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PREFACE

Welcome to "Frontiers of Engineering Innovation: Interdisciplinary Approaches and Applications." In this
dynamic era of rapid technological advancement and societal transformation, the boundaries between
traditional engineering disciplines are becoming increasingly porous. The once distinct domains of
mechanical, electrical, civil, and electronics engineering now converge with fields such as computer science,
biology, materials science, chemical engineering and beyond, creating fertile ground for unprecedented
innovation.

This book explores the exciting intersection where diverse disciplines intersect to push the frontiers of what
is possible. Through a collection of insightful chapters authored by experts and pioneers in their respective
fields, we delve into a multitude of interdisciplinary approaches and their transformative applications. From
the integration of artificial intelligence in engineering to the synergy of nanotechnology and biotechnology,
each chapter provides a glimpse into how collaboration across disciplines fosters groundbreaking solutions
to complex challenges.

Engineers, researchers, students, and professionals alike will find inspiration in the diverse range of topics
covered, each highlighting the power of interdisciplinary thinking to tackle pressing global issues. Whether
you are intrigued by the promise of renewable energy systems, fascinated by the potential of biomimicry in
design, or curious about the ethical implications of emerging technologies, this book offers a comprehensive
exploration of the cutting-edge innovations shaping our world.

As editors, our goal is to illuminate the pathways where diverse strands of knowledge intertwine, catalyzing
new insights and sparking collaborations that transcend traditional boundaries. We invite you to embark on
this intellectual journey with us, where imagination meets rigor and innovation knows no limits. Together,
let us venture into the frontiers of engineering innovation and chart a course towards a future defined by
interdisciplinary excellence.

Dr. Ranjan Kumar

Associate Professor, Swami Vivekananda University,
Kolkata, West Bengal, India

Dated: 24, June, 2024
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Chapter 1
Qualitative Observation of Helicity Distribution for Flow around Drag Type Vertical
Axis Wind Turbine

Samrat Biswas' ", Sayan Paul" Suman Kumar Ghosh', Soumya Ghosh', Arijit Mukherjee' Soumak Bose'

'Swami Vivekananda University, Barrackpore 700 121, INDIA
Corresponding author* Email ID: samratb@svu.ac.in

ABSTRACT

This paper introduces an exploratory investigation into the flow field around Savonius wind turbines. This
particular turbine design stands out from conventional ones due to its unique ability to harness valuable
energy from the air stream. It boasts straightforward construction, rapid startup, continuous operation, wind
utilization from any direction, the potential to achieve higher angular velocities during operation, and
minimal noise emissions. Additionally, it significantly reduces wear and tear on moving components,
making it an attractive machinery option. Throughout history, various adaptations of this device have been
envisioned, enhancing the versatility of vertical axis wind turbines. The primary objective of this study is to
visually depict and attempt to comprehend the variation in helicity distribution around a vertical axis wind
turbine (VAWT), specifically the Savonius-type wind turbine, operating under subsonic flow conditions.

Keywords: VAWT, Savonious Type Turbine, Wind Turbine

Introduction

In the pursuit of sustainable and renewable energy sources to meet the ever-expanding global energy
demand and combat the adverse impacts of climate change, wind power has emerged as a leading contender.
Traditional horizontal axis wind turbines (HAWTs) have maintained dominance in the wind energy sector
for many decades. Nevertheless, the limitations associated with HAWTs, including their significant
environmental footprint, intermittent energy production, and reliance on high wind speeds, have prompted
the exploration of alternative wind energy solutions. Among these alternatives, vertical axis wind turbines
(VAWTs) have emerged as a promising technology deserving of in-depth exploration and consideration.
The concept of VAWTS has roots dating back centuries, with early designs credited to Persian engineers and
subsequent refinements by European inventors. Despite their historical origins, VAWTs have, until recently,
remained somewhat overshadowed by their horizontal axis counterparts. However, recent advancements in
materials, aerodynamics, and control systems have reignited interest in VAWTs, sparking a renewed focus
on research and development efforts.

One notable subtype of VAWTS, the Savonius-type wind turbine, merits special attention. The Savonius
rotor, named after its Finnish inventor Sigurd Johannes Savonius, is characterized by its simple and robust
design. Unlike the more common Darrieus and Darrieus-like VAWTs, which rely on lift forces to generate
power, Savonius turbines harness drag forces, making them particularly suitable for low wind speed
environments. This unique design features two or more curved blades mounted on a vertical axis,
resembling an "S" or "U" shape, and has been a focus of interest in wind energy research for several
decades.

Literature on Savonius-type VAWTs demonstrates their potential for low-wind-speed applications, making
them ideal for use in urban and remote areas with inconsistent or modest wind resources. Their self-starting
capability and ability to capture wind from any direction have made them attractive for off-grid power
generation, small-scale distributed energy projects, and as a complementary technology alongside other
renewable source. Researchers have explored various modifications and optimizations to enhance the



performance of Savonius VAWTs, including blade shape, aspect ratio, and the addition of guide vanes, to
improve their efficiency and harness a wider range of wind speeds.

