the unsteady nature of the present study,
determining an optimal time-step size is imperative to ensure precise simulation
results while minimizing computational data processing time requirements. To
ascertain the optimal time step size, a series of two-dimensional computational
fluid dynamics (CFD) simulations were conducted, employing three different
time-steps of 0.5°, 1° and 2°, respectively. All the simulations for different time
steps were performed using a medium-mesh or grid (79k Cells) at A=1.
Consistency was maintained in the parameters across all simulations with
varying time-steps. Figure 14 illustrates the moment coefficient (Cm) captured
for various time-steps, spanning from 0.5° to 2°. It can be observed that moment
coefficient (Cm) curve is consistent for time-step size (TSS) of 0.5° and 1°. So,
time step-size (TSS) equal to 1° is selected for further simulations for appropriate
CFD results with less computational time.
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Figure 14: Time step independence test.

3.8 Validation:

The numerical model’s validation was conducted through a comparison with
experimental results from a comprehensive series of tests performed Robert E.
Sheldahl at Sandia Laboratories on two and three-bucket Savonius wind turbines
[60]. Hence, this research opted to utilize a two-bucket Savonius turbine, and the
experimental findings form Sandia Laboratories were employed to assess the
accuracy and reliability of numerical results. To validate the numerical results,
the analysis was executed at a constant wind speed of 7 m/s. This wind speed
corresponded to a nominal Reynolds number per unit length of 4.32x10°,
ensuring the reliability and accuracy of the obtained numerical findings. Figure
15 depicts the variation of the moment coefficient (Cm) with the turbine's
instantaneous angle of rotation at a tip speed ratio (TSR) of 1. In this research,
ten rotation cycles were simulated for each CFD analysis. The average value of
the last rotation cycle was employed as it was determined that the relative
difference becomes negligible after five rotation cycles, indicating solution
convergence.
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Figure 15: Variance of Coefficient of moment (Cn) at A=1.

Figure 16 demonstrates the computed results of the moment coefficient (Cnm) and
Figure 17 presents the outcomes of the power coefficient (Cp) analysis for
Savonius turbine, showcasing the variation of tip speed ratio (TSR) spanning
from 0.4 to 1.2 with an increment of 0.2. The obtained results were compared
with experimental findings reported by Sandia Laboratories, ensuring a
comprehensive evaluation of the turbine’s performance. It could be claimed that
the numerical simulation results demonstrates a notable concurrence with the
experimental results in terms of tip speed ratio (TSR), affirming a satisfactory
agreement between the two approaches. The evident agreement between the
current model and both experimental findings and other numerical studies
underscores its reliability and suitability for predicting the performance of low-
Reynolds number hydrokinetic turbines.

37



0.45

N
D
T

©

w

[0
T

o©
w
T

o

N

w
T

o
N
T

A\
A4

©

SN

w
T

A Present Study

Average Moment Coeffceint (C,,)

o
=
T

—@— Experimental Results [8]

o

o

(9]
T

O L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 14

Tip Speed Ratio ()

Figure 16: Evaluating Moment Coefficient (Cm) against experimental results.

0.3

025 |

o
N
T

o©
-
T

A Present Study

Average Power Coeffceint (C)
o
&

0.05 F —@— Experimental Results [8]

0 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 14

Tip Speed Ratio (A)

Figure 17: Evaluating Power Coefficient (Cp) against experimental results.

38



CHAPTER 4: RESULT AND DISCUSSION

This chapter will encompass the findings and in-depth discourse derived from
CFD analysis of the Savonius hydrokinetic turbine with upstream bluff bodies.
The obtained results and subsequent discussion will provide a detailed insight
into the performance indicators and characteristics of turbine, facilitating a
comprehensive understanding of dynamic behavior.

4.1 Savonius turbine with bluff bodies:

4.1.1 Performance Characteristics:

Moment and power coefficient are important parameters for investigating the
operational performance of the Savonius turbine. To determine the turbine’s
optimum operational performance, studying the turbine’s average power and
average moment characteristics is an effective and widely adopted technique. To
achieve this objective, the average moment and power coefficient numerically
investigated with respect to the tip speed ratio (1) for all cases considered in this
research. The addition of bluff bodies upstream of the turbine’s returning blade
greatly influence the turbine’s operational performance. The cylinder, half-
cylinder, and diamond shape bluff bodies were utilized in this research. In the
beginning, the cylinder has been selected for the optimization of the horizontal
(Rx) and vertical (Ry) distances of bluff bodies from the center (0, 0) of the
Savonius rotor. Furthermore, the diameter of the cylinder is also optimized for
three cases to find the optimum diameter of the cylinder for the present research.
The same diameter has been used as a reference for half-cylinder and diamond
shape bluff bodies. To find the optimum conditions for the cylinder, which was
subsequently employed for other bluff bodies, an investigation was conducted
using three different y-direction distances of the cylinder positioned upstream of
the turbine as Ry/D=0.23, Ry/D=0.37 and Ry/D=0.51 were studied with
conventional design for tip speed ratio 0.4-1.2 with fixed x-direction distance at
Rx/D=1 and cylinder diameter (d./D) =0.5.

Based on the outcomes illustrated in Figure 18, the average moment coefficient
(Cm) boosted by almost 17.3% and 14.6% at A=0.4 after installing the cylinder at
Ry=0.37 and Ry=0.51 in relation to conventional Savonius Hydrokinetic turbine
without any augmentation device. The gain in turbine’s average moment and
power coefficient found at all tip speed ratios for distance Ry/D=0.37 and
Ry/D=0.51. At distance Ry/D=0.23 turbine’s average moment and power
coefficient decreased and this reduction can be attributed to the installation of the
cylinder at this particular distance, which effectively covers the turbine’s
advancing blade. Consequently, this leads to a reduction in positive pressure on
the concave side of advancing blade, as well as a decrease in pressure on the
convex side of returning blade. This passive control mechanism contributes to
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the observed decrease in both average moment and power coefficient. Maximum
power coefficient (Cp) equal to 0.254 achieved at A=1 which is a 5.8% increase
compared to conventional design as shown in Figure 19.
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Figure 18: Evaluating average moment coefficient (Cr) for the cylinder.
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Figure 19: Evaluating average power coefficient (Cp) for the cylinder.
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After optimizing vertical position (y-direction) of the cylinder, the impact of the
cylinder’s horizontal position (x-direction) on the operational performance of the
Savonius hydrokinetic turbine was investigated. Three different x-direction
distances Rx/D=0.75, R«/D=1, and Rx/D=1.25 were compared to the case without
cylinder, while keeping the y-direction distance unchanged at Ry/D=0.51 and
cylinder’s diameter (dc/D) =0.5. The results of all the cases, including the
average moment coefficient (Cm) and power coefficient (Cp) across all tip speed
ratio range of 0.4-1.2, are presented in Figures 20 and 21.
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Figure 20: Evaluating average moment coefficient (Cm) for the cylinder.
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Figure 21: Evaluating average power coefficient (Cp) for the cylinder.
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The turbine’s average moment and power coefficient exhibits a notable increase
almost all tip speed ratios, with the maximum value attained at x-direction
distance of Ry/D=0.75. The maximum average power coefficient (C,) = 0.2888
obtained for A=0.8 yielding 26.7% more compared to the conventional design.
The average power coefficient (Cp) demonstrated a consistent increase as the tip
speed ratio values were raised, reaching its peak at a certain point. Subsequently,
it started to decline, aligning well with the findings from previous studies. As the
horizontal distance of the cylinder was increased and positioned farther away
from returning blade, the turbine’s performance experienced a decline. This
reduction in performance can be attributed to the diminishing impact of the
cylinder in mitigating the negative moment on turbine’s returning blade.