Saha et. al. [1] investigated the performance and stability of Savonius wind turbines in environments with
low wind speed. The suitability of Savonius turbines for such critical environmental circumstances were also
looked upon in their novel study.Sahin et. al. [2] focused intensely on various aspects regarding the design
and manufacturing of vertical axis wind turbine blades. Their work also included the rotor design of
Savonius turbine.Ashok et. al [3] discussed various recent developments and obstacles in small-scale
vertical axis wind turbines with a particular focus on Savonius turbine.A review": Altan et. al [4] reviewed
the techniques which can potentially enhance the performance of the Savonius turbines and other flow
control devices.Thongpron et. al [5] experimented with Savonius wind turbines in different low wind speed
conditions and analyzed the numerical results obtained from those trials.Gokcek et. al [6] conducted field
tests, primarily focusing on wind tunnel experiments to explore the aerodynamic characteristics of helical
Savonius rotors.Chen et al. [7] conducted a comprehensive analysis and assessment of different attributes
pertaining to the operational efficiency of Savonius wind turbines equipped with blades featuring a helical
shape.Ozerdem et. al [8] investigated on Savonius rotors which involved conducting wind tunnel
experiments and outdoor field tests to evaluate the efficiency and operational performance of Savonius
rotors.Kamoji et al. [9] proposed strategies for enhancing the efficiency of Savonius rotors by employing
twisted blades and subsequently carried out an analysis of their performance.Madavan et al. [10] conducted
an examination of how blade twist and overlap ratio influence the operational effectiveness of helical
Savonius rotors.Ali et al. [11] presented a research study focusing on a customized Savonius wind turbine
designed specifically for use in urban settings. Additionally, the study included both experimental and
numerical investigations into this particular subject matter.Abdullah et al. [12] utilized finite element
analysis to scrutinize the structural characteristics and integrity of Savonius rotors. This method allowed
them to investigate how various forces and stresses impact the rotor's performance and durability, providing
valuable insights into its mechanical behavior and potential improvements in design and
materials.Rezazadeh et al. [13] conducted experimental research on Savonius rotors, with a specific focus on
designing a Savonius rotor optimized for operating effectively under low wind speed conditions.

This paper aims to provide a comprehensive examination of helicity distribution around vertical axis wind
turbine under low subsonic flow condition. Vertical axis wind turbines, with a particular emphasis on the
Savonius-type VAWTs. As the world seeks sustainable energy solutions to combat climate change and
reduce reliance on fossil fuels, understanding the unique attributes and flow physics behine working
principle of Savonius-type vertical axis wind turbines is crucial. Through this study, we hope to shed light
on the promise and challenges of Savonius VAWTs and their contribution to a cleaner and more sustainable
energy future.

Computational Technique

To begin, a three-dimensional model of wind turbine consisting of 7 blades is designed with help of
SolidWorks modeling software. The CAD model of the turbine consists of 7 semi-circular shaped blades.
The parameters and dimensions of the designed rotor are provided in the table 1.

Tablel: Design specification of the rotor

Types of Test Blade Vertical axis wind turbine
(Savonious)
Blade Height 1750mm

10



Blade Diameter 1400mm
Blade Thickness 10mm
No. of Blades 7nos.
Aspect Ratio 0.8
Blade spacing 500mm

Additionally a three-dimensional rectangular flow domain around the rotor was also drawn. After preparing
the CAD models the three-dimensional models of the rotor and stator were imported to Geometry module of
the Ansys. Then post importing the geometry to the Ansys, it was transferred to the meshing component in
order to discretize the flow domain. The rotor domain was discretized utilizing tetrahedron element, because
of low computation cost of the tetrahedron element. Tetrahedron element was utilized because of its
comparatively higher efficiency under transient simulation of moving mesh structure. The rotor domain
consists of 264646 numbers of nodes and 882983 numbers of elements. The discretized model was
transferred to the CFX for physics setup. Under CFX the problem was set up to be solved for transient
analysis. For physics setup k-epsilon viscous model is implemented along with transient blade row
considering the turbulent flow characteristics for the flow around the wind turbine. In order to set up
boundary layer conditions the inlet velocity is considered 7m/s in the positive x-direction. The rated
rotational speed of the wind turbine is considered to be 100rpm. The fluid medium is considered as air.
Schematic diagram of full domain is shown in figure below. Along with that schematic diagram of mesh
created for rot and stator is also shown in figure below.

Fig 1: Top view of the rotor model along with dimension.

.'/_

o,

Fig 2: Isometric view of the rotor design.
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Fig 3: Schematics diagram of the mesh generated for rotor.

Fig 4: Schematic diagram of the mesh created for stator domain.
Results & Discussions

This study describes qualitative observations of helicity variations within the flow field of a Vertical Axis
Wind Turbine (VAWT). The analysis of helicity variations in the flow field was conducted using Ansys
CFX. The wind velocity was assumed to be 7m/sec in the positive X direction, and the rated rotational speed
was set at 100 r.p.m. The simulation conducted in this paper follows a steady-transient approach, and the
turbine under investigation is a Savonius drag-type turbine. Data collection points were selected at specific
timesteps: timestep 4, timestep 14, timestep 28, timestep 42, timestep 56, and timestep 88. Helicity
distribution data was collected from the mid-section of the flow domain, situated along the XZ plane.

Helicity in fluid dynamics is a mathematically generated quantity that describes the degree of twist or
linkage between the velocity and vorticity (rotational) fields in a fluid flow. It is often used to study the
behavior of turbulence in fluid flow. Helicity denoted by H , can be calculated mathematically as follows,

# = ([ (v-o

Where, v and @ are the velocity vector field and vorticity vector field respectively. Vorticity vector field is
nothing but curl of velocity vector field (@ = VxV). Triple integration signifies the entire volume of interest.

In the above equation, the dot product of velocity vector and vorticity vector is calculculated at the point of
interest. And then that value is integrated over the entire volume. The resulting value represents the helicity
of the fluid flow. Helicity is a useful concept in fluid dynamics, especially in the study of turbulence and in
situations where the twisting or linking of vortices is of interest, such as in the study of magnetic fields in
astrophysics and plasma physics.

In the analysis diagram the helicity distribution is denoted by the blue and yellow, red colours. Blue colour
denotes the lowest helicity and towards the yellow and red colour it denotes the comparatively higher
helicity. At timestep 4, that is at the initial condition, the air flowing towards the positive x axis hits the
windward concave portion of the rotor blade where the helicity is very high and shows the yellow colour and

12



significantly the helicity at the leeward portion of the same blade is comparatively low. The immediate blade
just above the blade shows very high helicity at a particular point on the leading, leeward edge of the blade.
From the diagram of the timestep 4, it can be seen a region of high helicity at the right-side portion of the
rotor what means it direct the rotation of the rotor at the clockwise direction. Similarly at the left side of the
rotor portion of low helicity and spots of low-helicity regions can be seen. The portions of red and yellow
colours that is the high-helicity regions at the right side of the rotor can be termed as the stagnation zone
where velocity is very negligible.

At timestep 14, It can be observed that the upper portion of the rotor shows slightly higher helicity indicated
with yellowish colour. This indicate the presence of high rotational energy in that region. This variation of
colours from the timestep 4 is an indication of the increase in the rotor speed with the subsequent decrease in
the helicity.

At timestep 28, where there are still high-helicity regions that is spot of yellow and red at the right side of
the rotor but there are subsequently more concentrated blue spots of low-helicity regions at the concave and
leading edge of the maximum blades. The region of some low-helicity blue zone can be seen at the leeward
convex zone of some bottom blades. The concentration of yellow and red colour that is high helicity zone
indicates concentration of high stress in the right side of the rotor and rotation of rotor in the clockwise
direction.

TimeStep = 4 TimeStep = 14

TimeStep = 28 TimeStep = 42

TimeStep = 56 TimeStep = 88

Fig S: Helicity distribution contour around VAWT.
13



At timestep 42, the increase in the size of the red spots can be noticed which indicates further decrease in the
velocity a that particular points. Subsequently on the other blades some blades show the blue colour to be
fading and on other blades the blue colours getting deeper.

At timestep 56, at the right portion of the rotor the yellow and red colour fading gradually and the blue
colour on the other blades getting deeper. The red colour spot was bigger and deeper in the previous instance
which has reduced to smaller spots and fading in colour. It can be also noticed that the variation of helicity is
more uniform in the flow field.

At timestep 88, the stress concentration in the flow field in unvarying through most portion of the flow field.
Only in the extreme right side of the rotor a large spot of red colour indicating very high helicity can be
spotted. That is the thrust force which rotates the rotor in the tangential direction with the leading edge of the
blade. The speed of rotation is maximum at this instance and variation of helicity in negligible.

Conclusion

It is evident that this drag-type vertical axis wind turbine exhibits an favorable helicity gradient along
approximately half of its blades. These areas with high helicity do not contribute to the overall moment
generation. The presence of a high helicity region in the leeward or left half portion of the rotor
predominantly signifies presence of rotational flow velocity, indicating the dissipation of energy in the form
of eddies. However, these observations can serve as a foundation for optimizing blade models and
configurations in the future. Such optimizations hold the potential to significantly enhance the efficiency of
drag-type vertical axis wind turbines, making them more effective.
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Chapter 2
Analytical Investigation of Vorticity in the Flow around Savonius Wind Turbines
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Abstract

This paper presents an exploratory investigation into the flow field surrounding Savonius wind turbines.
This specific turbine design deviates from convention due to its unique capacity to extract valuable energy
from the airflow, setting it apart from conventional wind turbines. Its straightforward construction, swift
startup, continuous operation, ability to harness wind from any direction, potential for achieving higher
angular velocities, low noise emissions, and reduced wear and tear on moving components contribute to its
appeal. Over the course of history, various adaptations of this device have been envisioned, expanding the
possibilities of vertical axis wind turbines. The primary aim of this study is to visually represent and seek to
comprehend the variation in vorticity around a vertical axis wind turbine (VAWT), particularly the
Savonius-type wind turbine, operating under subsonic flow conditions.

Keywords: VAWT, Savonious Type Turbine, Wind Turbine

Introduction

The search for sustainable and renewable energy sources to meet the ever-growing global energy demand
and combat the adverse impacts of climate change, wind power has emerged as a top contender.
Conventional horizontal axis wind turbines (HAWTSs) have long dominated the wind energy landscape.
However, the limitations of HAWTs, including their significant environmental footprint, intermittent energy
production, and reliance on high wind speeds, have driven the exploration of alternative wind energy
solutions. Among these alternatives, vertical axis wind turbines (VAWTSs) have emerged as a promising
technology deserving of thorough examination and consideration.

The concept of VAWTSs has ancient roots, with early designs attributed to Persian engineers and later
refinements by European inventors. Despite their historical heritage, VAWTs have, until recently, remained
relatively overshadowed by their horizontal axis counterparts. Nevertheless, recent advancements in
materials, aerodynamics, and control systems have rekindled interest in VAWTs and have sparked a
renewed focus on research and development efforts.