After optimizing the horizontal (Rx) and vertical (Ry) distance for each of the
three cases, the turbine’s operational performance was examined by varying the
diameter of the cylinders. The x-direction distance was unchanged at Rx/D=0.75
and y-direction distance constant at Ry/D=0.51D. Three different cylinder
diameters (d</D=0.3, d/D=0.4, and d./D=0.5) were studied and compared to the
conventional design without a cylinder, serving as a defector bluff body. As
shown in Figure 22, the average moment coefficient (Cm) was declined by
raising the tip speed ratio (1), and the maximum average moment coefficient
(Cm) =0.492 obtained A=0.4 for cylinder diameter (d/D) =0.5. Maximum
average power coefficient (Cp) = 0.2888 achieved at A =0.8 for cylinder diameter
(de/D) =0.5 which is 26.7% higher compared to conventional design.

The diameter of the cylinder plays a crucial role in influencing the performance
of the Savonius turbine. The installation of the cylinder resulted in an increase in
turbine’s average moment coefficient across the entire range of tip speed ratios,
from 0.4 to 1.2. For cylinder diameter of d./D=0.3 and d./D=0.4, the maximum
average moment coefficient increased by 14.4 % and 20.4% respectively, at
A=0.4 and 2=0.8, compared to the cases without a cylinder. It is obvious that
when the diameter of the cylinder is increased enough, it will restrict the
upstream flow so the selection of the diameter of the cylinder should be large
enough that it will not restrict the upstream flow to the driving blade. In this
research, we obtained the optimum diameter of cylinder dc/D =0.5 compared to
dc/D=0.3 and d/D=0.4 as maximum average power coefficient (C,) obtained
0.2888 which is 26.67% enhanced at A=0.8 for cylinder diameter (d./D) =0.5 as
shown in Figure 23. After investigating these results, x-direction distance (Rx)
=0.75 and y-direction distance (Ry) =0.51, and cylinder diameter (dc/D) =0.5 was
selected as reference for further investigation on performance after installing half
circle and diamond shape bluff body as an augmentation device.
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Figure 22: Evaluating average moment coefficient (Cr) for the cylinder.
0.36
03 |
3 A
I *
: J é
&
0.24 ‘ [ J
coia | ¢
o 0.18 |
012 | —a— Without Cylinder
[ ® dc/D=0.3
[ ¢ dc/D=0.4
0.06 t A dc/D=05
0 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.2 04 0.6 08 1 12 14
A

Figure 23: Evaluating average power coefficient (Cp) for the cylinder.
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After investigating turbine’s average moment and average power coefficient
incorporated with the cylinder and deciding the optimum horizontal and vertical
position of cylinder, the half-cylinder (D-shape bluff body) and diamond-shaped
bluff bodies were positioned upstream of the turbine’s returning blade to
examine the impact on the performance of the Savonius turbine. Half-cylinder
(D-shape body) was installed at optimum horizontal distance (Rx/D) =0.75
vertical distance (Ry/D) =0.51 and the diameter (d/D) =0.5. Similarly, a
diamond-shaped bluff body was made from that optimized cylinder, and the
consequence of diamond-shaped bluff body on turbine’s performance was also
investigated.

As the results depicted that installing different types of bluff bodies upstream to
turbine’s returning blade alters its average moment and power coefficient in
contract to the base case without any augmentation technique. Figure 24, and 25
depicts the evaluation of average moment and average power coefficient for all
the cases for cylinder, half-cylinder (D-shape body), and diamond-shaped bluff
bodies corresponding to tip speed ratio spanning from 0.4 to 1.2. The result
depicted that the average moment coefficient (Cm) was reduced by increasing the
tip speed ratio and it showed good agreement with previous studies and
maximum average moment coefficient (Cn) = 0.493 obtained at A=0.4 for D-
shape bluff body as a deflector. Maximum gain in average power coefficient (Cp)
achieved by diamond shape bluff body at A=1.2 which is 30.11% higher
compared to the base case without any augmentation technique.

At tip speed ratio (A) equal to 1.2 maximum gain of 11.83% and 19.89% in
average power coefficient obtained for cylinder and half-cylinder (D-shape bluff
body) compared to conventional design. Considering the half-cylinder (D-shape
body) and cylinder as a deflector, a maximum average power coefficient (Cp)
equal to 0.27 and 0.29 was achieved at A=1.2 and A=0.8. The percentage increase
compare to different augmentation techniques is lower as reported in previous
studies but those techniques are applied using complex structures like meander
duct nozzles, long curtains, specific blade profiles, etc. Instead, deploying bluff
bodies like a cylinder, half-cylinder (D-shape), and diamond shape bluff body as
presented in this research not only boosts the performance of the Savonius
hydrokinetic turbine (SHKT) but also provides a simple design without imposing
any complexity on turbine’s design.
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Figure 24: Evaluating average moment coefficient (Cr) for bluff bodies.
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Figure 25: Evaluating average power coefficient (Cm) for bluff bodies.

Prior to delving into the analysis of flow structure and the presentation of
pressure and velocity contours, it is crucial to determine the angle at which the
maximum average moment coefficient was observed. In Figure 23 coefficient of
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the moment (Cm) corresponding to the rotation angle at A=1.2 was compared
using different bluff bodies with base case to investigate the effect on turbine’s
operational performance. Upon careful examination and comparison of the
results, it was established that the installation of the cylinder, diamond, and D-
shape bluff bodies upstream of the returning blade led to a considerable increase
in the positive moment coefficient (Cm) when compared to the base case
scenario. Notably, substantial enhancements in the moment coefficient (Crm) were
observed within the angular ranges of 90° < 6 <210° and 270° < 6 <360°.
Furthermore, it was noted that higher peaks of the instantaneous moment
coefficient were observed for all the bodies in the angular ranges of 90° <
0 <120°and 270° < 6 <300°.
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Figure 26: Evaluation of Coefficient of Moment (Cm) at A=1.2.

4.1.2 Flow Structure Analysis:

In order to comprehensively comprehend the impact of various bluff bodies on
the operational performance of the Savonius Hydrokinetic turbine, detailed
contours of pressure, velocity, and turbulence intensity are presented at an
angular position of 120° These contours serve as informative visual
representations, unveiling critical insights into the intricate flow dynamics and
elucidating the intricate interplay between the bluff bodies and the turbine. The
installation of bluff bodies resulted in an increased pressure on the inwardly
curved (concave) side of the advancing blade, surpassing the pressure observed
in the absence of bluff bodies. This finding highlights the influence of bluff
bodies on the pressure distribution and demonstrates their ability to modify the
flow characteristics around the turbine. Consequently, the incorporation of bluff
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bodies yielded a higher drag coefficient, thereby enhancing the overall
performance of the turbine.

Figure 27 illustrates the pressure distribution around the Savonius rotor at an
angular position of 120°, showcasing a comparison between the conventional
turbine and the turbine equipped with upstream bluff bodies. The installation of a
deflector redirects a significant portion of the incoming flow towards the
advancing blade, resulting in an amplification of positive pressure. This
quantitative enhancement is visually represented in Figures 28, 29, and 30,
providing a comprehensive understanding of the effect of the deflector on
pressure distribution. After the installation of bluff bodies, a notable reduction in
pressure is observed on the convex side of the returning blade. The desirable
effect of bluff bodies on the turbine's performance can be attributed to their
impact on the moment coefficient (Cn).
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Figure 27: Pressure distribution around rotor with and without bluff bodies.
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Figure 29: Evaluating pressure distribution with and without bluff bodies at
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Figure 30: Evaluating pressure distribution with and without bluff bodies at
r=1.2.

Figure 31 showcases the impact of bluff bodies on the distribution of turbulence
intensity around the Savonius Hydrokinetic turbine, specifically at a tip speed
ratio of 1.2. The figure provides a comprehensive visual representation,
highlighting the advantage of employing bluff bodies in minimizing the direct
contact of the incoming flow with the turbine blades. This reduction in direct
contact leads to a more controlled and organized flow, resulting in decreased
turbulence intensity. Such advantageous effects of bluff bodies contribute to
improved performance and operational stability of the turbine. Without the
presence of bluff bodies upstream of the returning blade, the incoming flow
makes direct contact with the blade surface. This contact leads to increased drag
force due to the pressure exerted on the returning blade.