One noteworthy subtype of VAWTSs, the Savonius-type wind turbine, merits special attention. The Savonius
rotor, named after its Finnish inventor Sigurd Johannes Savonius, is known for its simple and robust design.
Unlike the more common Darrieus and Darrieus-like VAWTs, which rely on lift forces for power
generation, Savonius turbines harness drag forces, making them well-suited for low wind speed
environments. This distinctive design features two or more curved blades mounted on a vertical axis,
resembling an "S" or "U" shape, and has been a subject of interest in wind energy research for several
decades. Literature on Savonius-type VAWTs demonstrates their potential for low-wind-speed applications,
making them ideal for use in urban and remote areas with inconsistent or modest wind resources. Their self-
starting capability and ability to capture wind from any direction have made them attractive for off-grid
power generation, small-scale distributed energy projects, and as a complementary technology alongside
other renewable source. Researchers have explored various modifications and optimizations to enhance the
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performance of Savonius VAWTs, including blade shape, aspect ratio, and the addition of guide vanes, to
improve their efficiency and harness a wider range of wind speeds.

Saha et. al. [1] investigated the performance and stability of Savonius wind turbines in environments with
low wind speed. The suitability of Savonius turbines for such critical environmental circumstances were also
looked upon in their novel study.Sahin et. al. [2] focused intensely on various aspects regarding the design
and manufacturing of vertical axis wind turbine blades. Their work also included the rotor design of
Savonius turbine. Ashok et. al [3] discussed various recent developments and obstacles in small-scale
vertical axis wind turbines with a particular focus on Savonius turbine.A review": Altan et. al [4] reviewed
the techniques which can potentially enhance the performance of the Savonius turbines and other flow
control devices.Thongpron et. al [5] experimented with Savonius wind turbines in different low wind speed
conditions and analyzed the numerical results obtained from those trials.Gokcek et. al [6] conducted field
tests, primarily focusing on wind tunnel experiments to explore the aerodynamic characteristics of helical
Savonius rotors.Chen et al. [7] conducted a comprehensive analysis and assessment of different attributes
pertaining to the operational efficiency of Savonius wind turbines equipped with blades featuring a helical
shape.Ozerdem et. al [8] investigated on Savonius rotors which involved conducting wind tunnel
experiments and outdoor field tests to evaluate the efficiency and operational performance of Savonius
rotors.Kamoji et al. [9] proposed strategies for enhancing the efficiency of Savonius rotors by employing
twisted blades and subsequently carried out an analysis of their performance.Madavan et al. [10] conducted
an examination of how blade twist and overlap ratio influence the operational effectiveness of helical
Savonius rotors.Ali et al. [11] presented a research study focusing on a customized Savonius wind turbine
designed specifically for use in urban settings. Additionally, the study included both experimental and
numerical investigations into this particular subject matter.Abdullah et al. [12] utilized finite element
analysis to scrutinize the structural characteristics and integrity of Savonius rotors. This method allowed
them to investigate how various forces and stresses impact the rotor's performance and durability, providing
valuable insights into its mechanical behavior and potential improvements in design and
materials.Rezazadeh et al. [13] conducted experimental research on Savonius rotors, with a specific focus on
designing a Savonius rotor optimized for operating effectively under low wind speed conditions.

This paper aims to provide a comprehensive examination of vorticity around vertical axis wind turbine unde
low subsonic flow condition. Vertical axis wind turbines, with a particular emphasis on the Savonius-type
VAWTs. As the world seeks sustainable energy solutions to combat climate change and reduce reliance on
fossil fuels, understanding the unique attributes and flow physics behine working principle of Savonius-type
vertical axis wind turbines is crucial. Through this study, we hope to shed light on the promise and
challenges of Savonius VAWTs and their contribution to a cleaner and more sustainable energy future.

Computational Technique

To To begin, a three-dimensional model of wind turbine consisting of 7 blades is de-signed with help of
SolidWorks modeling software. The CAD model of the turbine consists of 7 semi-circular shaped blades.
The parameters and dimensions of the designed rotor are provided in the table 1. Additionally, a three-
dimensional rectangular flow domain surrounding the rotor was also constructed.

Subsequent to the CAD model preparations, the three-dimensional renditions of both the rotor and stator
were imported into the Geometry module of Ansys. Following successful import into Ansys, the geometry
seamlessly transitioned to the meshing component, where the overarching goal was to discretize the flow
domain. The rotor domain was discretized using tetrahedron elements due to their lower computational cost.
Tetrahedron elements were chosen for their comparative efficiency in simulating transient motion of the
moving mesh structure. The rotor domain comprised 264,646 nodes and 882,983 elements. The discretized

model was then transferred to CFX for physics setup. In the CFX environment, the problem was configured
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for transient analysis. For the physics setup, a k-epsilon viscous model was employed, considering the
turbulent flow characteristics around the wind turbine. Boundary layer conditions were established with an
inlet vorticity set at 7 m/s in the positive x-direction. The rated rotational speed of the wind turbine was
assumed to be 100 RPM. The fluid medium under consideration was air. A schematic diagram of the entire
domain is provided in the figure below. Additionally, schematic diagrams illustrating the mesh created for
both the rotor and stator are presented in the figure below.

Table 1: Design specification of the rotor

Types of Test Blade Vertical axis wind turbine
(Savonious)

Blade Height 1750mm

Blade Diameter 1400mm

Blade Thickness 10mm

No. of Blades 7nos.

Aspect Ratio 0.8

Blade spacing 500mm

Fig 1: Top view of the rotor model along with dimension.

A

Fig 2: Isometric view of the rotor design.

Fig 3: Schematics diagram of the mesh generated for rotor.

Fig 4: Schematic diagram of the mesh created for stator domain (Flow Domain).

Results & Discussions
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This study describes qualitative observations of vorticity variations within the flow field of a Vertical Axis
Wind Turbine (VAWT). The analysis of vorticity variations in the flow field was conducted using Ansys
CFX. The wind velocity was assumed to be 7m/sec in the positive X direction, and the rated rotational speed
was set at 100 r.p.m. The simulation conducted in this paper follows a steady-transient approach, and the
turbine under investigation is a Savonius drag-type turbine. Data collection points were selected at specific
timesteps: timestep 4, timestep 14, timestep 28, timestep 42, timestep 56, and timestep 88. Vorticity
distribution data was collected from the mid-section of the flow domain, situated along the XZ plane.

Vorticity is a concept in fluid dynamics that describes the local spinning or rotation of fluid elements within
a fluid flow. It is a vector quantity and represents the curl of the velocity field of the fluid. In simpler terms,
vorticity indicates the presence and magnitude of rotation within a fluid at a given point in space. When
vorticity is zero at a particular point, it means that the fluid at that point is not rotating; when it is nonzero, it
indicates the presence of rotation. Vorticity is often used to analyze and describe the behavior of fluid flows,
especially in situations involving turbulence, vortex formation, and the study of various fluid dynamic
phenomena, including the flow around objects like turbines, aircraft wings, and tornadoes.

Mathematically vorticity (@ ) is calculatged as the curl of the velocity vector (¥ ) of a fluid flow. In a three-
dimensional Cartesian co-ordinate system (X, y, z), the vorticity vector is given by o =VxV .

During timestep 4, the initial condition, the airflow toward the positive X axis strikes the windward concave
portion of the rotor blade, leading to a very high vorticity, depicted in yellow. In contrast, the vorticity at the
leeward portion of the same blade is notably low, represented in blue. The blade immediately above this one
exhibits very high vorticity at a specific point on the leading, leeward edge. The diagram at timestep 4 also
reveals a region of high vorticity on the right-side portion of the rotor, indicating the rotor's clockwise
rotation. Similarly, on the left side of the rotor, there is a region of low vorticity and spots with low-vorticity
regions. The right side of the rotor can be referred to as the stagnation zone, where the vorticity is negligible.
Closer scrutiny reveals two primary vorticity fluctuations in the center portion, indicating that blades align
along this line.

At timestep 14, multiple variations along the centerline are observable. These variations result from the
rotation of the rotor, bringing multiple blades into contact with the airflow, leading to vorticity and resulting
momentum transfer. This variation from timestep 4 is an indication of the increase in rotor speed and the
subsequent decrease in vorticity.

At timestep 28, high-vorticity regions still exist on the right side of the rotor. However, there are more
concentrated lower variations of low-vorticity in regions at the concave and leading edge of the maximum
blades. Some regions of low-velocity in swirling strenth can be observed on both sides of the plot. The
concentration of fluctuations on both sides, in the high vorticity, indicates a concentration of high stress in
the rotor and rotor rotation.
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Fig 5: Vorticity distribution plot along mid-section of flow domain

At timestep 42, the reduction of fluctuation of parameter in first half of the plot can be noticed, which
indicates further decrease in the vorticity in that particular points.

At timestep 56, It can be also noticed that the variation of vorticity is more uniform in the flow field. This is
repsented by more balanced distribution of vorticity profile in the plot under study.

At timestep 88, the stress concentration in the flow field in unvarying through most portion of the flow field.
Only in the extreme right side of the rotor a fluctuation indicating high vorticity can be spotted. That is the
thrust force which rotates the rotor in the tangential direction with the leading edge of the blade.

Conclusion

Fluctuations in vorticity become apparent in the initial time steps, suggesting a need for design optimization.
Furthermore, it's evident that this drag-type vertical axis wing turbine exhibits an unfavorable gradient in
vorticity along approximately half of its blades. These high vorticity regions do not contribute to the overall
moment generation. The presence of low-vorticity regions in the leeward portion or right half of the rotor
predominantly indicates lower velocity wirlign strength values, signifying the dissipation of energy in the
form of eddies. Nevertheless, the insights gained from this study can serve as the foundation for optimizing
blade models and configurations in the future. These forthcoming optimizations have the potential to
enhance the efficiency of drag-type vertical axis wing turbines.
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Abstract

This paper presents an exploratory study of the flow field around Savonius wind turbines. This particular
turbine design is unconventional and stands out for its unique ability to extract useful energy from the
airflow, distinguishing it from conventional wind turbines. Its simple construction, rapid startup, continuous
operation, capacity to harness wind from any direction, ability to achieve higher angular velocities, low
noise emissions, and reduced wear and tear on moving components make it an appealing choice. Throughout
history, various adaptations of this device have been envisioned, enhancing the versatility of vertical axis
wind turbines. The primary objective of this study is to visualize and attempt to understand the pressure
distribution variation around a vertical axis wind turbine (VAWT), specifically the Savonius-type wind
turbine operating under subsonic flow conditions.