The increased drag force on the returning blade reduces the disparity in drag
force between the rotor blades, ultimately leading to a decrease in power and
moment coefficients. This effect arises due to the altered pressure distribution
and flow dynamics resulting from the absence of bluff bodies. By implementing
bluff bodies, the direct contact of the incoming flow with the returning blade is
limited, resulting in an enhanced differential drag force between the rotor blades.
This observation is further reinforced by the quantitative findings depicted in
Figure 26, validating the effectiveness of bluff bodies in improving the turbine's
performance.
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Figure 32: Velocity distribution around rotor with and without bluff bodies.

50



Figure 32 illustrates the impact of bluff bodies on the velocity distribution
around the Savonius rotor, specifically at a tip speed ratio (1) of 1.2. The wake
region is observed downstream of the turbine, accompanied by a high-velocity
zone at the tip of the advancing blade. With the implementation of bluff bodies
upstream of the returning blade, the incoming flow is diverted towards the
advancing blade instead of directly contacting the convex side of the returning
blade. This redirection of flow contributes to an enhancement in the power
coefficient of the Savonius Hydrokinetic turbine, highlighting the effectiveness
of bluff bodies in optimizing turbine performance.

4.2 Savonius Rotor with Bluff Bodies and Flat Plate

Deflector:

By examining the impact of bluff bodies as deflectors positioned upstream of the
returning blade in the Savonius Hydrokinetic turbine, further investigation was
conducted by incorporating a deflector plate. This additional configuration
allowed for studying the combined effect of both bluff bodies and the deflector
plate. The findings, represented by the average moment coefficient (Cm) and
average power coefficient (Cp) at various tip speed ratios (TSR), are presented in
Figures 33 and 34. These results shed light on the performance enhancements
achieved by integrating both bluff bodies and a deflector plate into the turbine
design. The performance of the Savonius Hydrokinetic turbine (SHKT) was
significantly enhanced by incorporating a deflector plate in addition to bluff
bodies. The highest average moment coefficient (Cm) of 0.491 was attained when
utilizing a diamond-shaped bluff body in conjunction with a deflector plate at a
tip speed ratio (1) of 0.8. Similarly, the maximum average power coefficient of
0.416 was obtained by employing a diamond-shaped bluff body as a deflector
along with a flat deflector at A=1. By incorporating a diamond-shaped bluff body
as a deflector, a significant improvement of 30.11% was achieved at a tip speed
ratio (TSR) of 1.2 compared to the conventional design. Furthermore, the
addition of a deflector plate upstream of the driving blade further enhanced the
performance, resulting in an additional gain of 29.57%. This demonstrates the
combined effect of utilizing both the diamond-shaped bluff body and deflector
plate in enhancing the overall efficiency of the Savonius Hydrokinetic turbine.
As in cases without deflector plate maximum gain in average power coefficient
(Cp) obtained at A=1.2 so, contours of pressure and velocity have been taken for
these cases and compared with conventional design without any augmentation
technique. The contours of pressure, velocity and turbulence distribution around
turbine are presented in Figures 35, 36 and 37.
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CHAPTER 5: CONCLUSION

5.1 Conclusion:

The present study examines the effects of multiple strategies of augmentation,
including the implementation of bluff bodies and deflector plate, on the
efficiency indicators of the Savonius Hydrokinetic turbine (SHKT). Through
extensive numerical analysis, notable improvements in the turbine’s moment
coefficient (Cm) and power coefficient (Cp) are observed in comparison to the
baseline configuration.

One notable augmentation technique involves the incorporation of bluff bodies,
specifically a cylinder positioned upstream. The findings demonstrate a
considerable increase in the average moment coefficient (Cn), indicating
improved moment generation. The average moment coefficient (Cm) experiences
an impressive percentage increase of approximately 17.3% and 14.6% at A=0.4,
when the cylinder is placed at Ry=0.37 and Ry=0.51, respectively corresponding
to Rx=1D and d.=0.5D=. Further optimization of the augmentation technique
involves adjusting the horizontal position (Rx) and diameter (d/D) of the
cylinder. The results demonstrate that fine-tuning these parameters leads to
additional performance gains. For instance, at A=0.8 and with a cylinder diameter
(de/D) of 0.5 at Rx=0.75 and Ry=0.51, the average power coefficient (Cp)
accomplishes a remarkable value of 0.2888, representing a significant percentage
increase of 26.7% compared to the baseline design. Moreover, the integration of
bluff bodies in alternative shapes, such as half-cylinders and diamond shapes,
also contributes to enhanced turbine performance. The diamond shape bluff
body, in particular, exhibits substantial improvements over the baseline
configuration, achieving a maximum value of average power coefficient (Cp)
comparatively and yielding 30.11% at A=1.2. Furthermore, when combined with
a deflector plate, the diamond shape bluff body demonstrates an additional
performance boost of 29.57%, and showed maximum gain in average power
coefficient (Cp) of 0.416 at A=1.

In summary, the implementation of augmentation techniques, including bluff
bodies and deflector plates, significantly upgrades the operational effectiveness
of the Savonius Hydrokinetic turbine. These findings present promising
prospects for improving the efficiency and power generation capabilities of
hydrokinetic turbines, employing a straightforward and effective design
approach. The research outcomes contribute to the advancement of more
efficient and sustainable hydrokinetic turbine systems, enabling the harnessing of
renewable energy from water currents.
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5.2 Future Work:

In accordance with the outcomes of this research, there are a plethora of
promising avenues for future practical research on the Savonius Hydrokinetic
turbine. Based on this research following future areas can be targeted.

Optimization of bluff body shapes and positions to enhance turbine
performance.

Investigation of combined augmentation techniques, such as using both
bluff bodies and deflector plates, for Synergistic effects.

Field experiments and real-world testing to validate the findings obtained
from numerical simulations.

Assessment of turbine behavior in different environmental conditions,
including varying water flow velocities and turbulence levels.

Long-term monitoring and performance assessment of turbines in real-
world settings to evaluate durability, efficiency, and maintenance
requirements.

Exploration of advanced materials, such as composites, to reduce turbine
weight and increase lifespan.

Incorporation of advanced manufacturing methods, like additive
manufacturing, for complex blade geometries and customized designs.
Economic feasibility studies and techno-economic analysis to assess the
cost-effectiveness and commercial viability of turbine installations.
Evaluation of the levelized cost of energy (LCOE) to determine the
competitiveness of Savonius Hydrokinetic turbines in the renewable
energy market.

Market assessments to identify potential applications and opportunities
for widespread utilization of hydrokinetic energy systems.

56



REFERENCES:

[1].
[2].

[3].

[4].
[5].

[6].

[7]1.

8].

[9].

[10].

[11].

[12].

[13].

K. A. K Kaygusuz, ‘Renewable energy and sustainable development in
Turkey’, Renew. Energy, vol. 25:431-53, 2002.

Behrouzi, F., Nakisa, M., Maimun, A., Ahmed, Y.M., 2016. Global
renewable energy and its potential in Malaysia: a review of Hydrokinetic
turbine technology. Renew. Sustain. Energy Rev. 62, 1270-1281.
International Hydropower Association, “Global trends in hydropower
development”, https://www.hydropower.org/publications/global-trends-
hydropower-development.

International Energy Agency, “2011 key world energy statistics,” IEA
Report, The Economic Cooperation and Development (OECD),2012
O.Rauf, S.Wang, P.Yuan, J.Tan.An overview of energy status and
development in Pakistan. Renew. Sustain. Energy Rev., 48(2015),
pp.892-931.