Keywords: VAWT, Savonious Type Turbine, Wind Turbine
Introduction

In the pursuit of sustainable and renewable energy sources to meet the ever-expanding global energy
demand and combat the adverse effects of climate change, wind power has emerged as a leading contender.
Traditional horizontal axis wind turbines (HAWTs) have held dominance in the wind energy sector for
many years. However, the limitations of HAWTs, including their significant environmental impact,
intermittent energy generation, and the requirement for high wind speeds, have prompted the exploration of
alternative wind energy solutions. Among these alternatives, vertical axis wind turbines (VAWTS) have
risen as a promising technology warranting comprehensive investigation and consideration.

The concept of VAWTSs has ancient origins, with early designs credited to Persian engineers and later
refinements by European inventors. Despite their historical roots, VAWTs have, until recently, remained
relatively overshadowed by their horizontal axis counterparts. Nevertheless, recent advancements in
materials, aerodynamics, and control systems have reignited interest in VAWTs and have spurred a
resurgence in research and development efforts.

One noteworthy subtype of VAWTs, the Savonius-type wind turbine, merits special attention. The Savonius
rotor, named after its Finnish inventor Sigurd Johannes Savonius, is known for its simple and robust design.
Unlike the more common Darrieus and Darrieus-like VAWTSs, which rely on lift forces for power
generation, Savonius turbines harness drag forces, making them well-suited for low wind speed
environments. This distinctive design features two or more curved blades mounted on a vertical axis,
resembling an "S" or "U" shape, and has been a subject of interest in wind energy research for several
decades.

Literature on Savonius-type VAWTs demonstrates their potential for low-wind-speed applications, making
them ideal for use in urban and remote areas with inconsistent or modest wind resources. Their self-starting
capability and ability to capture wind from any direction have made them attractive for off-grid power
generation, small-scale distributed energy projects, and as a complementary technology alongside other
renewable source. Researchers have explored various modifications and optimizations to enhance the
performance of Savonius VAWTSs, including blade shape, aspect ratio, and the addition of guide vanes, to
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improve their efficiency and harness a wider range of wind speeds.

Saha et. al. [1] investigated the performance and stability of Savonius wind turbines in environments with
low wind speed. The suitability of Savonius turbines for such critical environmental circumstances were also
looked upon in their novel study.Sahin et. al. [2] focused intensely on various aspects regarding the design
and manufacturing of vertical axis wind turbine blades. Their work also included the rotor design of
Savonius turbine.Ashok et. al [3] discussed various recent developments and obstacles in small-scale
vertical axis wind turbines with a particular focus on Savonius turbine.A review": Altan et. al [4] reviewed
the techniques which can potentially enhance the performance of the Savonius turbines and other flow
control devices.Thongpron et. al [5] experimented with Savonius wind turbines in different low wind speed
conditions and analyzed the numerical results obtained from those trials.Gokegek et. al [6] conducted field
tests, primarily focusing on wind tunnel experiments to explore the aerodynamic characteristics of helical
Savonius rotors.Chen et al. [7] conducted a comprehensive analysis and assessment of different attributes
pertaining to the operational efficiency of Savonius wind turbines equipped with blades featuring a helical
shape.Ozerdem et. al [8] investigated on Savonius rotors which involved conducting wind tunnel
experiments and outdoor field tests to evaluate the efficiency and operational performance of Savonius
rotors.Kamoji et al. [9] proposed strategies for enhancing the efficiency of Savonius rotors by employing
twisted blades and subsequently carried out an analysis of their performance.Madavan et al. [10] conducted
an examination of how blade twist and overlap ratio influence the operational effectiveness of helical
Savonius rotors.Ali et al. [11] presented a research study focusing on a customized Savonius wind turbine
designed specifically for use in urban settings. Additionally, the study included both experimental and
numerical investigations into this particular subject matter.Abdullah et al. [12] utilized finite element
analysis to scrutinize the structural characteristics and integrity of Savonius rotors. This method allowed
them to investigate how various forces and stresses impact the rotor's performance and durability, providing
valuable insights into its mechanical behavior and potential improvements in design and
materials.Rezazadeh et al. [13] conducted experimental research on Savonius rotors, with a specific focus on
designing a Savonius rotor optimized for operating effectively under low wind speed conditions.

This paper aims to provide a comprehensive examination of pressure distribution around vertical axis wind
turbine unde low subsonic flow condition. Vertical axis wind turbines, with a particular emphasis on the
Savonius-type VAWTSs. As the world seeks sustainable energy solutions to combat climate change and
reduce reliance on fossil fuels, understanding the unique attributes and flow physics behine working
principle of Savonius-type vertical axis wind turbines is crucial. Through this study, we hope to shed light
on the promise and challenges of Savonius VAWTs and their contribution to a cleaner and more sustainable
energy future.