Power Rystems Planning. Indicative Generation Capacity Expansion
Plan  (2018-40). 2019. Available online:  https://nepra.org.
pk/Admission%20Notices/2019/09  September/ IGCEP%?20PIan%20
(2018-40).pdf

UNDP, WHO, The energy access situation in developing countries a
review focusing on the LDC and Sub-Saharan Africa, 2009.
http://www.who.int/indoorair/publications/energyaccesssituation.

R. E. Sheldahl, B. F. Blackwell, and L. V Feltz, ‘Wind tunnel
performance data for two-and three-bucket Savonius rotors’, J. Energy,
vol. 2, no. 3, pp. 160-164, 1978.

N.K. Sarma, A. Biswas, R.D. Misra. Experimental and computational
evaluation of Savonius hydrokinetic turbine for low-velocity conditions
with comparison to Savonius wind turbine at the same input power.
Energy Conversion and Management 83 (2014) 88-98.

Altan, B. D., & Atilgan, M. (2010). The use of a curtain design to
increase the performance level of Savonius wind rotors. Renewable
Energy, 35(4), 821-829.

Shikha, Bhatti, T., & Kothari, D. (2003). Vertical axis wind rotor with
concentration by convergent nozzles. Wind Engineering, 27(6), 555-
959.

Khan MJ, Bhuyan G, Igbal MT, Quaicoe JE. Hydrokinetic energy
conversion Rystems and assessment of horizontal and vertical axis
turbines for river and tidal applications: a technology status review.
Appl Energy 2009; 86:1823-35.

Zhou D, Deng Z, (Daniel). Ultra-low-head hydroelectric technology: a
review. Renew  Sustain Energy Rev  2017; 78:23-30.
https://doi.org/10.1016/j. rser.2017.04.086.

57



[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

M. J. Khan, G. Bhuyan, M. T. Igbal, and J. E. Quaicoe, ‘Hydrokinetic
energy conversion systems and assessment of horizontal and vertical
axis turbines for river and tidal applications: A technology status
review’, Applied Energy. 2009.

M. S. Giney and K. Kaygusuz, ‘Hydrokinetic energy conversion
systems: A technology status review’, Renewable and Sustainable
Energy Reviews. 2010.

P. Garman, ‘Water current turbines: providing pumping, power in
remote areas’, Hydro Rev. Worldw., vol. 6, no. 5, pp. 24-28, 1998.
Abraham, J.; Plourde, B.D.; Mowry, G.S.; Minkowycz, W.J.; Sparrow,
E.M. Summary of Savonius wind turbine development and future
applications for small-scale power generation. J. Renew. Sustain.
Energy 2012, 4, 42703.

H, Salarian H, Khaleghinia J, Fatahian E. Improving the efficiency of a
Savonius vertical axis wind turbine using an optimum parameter.
Comput Res Prog Appl Sci Eng 2018; 4:27-32.

Aldoss, T. K., Hwang, J. J.,, Kim, K. W., & Cho, K. H. (2020).
Performance enhancement of Savonius hydrokinetic turbine with guide
vanes. Energies, 13(2), 355.

Saha, U. K., Hasanuzzaman, M., & Islam, S. M. (2020). Performance
analysis of Savonius rotor with guide vanes: A numerical study.
Heliyon, 6(6), e04218.

Tarig, U., et al. (2019). "Performance analysis of Savonius water
turbine with guide vanes.” 10P Conference Series: Materials Science
and Engineering, vol. 528, no. 1, p. 012028.

Habib, M. A., & Rahman, M. M. (2018). Performance analysis of
Savonius rotor with deflector plates using computational fluid
dynamics. Energy Reports, 4, 617-624.
https://doi.org/10.1016/j.egyr.2018.05.001.

Oyewola, O. M., Adeyemo, I. A, & Oyedepo, S. 0. (2017).
Performance evaluation of a modified Savonius rotor for low-head
hydropower generation. International Journal of Sustainable Energy,
36(9), 910-924. https://doi.org/10.1080/14786451.2015.1108454.
Singh, G., Kumar, A., & Kumar, S. (2019). Design, fabrication, and
performance analysis of Savonius wind turbine with deflector plates.
International Journal of Energy Research, 43(6), 2778-2794.
https://doi.org/10.1002/er.4461.

Hossain, M. S., Saidur, R., Fayaz, H., Rahim, N. A., & Islam, M. R.
(2017). Performance investigation of a Savonius turbine with different
spoilers. Renewable Energy, 106, 39-48.
https://doi.org/10.1016/j.renene.2017.01.049

58



[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

Rahman, M. M., Gafur, M. A., Ahmed, S., & Karim, M. R. (2016).
Aerodynamic performance analysis of a Savonius rotor with twisted
blades and spoilers. Procedia Engineering, 147, 1093-1099.
https://doi.org/10.1016/j.proeng.2016.06.197

Kumar, A., Singh, G., & Kumar, S. (2017). Performance enhancement
of Savonius rotor using winglets and spoilers. International Journal of
Renewable Energy Research, 7(4).

Wijekoon, T. K., et al. (2017). "Performance improvement of Savonius
rotor using venting slots.” International Journal of Energy and Power
Engineering, vol. 6, no. 3, pp. 52-56.

Habib, M. A,, et al. (2019). "Effect of venting slots on the performance
of Savonius rotor.” Journal of Mechanical Science and Technology,
vol. 33, no. 1, pp. 115-122.

Habib, M. A, et al. (2018). "Performance improvement of Savonius
rotor using the converging nozzle." International Journal of Renewable
Energy Research, vol. 8, no. 1, pp. 319-326.

Mohammadi, M. A., et al. (2017). "Experimental investigation of the
effect of convergent nozzles on Savonius turbine performance.” Energy
Conversion and Management, vol. 150, pp. 364-372.

Yilmaz, i. H., and Keskin, A. (2019). "The effect of the valve on the
performance of Savonius wind turbine.” International Journal of Energy
and Environmental Engineering, vol. 10, no. 4, pp. 425-430.

Chauhan, A., et al. (2017). "Performance improvement of Savonius
rotor using a flow control valve." Journal of Energy Resources
Technology, vol. 139, no. 6, pp. 062202.1-062202.8.

Yang, H., Li, Y., Li, J., & Li, Q. (2018). Experimental study on
performance improvement of Savonius wind turbines with cylindrical
bluff bodies. Renewable Energy, 121, 1-11.

Wang, Y., Guo, Y., & Zhang, X. (2020). Numerical and experimental
investigation on the effects of bluff body configuration on the
performance of Savonius wind turbines. Energy Conversion and
Management, 218, 112940.

Kailash Golecha et.al. Influence of the deflector plate on the
performance of modified Savonius water turbine. Applied Energy 88
(2011) 3207-3217.

Kaprawi Sahim, Dyos Santoso, and Agus Radentan, “Performance of
Combined Water Turbine with Semi elliptic Section of the Savonius
Rotor”, International Journal of Rotating Machinery, Volume 2013,
Article ID 985943.

Kaprawi S., Dyos Santoso and Riman Sipahutar, “Performance of
Combined Water Turbine Darrieus-Savonius with Two Stage Savonius

59



[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

Buckets and Single Deflector”, International Journal of Renewable
Energy Research, Vol.5, No.1, 2015.

Mabrouk Mosbahia et.al, “Performance study of a Helical Savonius
hydrokinetic turbine with a new deflector system design”, Energy
Conversion and Management 194 (2019) 55-74.

Kuo-Tsai Wu et.al, “Numerical and Experimental Investigation of the
Effect of Design Parameters on Savonius-Type Hydrokinetic Turbine
Performance”, Energies 2022, 15, 1856.

Mohd Badrul Salleh et.al. “An Experimental Study on the Improvement
of a 2-Bladed and 3-Bladed Conventional Savonius Rotors with a
Deflector for Hydrokinetic Application”, Journal of Advanced
Research in Fluid Mechanics and Thermal Sciences 67, Issue 1 (2020)
93-104.