Computational Technique

To begin, a three-dimensional model of wind turbine consisting of 7 blades is designed with help of
SolidWorks modeling software. The CAD model of the turbine consists of 7 semi-circular shaped blades.
The parameters and dimensions of the designed rotor are provided in the table 1. Additionally a three-
dimensional rectangular flow domain around the rotor was also drawn. After preparing the CAD models the
three-dimensional models of the rotor and stator were imported to Geometry module of the Ansys. Then
post importing the geometry to the Ansys, it was transferred to the meshing component in order to discretize
the flow domain. The rotor domain was discretized utilizing tetrahedron element, because of low
computation cost of the tetrahedron element. Tetrahedron element was utilized because of its comparatively
higher efficiency under transient simulation of moving mesh structure. The rotor domain consists of 264646
numbers of nodes and 882983 numbers of elements. The discretized model was transferred to the CFX for

physics setup. Under CFX the problem was set up to be solved for transient analysis. For physics setup k-
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epsilon viscous model is implemented along with transient blade row considering the turbulent flow
characteristics for the flow around the wind turbine. In order to set up boundary layer conditions the inlet
velocity is considered 7m/s in the positive x-direction. The rated rotational speed of the wind turbine is
considered to be 100rpm. The fluid medium is considered as air. Schematic diagram of full domain is shown
in figure below. Along with that schematic diagram of mesh created for rot and stator is also shown in figure
below.

Tablel: Design specification of the rotor

Types of Test Blade Vertical axis wind turbine (Savonious)
Blade Height 1750mm

Blade Diameter 1400mm

Blade Thickness 10mm

No. of Blades 7nos.

Aspect Ratio 0.8

Blade spacing 500mm

Figl: Top view of the rotor model along with dimension.

A

Fig 3: Schematics diagram of the mesh generated for rotor.
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Fig 4: Schematic diagram of the mesh created for stator domain.
Results & Discussions

This study represents a qualitative analysis of the pressure variation in the flow field of the Vertical axis
wind turbine. The pressure variation in the flow field has been analysed using Ansys CFX. The wind
velocity has been assumed to be 7m/sec towards positive X direction and the rated r.p.m has been taken as
100 r.p.m. The simulation done in this paper is steady transient type and the turbine on which the simulation
is done is of Savonius drag type turbine. The instances taken for the analysis are taken at timestep 4,
timestep 14, timestep 28, timestep 42, timestep 56 and timestep 88. The pressure distribution data was taken
in the mid portion of the flow domain lies along XZ plane. Along this plane a line was taken, which runs
through the miggle of the entire flow domain. Along this above mentioned line the data were extracted and
plotted for comparative analysis.

Here it can be seem that there is little to no observable fluctuation in the graph indicating very low pressure
differnence. The air flowing towards the positive X axis hits the windward concave portion of the rotor blade
where the pressure is very high The immediate blade just above the blade shows very high pressure at a
particular point on the leading, leeward edge of the blade.

At timestep 4 that is at the initial condition the air flowing towards the positive x axis hits the windward
concave portion of the rotor blade where the pressure is very high and shows the yellow colour and
significantly the pressure at the leeward portion of the same blade is very low and shows blue colour. The
immediate blade just above the blade shows very high pressure at a particular point on the leading, leeward
edge of the blade. From the diagram of the timestep 4, it can be seen a region of high pressure at the right-
side portion of the rotor what means it direct the rotation of the rotor at the clockwise direction. Similarly at
the left side of the rotor portion of low pressure and spots of low-pressure regions can be seen. At the right
side of the rotor can be termed as the stagnation zone where velocity is very negligible. Upon close scrutiny
it can be observed that there are basically two pressure fluctuations in the centre portion indicating to blades
are along the line.

At timestep 14, it can seen from that there are multiple variations along thr centreline. Which indicate the
that with rotation of rotot multiple comes into contact with the flow, hence the pressure fluctuation and
resulting momentum transfer. This variation from the timestep 4 is an indication of the increase in the rotor
speed with the subsequent decrease in the pressure.

At timestep 28, where there are still high-pressure regions at the right side of the rotor but there are

subsequently more concentrated lower variations of low-pressure regions at the concave and leading edge of

the maximum blades. The region of some low-pressure fluctuations can be seen at the both side of the plot.

The concentration of fluctuation on both side, high pressure zone indicates concentration of high stress in
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the rotor and rotation of rotor.
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Fig 5: Pressure distribution plot along mid-section of flow domain

At timestep 42, the reduction of fluctuation of parameter in first half of the plot can be noticed, which
indicates further decrease in the pressure a that particular points.

At timestep 56, It can be also noticed that the variation of pressure is more uniform in the flow field. This is
repsented by more balanced distribution of pressure profile in the plot under study.

At timestep 88, the stress concentration in the flow field in unvarying through most portion of the flow field.
Only in the extreme right side of the rotor a fluctuation indicating high pressure can be spotted. That is the
thrust force which rotates the rotor in the tangential direction with the leading edge of the blade.

Conclusion

There pressure fluctions can be obsved from the intial time steps. This indicate the absence of optimization
in designing This can also be seen over all that this drag type vertical axis wing turbine has adverse pressure
gradient along half of the blades. These low pressure zone does not contribute towards the overall moment
generation. The low pressure region in the leeward portion or right half portion of the rotor mostly shows
lower pressure region and these indicate dissipation of energy in the form of eddies. But the blade models
and configurations can be optimized later based on these observations. In future, which will inturn help to
make optimized drag-type vertical axis wing turbine more effieicnt.
26



References

1. Saha, U., Akhtar, M. S., & Selvaraj, P. (2016). Performance of a Savonius wind turbine for low wind
speed applications: A review. Renewable and Sustainable Energy Reviews, 60, 41-52.

2. Sahin, B., & Yilmaz, S. (2008). Design and manufacturing of a vertical axis wind turbine blade.
Renewable Energy, 33(11), 2324-2333.