Shashikumar C M and Vasudeva Madav, “Numerical and experimental
investigation of modified V-shaped turbine blades for hydrokinetic
energy generation”, Renewable Energy 177 (2021), 1170-1197.

Ramin Alipour et.al, “Performance improvement of a new proposed
Savonius hydrokinetic turbine: a numerical investigation”, Energy
Reports 6 (2020) 3051-3066.

Sourish Singha and R. P. Saini, “Performance Analysis of a Modified
Savonius Hydrokinetic Turbine”, Mathematical Modelling and
Scientific Computing with Applications, Springer Proceedings in
Mathematics & Statistics 308.

Thochi Seb Rengma et.al, “Performance analysis of a two-bladed
Savonius water turbine cluster for perennial river-stream application at
low water speeds”, Journal of the Brazilian Society of Mechanical
Sciences and Engineering (2021) 43:264.

Priyo Agus Setiawan, Triyogi Yuwono and Wawan Aries Widodo.
“Flow Analysis of a Circular Cylinder on the Savonius Hydrokinetic
Turbine Performance Placed the Side of Advancing Blade”,
International Journal of Mechanical & Mechatronics Engineering
IIMME-IJENS Vol: 19 No: 06.

Parag K. Talukdara. Parametric analysis of model Savonius
hydrokinetic turbines through experimental and computational
investigations. Energy Conversion and Management 158 (2018) 36-49.
Kim, S., Kim, M., & Oh, J. (2014). Effect of aspect ratio on the
performance of a Savonius turbine. Energy Conversion and
Management, 79, 135-141.

Oyewola, O. M., Durowoju, M. O., & Adeyemo, A. O. (2019). Effect
of aspect ratio on the performance of a Savonius turbine with different
configurations. Journal of Energy Engineering, 145(1), 04018101.

60



[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

Chen, W. L., & Chang, C. L. (2016). Effect of overlap ratio on the
performance of a Savonius turbine. Applied Energy, 162, 576-585.
Bhattarai, A., Shrestha, S., & Chong, W. T. (2020). Effect of overlap
ratio on the performance of a twisted-blade Savonius rotor. Energy
Conversion and Management, 218, 113343.

Gandhi, B. K., Agarwal, P., & Singh, S. (2016). Effect of blade number
on the performance of a Savonius rotor. Energy Conversion and
Management, 126, 367-375.

Oyewola, O. M., Durowoju, M. O., & Adaramola, M. S. (2017). Effect
of blade number on the performance of a Savonius wind turbine.
International Journal of Energy and Environmental Engineering, 8(3),
297-305.

Choi, D., Kim, K., Kim, J., & Lee, S. (2017). Effect of endplate
diameter on the performance of a Savonius wind turbine. Journal of
Mechanical Science and Technology, 31(1), 19-25.

Fong, K. F., Zhou, Y., Chow, T. T., & Lin, Z. (2017). Effect of
endplate diameter on the performance of a Savonius rotor. Energy
Conversion and Management, 148, 1090-1097.

Nidamanuri, R. R., Ravi Kumar, P., & Singh, R. K. (2021). Effect of
blade profile on the performance of a Savonius wind turbine.
Renewable Energy, 172, 1082-1092.

Hong, Y., Wang, J., & Wang, X. (2016). Effect of blade profile on the
performance of a Savonius wind turbine. Energy Conversion and
Management, 112, 346-354.

Mohamed, M. A., Abdalla, I. A., Mansour, M. A., & lbrahim, S. A,
(2020). Performance enhancement of a Savonius turbine using multi-
staging. Energy Conversion and Management, 218, 113226.

Hossain, M. A., Chowdhury, S., & Sabuj, M. A. (2021). Performance
analysis of a parallel three-stage Savonius rotor for low wind speed
conditions. Energy Reports, 7, 2807-2816.

Hossein  Alizadeh, Mohammad Hossein Jahangir, Roghayeh
Ghasempour. CFD-based improvement of Savonius type hydrokinetic
turbine using optimized barrier at the low-speed flows. Ocean
Engineering 202 (2020) 107178

Esmaeel Fatahian et.al. An innovative deflector system for drag-type
Savonius turbine wusing a rotating cylinder for performance
improvement. Energy Conversion and Management 257 (2022) 115453
ANSYS. “ANSYS Theory Guide,”ANSYS, Inc., Canonsburg, PA,
USA, 2022.

Balduzzi, F. et al., 2016. Critical issues in the CFD simulation of
Darrieus wind turbines. Renewable Energy, Volume 85, pp. 419-435.

61



[64]. F. R. Menter, ‘Two-equation eddy-viscosity turbulence models for
engineering applications, AIAA J., vol. 32, no. 8, pp. 1598-1605, 1994.

62



63



A2

ORIGINALITY REPORT

14, 8. 12%  3u

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS
PRIMARY SOURCES
www.researchgate.net 1
Internet Source %
Esmaeel Fatahian, Farzad Ismail, Mohammad 1 o
0

Hafifi Hafiz Ishak, Wei Shyang Chang. "An
innovative deflector system for drag-type
Savonius turbine using a rotating cylinder for
performance improvement", Energy
Conversion and Management, 2022

Publication

link.springer.com
Internet Source 1 %
idr.11.nitk.ac.in
Internet Source <1 %
Submitted to Higher Education Commission <1
. %
Pakistan
Student Paper
www.mdpi.com
ﬂ Internet Source <1 %
digilib.unhas.ac.id
Internet Source <1 %


http://www.researchgate.net/
http://www.mdpi.com/




Thochi Seb Rengma, Mahendra Kumar Gupta,
P.M.V. Subbarao. "A novel method of
optimizing the Savonius hydrokinetic turbine
blades using Bezier curve"”, Renewable Energy,
2023

Publication

<1%

mdpi-res.com

Internet Source

<1%

B
(@)

Mohd Badrul Salleh, Noorfazreena M.
Kamaruddin, Zulfaa Mohamed-Kassim.
"Savonius hydrokinetic turbines for a
sustainable river-based energy extraction: A
review of the technology and potential
applications in Malaysia", Sustainable Energy
Technologies and Assessments, 2019

Publication

<1%

lutpub.lut.fi

Internet Source

<1%

Huaijie Xia, Song Zhang, Rongyuan lia,
Huadong Qiu, Shuhui Xu. "Blade shape
optimization of Savonius wind turbine using
radial based function model and marine
predator algorithm", Energy Reports, 2022

Publication

<1%

Anupam Dewan, Shivam Singh Tomar, Ashok
Kumar Bishnoi, Tej Pratap Singh.
"Computational fluid dynamics and

<1%



turbulence modelling in various blades of
Savonius turbines for wind and hydro energy:
Progress and perspectives", Ocean
Engineering, 2023

Publication

Mohd Badrul Salleh, Noorfazreena M. <1
Kamaruddin, Zulfaa Mohamed-Kassim. %o
"Experimental investigation on the effects of
deflector angles on the power performance of
a Savonius turbine for hydrokinetic
applications in small rivers", Energy, 2022
Publication
Submitted to Universiti Sains Malaysia

Student Paper y < 1 %
www.linquip.com

Internet Sourc(e:I g <1 %
semarakilmu.com.m

Internet Source / < 1 %
Submitted to CSU, Los Angeles

Student Paper J < 1 %
Fatemeh Behrouzi, Mehdi Nakisa, Adi

<19

Maimun, Yasser M. Ahmed, Atef Salem Souf-
Aljen. "Performance investigation of self-
adjusting blades turbine through
experimental study", Energy Conversion and
Management, 2019

Publication



http://www.linquip.com/

Mohamed S. Idrissi, Naceur Selmi, Mouldi <1 o
Chrigui. "Efficiency improvement of Savonius °

wind turbine by mean of novel deflector

system”, Journal of the Brazilian Society of

Mechanical Sciences and Engineering, 2023

Publication

Mariem Lajnef, Mabrouk Mosbahi, Youssef <1 o
Chouaibi, Zied Driss. "Performance °

Improvement in a Helical Savonius Wind

Rotor", Arabian Journal for Science and

Engineering, 2020

Publication

Triyogi Yuwono, Gunawan Sakti, Fatowil Nur <1 o
Aulia, Adi Chandra Wijaya. "Improving the °

performance of Savonius wind turbine by

installation of a circular cylinder upstream of

returning turbine blade", Alexandria

Engineering Journal, 2020

Publication
iﬂgﬂlﬁfd to Curtin University of Technology <1 o

Mohd Badrul Salleh, Noorfazreena M. <1 y
Kamaruddin, Puay How Tion, Zulfaa °

Mohamed-Kassim. "Comparison of the power
performance of a conventional Savonius
turbine with various deflector configurations
in wind and water", Energy Conversion and
Management, 2021



Publication

Esmaeel Fatahian, Farzad Ismail, Mohammad

Hafifi Hafiz Ishak, Wei Shyang Chang. " ",
Physics of Fluids, 2022
Publication
<1
Muhamad Hasfanizam Mat Yazik, Wei Shyang
Chang, Mohammad Hafifi Hafiz Ishak,
Esmaeel Fatahian, Farzad Ismail. "Effect of
surface roughness and blade material on the
performance of a stationary Savonius wind
turbine under different operating conditions”,
Physics of Fluids, 2023
Publication
<14
Hossein Alizadeh, Mohammad Hossein
Jahangir, Roghayeh Ghasempour. "CFD-based
improvement of Savonius type hydrokinetic
turbine using optimized barrier at the low-
speed flows", Ocean Engineering, 2020
Publication
d i-halle.d <_1 &
D, unhate.ce
| _ <1y
Nauman Riyaz Maldar, Cheng Yee Ng, Elif

Oguz. "A review of the optimization studies
for Savonius turbine considering hydrokinetic
applications"”, Energy Conversion and
Management, 2020

Publication




Innovareacademics.in
Internet Source <1 %
"Proceedings of the 7th International 1
Conference on Advances in Energy Research”, < 1%
Springer Science and Business Media LLC,
2021
Publication
Denis Kalugin, Jumanah Bahig, Ahmed Shoker, 1
Amira Abdelrasoul. "Heparin-Iimmobilized < 1%
Polyethersulfone for Hemocompatibility
Enhancement of Dialysis Membrane: In Situ
Synchrotron Imaging, Experimental, and Ex
Vivo Studies", Membranes, 2023
Publication
Do PPN acie <14
Md. Mahmud Hasan Saikot, Mahfuzur 1
Rahman, Md. Anwar Hosen, Wasif Ajwad, Md. < 1%
Faiyaz Jamil, Md. Quamrul Islam. "Savonius
Wind Turbine Performance Comparison with
One and Two Porous Deflectors: A CFD
Study", Flow, Turbulence and Combustion,
2023
Publication
Yago Rivera Duran. "Experimental and 1
Modelling Study of Interfacial Phenomena in < 1%



Annular Flow with Uncertainty Quantification”,
Universitat Politecnica de Valencia, 2023

Publication

Dandun Mahesa Prabowoputra, Purwanto, <1
0}

Sutini. "The Blade's Angle Affects Banki- Yo
Turbine Performance as an Alternative Design
for Clean Energy Generation", Mathematical
Modelling of Engineering Problems, 2023
Publication
Submitted to University of Hertfordshire

Student Paper Y < 1 %
Wenlong Tian, Jliaheng Bian, Guangyong Yang,

Xiwen Ni, Zhaoyong Mao. "Influence of a <1 Yo
passive upstream deflector on the
performance of the Savonius wind turbine",
Energy Reports, 2022
Publication

space.library.queensu.ca

Iﬂterllr?et Source y q < 1 %
www.ijrer-net.ijrer.or

Internet SoJurce J g < 1 %
Submitted to University of Mauritius

Student Paper Y < 1 %
coek.info

Internet Source < 1 %

5
W

www.collectionscanada.gc.ca

Internet Source


http://www.ijrer-net.ijrer.org/
http://www.collectionscanada.gc.ca/

<1%

I\::t/;/r\r/‘zys.glljlr'!\ef.unlc:att.lt <1 %
Maysa'a Rizk, Karim Nasr. "Computational <1 %
fluid dynamics investigations over
conventional and modified Savonius wind
turbines”, Heliyon, 2023
Publication
Mohamed R. Shouman, Mohamed M. Helal. <1 %
"Numerical investigation of improvement of
counter rotating Savonius turbines
performance with curtaining and fin addition
on blade", Alexandria Engineering Journal,
2023
Publication
Lingying Ni, Bing Li, Guangwei Geng. <1 %
"Numerical simulation analysis of cavitation of
current limiting orifice plate", IOP Conference
Series: Earth and Environmental Science, 2020
Publication
Mohd Badrul Salleh, Noorfazreena M. <1 A

Kamaruddin, Zulfaa Mohamed-Kassim. "The
effects of deflector longitudinal position and
height on the power performance of a
conventional Savonius turbine", Energy
Conversion and Management, 2020

Publication


http://www.dmf.unicatt.it/

R Handoko, S Hadi, Danardono, Ubaidillah, Z 1
o . <1%
Arifin. "Parameters of Savonius Type
Hydrokinetic Turbine to Enhance Efficiency”,
|IOP Conference Series: Materials Science and
Engineering, 2021
Publication
Submitted to University of New South Wales <1
Student Paper %
Xiangji Guo, Bo Liu, Jinsheng Lv, Bo Zhang,
J) . nSneng J <1 %
Yong Shan. "An optimization method on
managing Ranque-Hilsch vortex tube with the
synergy between flow structure and
performance”, International Journal of
Refrigeration, 2020
Publication
www.akademiabaru.com < 1
Internet Source %
"Free-Convective Heat Transfer", Springer 1
. . . <l%
Science and Business Media LLC, 2005
Publication
Abdullah Al-Faruk, Ahmad Sharifian. <1 o
"Geometrical optimization of a swirling °
Savonius wind turbine using an open jet wind
tunnel”, Alexandria Engineering Journal, 2016
Publication
Keyhan Layeghmand, Nima Ghiasi Tabari,
y yeg <14

Mehran Zarkesh. "Improving efficiency of


http://www.akademiabaru.com/

Savonius wind turbine by means of an airfoil-
shaped deflector”, Journal of the Brazilian
Society of Mechanical Sciences and
Engineering, 2020

Publication

M. S. Abdullah, M. H. H. Ishak, F. Ismail.
"Performance improvement of the Savonius
turbine using a novel augmentation device

with the Taguchi optimization method",
Physics of Fluids, 2023

Publication

<1%

Manoj Sood, Sunil Kumar Singal.
"Development of hydrokinetic energy
technology: A review", International Journal of
Energy Research, 2019

Publication

<1%

N.K. Sarma, A. Biswas, R.D. Misra.
"Experimental and computational evaluation
of Savonius hydrokinetic turbine for low
velocity condition with comparison to
Savonius wind turbine at the same input

power", Energy Conversion and Management,
2014

Publication

<1%

Submitted to Nanyang Technological

University
Student Paper

<1%

Submitted to Universiti Teknologi Petronas



Student Paper

<14
Mabl’Ol.Jk. Mc_)sbahl_, Ahmeq Ayadll, You.ssef < 1 o
Chouaibi, Zied Driss, Tullio Tucciarelli.
"Performance study of a Helical Savonius
hydrokinetic turbine with a new deflector
system design", Energy Conversion and
Management, 2019
Publication
engrxiv.or
Internget Source g <1 %
www.diva-portal.or
Internet Source p g <1 %
Esnjfaeel !:atahlan, Fgrzad Ismail, Mohammad <1 o
Hafifi Hafiz Ishak, Wei Shyang Chang.
"Aerodynamic performance improvement of
Savonius wind turbine through a passive flow
control method using grooved surfaces on a
deflector", Ocean Engineering, 2023
Publication
Submitted to University of Canada in Egypt
Student Paper / P < 1 %
Submitted to University of Sheffield
m Student Paper y < 1 %
iamu-edu.org <1 o

Internet Source



http://www.diva-portal.org/

Enderaaj Singh, Sukanta Roy, Yam Ke San,
Law Ming Chiat. "Performance Enhancement
of VAWT using Diffuser for Energy Extraction
from Cooling Tower Exhaust Air*, MATEC Web
of Conferences, 2023

Publication

<1%

Mohanad Al-ghriybah, Mohd F. Zulkafli,
Djamal H. Didane. "Numerical Investigation of
Inner Blade Effects on the Conventional
Savonius Rotor with External Overlap", Journal
of Sustainable Development of Energy, Water
and Environment Systems, 2020

Publication

<1%

3
(@)

downloads.hindawi.com

Internet Source

<1%

Mabrouk Mosbahi, Ahmed Ayadi, Youssef
Chouaibi, Zied Driss, Tullio Tucciarelli.
"Performance improvement of a novel
combined water turbine", Energy Conversion
and Management, 2020

Publication

<1%

S.N. Ashwindran, A.A. Azizuddin, A.N. Oumer.
"A moment coefficient computational study of
parametric drag-driven wind turbine at
moderate tip speed ratios", Australian Journal
of Mechanical Engineering, 2020

Publication




Sadek Z Kassab, Sammy J Chemengich, Eslam

R Lotfy. "The effect of endplate addition on
the performance of the savonius wind
turbine: A 3-D study", Proceedings of the
Institution of Mechanical Engineers, Part A:
Journal of Power and Energy, 2022

Publication

<1%

N
NN

ebin.pub

Internet Source

<1%

Bl
Ul

Fatemeh Behrouzi, Mehdi Nakisa, Adi
Maimun, Yasser M. Ahmed. "Global
renewable energy and its potential in
Malaysia: A review of Hydrokinetic turbine
technology", Renewable and Sustainable
Energy Reviews, 2016

Publication

<1%

Mojtaba Tahani, Ali Rabbani, Alibakhsh
Kasaeian, Mehdi Mehrpooya, Mojtaba
Mirhosseini. "Design and numerical
investigation of Savonius wind turbine with
discharge flow directing capability", Energy,
2017

Publication

<1%

Peinke. "Basics of wind energy conversion",
Wind Energy, 2006

Publication

<1%




Ruiyin Song, Yeqging Wu, Zuan Lin, Congjie

<1%

Ren, Sheng Fang. "Study on the influence of

blade profile on hydraulic Savonius turbine

under wave action”, Ocean Engineering, 2021

Publication

Shashikumar C M, Ramesh Honnasiddaiah, <1 o
Vijaykumar Hindasageri, Vasudeva Madav. °

"Experimental and numerical investigation of

novel V-shaped rotor for hydropower

utilization", Ocean Engineering, 2021

Publication

Xiaojing Sun, Daihai Luo, Diangui Huang, <1 o
El  Guoging Wu. "Numerical study on coupling °

effects among multiple Savonius turbines",

Journal of Renewable and Sustainable Energy,

2012

Publication

Yongchao Zhang, Can Kang, Hexiang Zhao, <1 o
Hyoung-Bum Kim. "Effects of the deflector °

plate on performance and flow characteristics

of a drag-type hydrokinetic rotor", Ocean

Engineering, 2021

Publication

Yongchao Zhang, Can Kang, Yanguang li, Qing <1 o
Li. "Experimental and numerical investigation °

of flow patterns and performance of a
modified Savonius hydrokinetic rotor",
Renewable Energy, 2019



Publication

<1

meste
- <1
Ie:tc;rlritesr(:us.rlczn.sakarya.edu.tr
| <1
oSt pm-edu.my
<1
Ahmed S. Saad, Ahmed Elwardany, Ibrahim I.
EE El-Sharkawy, Shinichi Ookawara, Mahmoud
Ahmed. "Performance evaluation of a novel
vertical axis wind turbine using twisted blades
in multi-stage Savonius rotors", Energy
Conversion and Management, 2021
Publication
<1
Arian Hosseini, Navid Goudarzi. "CFD and
Control Analysis of a Smart Hybrid Vertical
Axis Wind Turbine", Volume 1: Fuels,
Combustion, and Material Handling;
Combustion Turbines Combined Cycles;
Boilers and Heat Recovery Steam Generators;
Virtual Plant and Cyber-Physical Systems;
Plant Development and Construction;
Renewable Energy Systems, 2018
Publication
| | - <1
C M Shashikumar, Hindasageri Vijaykumar,

Madav Vasudeva. "Numerical investigation of
conventional and tapered Savonius



hydrokinetic turbines for low-velocity
hydropower application in an irrigation
channel”, Sustainable Energy Technologies
and Assessments, 2020

Publication

Gaurav Saini, R.P. Saini. "A numerical analysis
to study the effect of radius ratio and
attachment angle on hybrid hydrokinetic
turbine performance”, Energy for Sustainable
Development, 2018

Publication

<1%

Submitted to KUMARAGURU COLLEGE OF
TECHNOLOGY

Student Paper

<1%

M.A. Kamoiji, S.B. Kedare, S.V. Prabhu.
"Experimental investigations on single stage

modified Savonius rotor", Applied Energy,
2009

Publication

<1%

Mithinga Basumatary, Agnimitra Biswas,
Rahul Dev Misra. "CFD study of a combined
lift and drag-based novel Savonius vertical
axis water turbine", Journal of Marine Science
and Technology, 2022

Publication

<1%

Mohammad Sadegh Khani, Younes
Shahsavani, Mojtaba Mehraein, Ozgur Kisi.
"Performance evaluation of the savonius

<1%



hydrokinetic turbine using soft computing
techniques", Renewable Energy, 2023

Publication

Rongyuan lJia, Huaijie Xia, Song Zhang, <1
Weiguang Su, Shuhui Xu. "Optimal design of Yo
Savonius wind turbine blade based on
support vector regression surrogate model
and modified flower pollination algorithm",
Energy Conversion and Management, 2022
Publication
Shigetomi, A.. "Interactive flow field around

g . H n < 1 ‘y
two Savonius turbines"”, Renewable Energy, 0
201102
Publication
academicworks.cuny.edu

m Internet Source y < 1 %
acikbilim.yok.gov.tr

Internet Source y g < 1 %
nottingham-repository.worktribe.com

m Internet Source y < 1 %
pdfs.semanticscholar.or

@ Internet Source g < 1 %
researchcommons.waikato.ac.nz

Internet Source <1 %

(@)
—

uis.brage.unit.no

Internet Source

<1%




www.irjmets.com

Internet Source

<1%

www.tandfonline.com

Internet Source

<1%

A. Damak, Z. Driss, M.S. Abid. "Experimental
investigation of helical Savonius rotor with a
twist of 180°", Renewable Energy, 2013

Publication

<1%

Aaron M. Kirk, Joaquin |. Gargoloff, Othon K.
Rediniotis, Paul G.A. Cizmas. "Numerical and
experimental investigation of a serpentine
inlet duct”, International Journal of
Computational Fluid Dynamics, 2009

Publication

<1%

E. Muljadi, C.P. Butterfield. "Pitch-controlled
variable-speed wind turbine generation”, IEEE
Transactions on Industry Applications, 2001

Publication

<1%

Submitted to Fiji National University

Student Paper

<1%

Flores-Saldana, H., A. Gallegos-Munoz, N. C.
Uzarraga-Rodriguez, and V. H. Rangel-
Hernandez. "Numerical Analysis of the
Overlap Effect Between Blades at Four-Bladed
Rooftop VAWT", ASME 2012 6th International
Conference on Energy Sustainability Parts A
and B, 2012.

<1%


http://www.irjmets.com/
http://www.tandfonline.com/

Publication

Komsan Tantichukiad, Azmi Yahya, Anas
Mohd Mustafah, Azmin Shakrine Mohd Rafie,
Ahmad Suhaizi Mat Su. "Design evaluation
reviews on the savonius, darrieus, and
combined savonius-darrieus turbines",
Proceedings of the Institution of Mechanical
Engineers, Part A: Journal of Power and
Energy, 2023

Publication

<1

Larin, P., M. Paraschivoiu, and C. Aygun. "CFD
based synergistic analysis of wind turbines for
roof mounted integration", Journal of Wind

Engineering and Industrial Aerodynamics,
2016.

Publication

<1%

M.S. M. Shamsuddin, Noorfazreena M.
Kamaruddin. "Experimental study on the
characterization of the self-starting capability
of a single and double-stage Savonius
turbine", Results in Engineering, 2023

Publication

<1%

Mohd Badrul Salleh, Noorfazreena M.
Kamaruddin, Zulfaa Mohamed-Kassim, Elmi
Abu Bakar. "Experimental investigation on the
characterization of self-starting capability of a
3-bladed Savonius hydrokinetic turbine using
deflector plates", Ocean Engineering, 2021

Publication

<1%



Nur Alom, Ujjwal K. Saha. "EXAMINING THE
AERODYNAMIC DRAG AND LIFT
CHARACTERISTICS OF A NEWLY DEVELOPED
ELLIPTICAL-BLADED SAVONIUS ROTOR",
Journal of Energy Resources Technology, 2018

Publication

<1%

Nur Alom, Ujjwal K. Saha. "Performance
evaluation of vent-augmented elliptical-
bladed savonius rotors by numerical
simulation and wind tunnel experiments”,
Energy, 2018

Publication

<1%

Pankaj Kumar Yadav, Ankit Kumar, Satyanand
Jaiswal. "A critical review of technologies for
harnessing the power from flowing water
using a hydrokinetic turbine to fulfill the
energy need", Energy Reports, 2023

Publication

<1%

Submitted to RMIT University

Student Paper

<1%

Sukanta Roy, Ujjwal K. Saha. "An adapted
blockage factor correlation approach in wind
tunnel experiments of a Savonius-style wind
turbine", Energy Conversion and
Management, 2014

Publication

<1%




Thochi Seb Rengma, P.M.V. Subbarao.
"Optimization of semicircular blade profile of
Savonius hydrokinetic turbine using artificial
neural network", Renewable Energy, 2022

Publication

<1%

Vimal N. Chaudhari, Samip P. Shah.
"Numerical investigation on the performance
of an innovative Airfoil-Bladed Savonius
Hydrokinetic Turbine (ABSHKT) with
deflector”, International Journal of
Thermofluids, 2023

Publication

<1%

Vimal Patel, T.l. Eldho, S.V. Prabhu.
"Theoretical study on the prediction of the
hydrodynamic performance of a Savonius
turbine based on stagnation pressure and
impulse momentum principle”, Energy
Conversion and Management, 2018

Publication

<1%

Vimal Patel, Vikram Rathod, Chirag Patel.
"Optimal utilization of hydrokinetic energy
resources through performance improvement
of the darrieus turbine using concave and flat
blocking plates", Ocean Engineering, 2023

Publication

<1%

Wang, Yan-Fei, and Mao-Sheng Zhan. "3-
Dimensional CFD simulation and analysis on
performance of a micro-wind turbine

<1%



resembling lotus in shape", Energy and
Buildings, 2013.

Publication

—
E
(00)

doaj.org 1
Internet Source < %

—
N
N

eprints.hud.ac.uk
Internet Source < 1 %

Y
5
(@]

mts.intechopen.com 1
Internet Source < %

—
5
(@))

ore.exeter.ac.uk 1
Internet Source < %

—
[
~]

ouci.dntb.gov.ua 1
Internet Source < %

—
5
(0.0)

ris.utwente.nl 1
Internet Source < %

—
=
((0)

studentsrepo.um.edu.my 1
Internet Source < %

—
=
(@)

tethys-engineering.pnnl.gov
Internet Source < 1 %

—
e
—

www.hindawi.com 1
Internet Source < %

—
e
N

WWwWWw.ijcoe.org 1
Internet Source < %

W
(OY)

WWW.preprints.org 1
Internet Source < %


http://www.hindawi.com/
http://www.ijcoe.org/
http://www.preprints.org/

Erfan Ghamati, Hamed Kariman, Siamak
Hoseinzadeh. "Experimental and
Computational Fluid Dynamic Study of Water
Flow and Submerged Depth Effects on a Tidal
Turbine Performance", Water, 2023

Publication

<1%

Golecha, K.. "Influence of the deflector plate
on the performance of modified Savonius
water turbine", Applied Energy, 201109

Publication

<1%

Lee, Jae-Hoon, Young-Tae Lee, and Hee-Chang
Lim. "Effect of twist angle on the performance
of Savonius wind turbine", Renewable Energy,
2016.

Publication

<1%

Muhammad Amir Raza, Muhammad Mohsin
Aman, Abdul Ghani Abro, Mohsin Ali Tunio,
Krishan Lal Khatri, Muhammad Shahid.
"Challenges and potentials of implementing a
smart grid for Pakistan’s electric network",
Energy Strategy Reviews, 2022

Publication

<1%

P A Setiawan, T Yuwono, W A Widodo.
"Numerical Study of the Stagger Angle Effect
of a Circular Cylinder Installed in Front of
Returning Blade Toward the Vertical Axis
Savonius Water Turbine Performance”,
Journal of Physics: Conference Series, 2019

<1%



Publication

Shashikumar C M, Vasudeva Madav.
"Numerical and experimental investigation of
modified V-shaped turbine blades for

hydrokinetic energy generation”, Renewable
Energy, 2021

Publication

Ahmed S. Saad, Ibrahim |. EI-Sharkawy,
Shinichi Ookawara, Mahmoud Ahmed.
"Performance enhancement of twisted-bladed
Savonius vertical axis wind turbines", Energy
Conversion and Management, 2020

Publication

<1

Baz, Ahmed M., Nabil A. Mahmoud, Ashraf M.
Hamed, and Khaled M. Youssef. "Optimization
of Two and Three Rotor Savonius Wind
Turbine", Volume 9 QOil and Gas Applications
Supercritical CO2 Power Cycles Wind Energy,
2015.

Publication

<1%

Kumail Abdulkareem Hadi Al-Gburi, Firas
Basim Ismail Alnaimi, Balasem A. Al-quraishi,
Ee Sann Tan, Muayad M. Maseer. "A
comparative study review: The performance
of Savonius-type rotors", Materials Today:
Proceedings, 2021

Publication

<1%




Kumar, Anuj, and R.P. Saini. "Performance
parameters of Savonius type hydrokinetic
turbine - A Review", Renewable and
Sustainable Energy Reviews, 2016.

Publication

<1%

Shashikumar Channarayapatna Manjunatha,
Ramesh Honnasiddaiah, Vijaykumar
Hindasageri, Vasudeva Madav. "Studies on
application of vertical axis hydro turbine for
sustainable power generation in irrigation
channels with different bed slopes”,
Renewable Energy, 2020

Publication

<1%

Xiaojing Sun, Yueqging Zhuang, Yang Cao,
Diangui Huang, Guoging Wu. "A three-
dimensional numerical study of the Magnus
wind turbine with different blade shapes",
Journal of Renewable and Sustainable Energy,
2012

Publication

<1%

R.P. Saini. "In Stream (Hydrokinetic) Power",
Elsevier BV, 2021

Publication

<1%

S. Mathew, G.S. Philip. "Wind Turbines",
Elsevier BV, 2012

Publication

<1%




Exclude matches < 3 words
Exclude quotes On

Exclude bibliography On