3. Ashok, A., Muniappan, A., & Krishnamurthy, R. (2015). Recent developments and challenges in
small-scale vertical axis wind turbines. Renewable and Sustainable Energy Reviews, 52, 665-677.

4. Altan, H., & Hacioglu, A. (2020). Performance enhancement of Savonius wind turbine using flow
control devices: A review. Renewable and Sustainable Energy Reviews, 134, 110331.

5. Thongpron, J., Kanog, T., & Polprasert, C. (2016). Experimental and numerical investigations of a
Savonius wind turbine for low wind speed applications. Energy Conversion and Management, 121, 126-138.

6. Gokcek, M., & Bayiilken, A. (2011). Wind tunnel and field tests for the investigation of the
aerodynamic performance of a helical Savonius rotor. Renewable Energy, 36(3), 1111-1120.

7. Chen, W. C., & Kuo, C. C. (2018). A review of Savonius wind turbine with helical-shaped blades.
Journal of Renewable and Sustainable Energy, 10(3), 034701.

8. Ozerdem, B., & Kog¢, M. (2007). Wind tunnel and outdoor experiments for performance
assessment of Savonius rotors. Renewable Energy, 32(11), 1844-1857.

9. Kamoji, M. A., & Patil, S. D. (2013). Performance analysis of Savonius rotor with twisted blades.
Energy Procedia, 33, 212-219.

10. Madavan, N. K., & Radhakrishnan, T. K. (2008). Performance analysis of a helical Savonius
rotor: Effect of blade twist and overlap ratio. Journal of Solar Energy Engineering, 130(4), 041011.

11. Ali, M. H., Ahmed, T., & Saad, M. A. (2020). Experimental and numerical investigation of
modified Savonius wind turbine for urban applications. Energy, 203, 117868.

12. Abdullah, M. M. A. B., & Ahmed, T. Y. (2017). Investigation of Savonius rotor using finite
element analysis. Journal of Engineering Science and Technology, 12(8), 2165-2174.

13. Rezazadeh, S., & Gorji-Bandpy, M. (2013). Design and experimental analysis of a Savonius
rotor for low wind speed conditions. Energy Conversion and Management, 75, 348-356.

27



Chapter 4

Explorative Analysis of Helicity Distribution along Longitudinal Direction in the Flow

around Savonius Wind Turbines
Suman Kumar Ghosh'”, Sayan Paul" Abhishek Poddar', Soumya Ghosh', Arijit Mukherjee" Samrat Biswas'

Swami Vivekananda University, Barrackpore 700 121, INDIA
Corresponding author*Email ID: sumankg@svu.ac.in

Abstract

This paper introduces an exploratory investigation into the flow field around Savonius wind turbines. This
particular turbine design stands out from conventional ones due to its unique ability to harness valuable
energy from the air stream. It boasts straightforward construction, rapid startup, continuous operation, wind
utilization from any direction, the potential to achieve higher angular velocities during operation, and
minimal noise emissions. Additionally, it significantly reduces wear and tear on moving components,
making it an attractive machinery option. Throughout history, various adaptations of this device have been
envisioned, enhancing the versatility of vertical axis wind turbines. The primary objective of this study is to
visually depict and attempt to comprehend the variation in helicity distribution around a vertical axis wind
turbine (VAWT), specifically the Savonius-type wind turbine, operating under subsonic flow conditions.

Keywords: VAWT, Savonious Type Turbine, Wind Turbine
Introduction

In the pursuit of sustainable and renewable energy sources to meet the ever-expanding global energy
demand and combat the adverse impacts of climate change, wind power has emerged as a leading contender.
Traditional horizontal axis wind turbines (HAWTs) have maintained dominance in the wind energy sector
for many decades. Nevertheless, the limitations associated with HAWTs, including their significant
environmental footprint, intermittent energy production, and reliance on high wind speeds, have prompted
the exploration of alternative wind energy solutions. Among these alternatives, vertical axis wind turbines
(VAWTs) have emerged as a promising technology deserving of in-depth exploration and consideration.

The concept of VAWTS has roots dating back centuries, with early designs credited to Persian engineers and
subsequent refinements by European inventors. Despite their historical origins, VAWTs have, until recently,
remained somewhat overshadowed by their horizontal axis counterparts. However, recent advancements in
materials, aecrodynamics, and control systems have reignited interest in VAWTs, sparking a renewed focus
on research and development efforts.

The Savonius rotor, named after its Finnish inventor Sigurd Johannes Savonius, is known for its simple and
robust design. Unlike the more common Darrieus and Darrieus-like VAWTs, which rely on lift forces for
power generation, Savonius turbines harness drag forces, making them well-suited for low wind speed
environments. This distinctive design features two or more curved blades mounted on a vertical axis,
resembling an "S" or "U" shape, and has been a subject of interest in wind energy research for several
decades. Literature on Savonius-type VAWTs demonstrates their potential for low-wind-speed applications,
making them ideal for use in urban and remote areas with inconsistent or modest wind resources. Their self-
starting capability and ability to capture wind from any direction have made them attractive for off-grid
power generation, small-scale distributed energy projects, and as a complementary technology alongside
other renewable source. Researchers have explored various modifications and optimizations to enhance the
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performance of Savonius VAWTs, including blade shape, aspect ratio, and the addition of guide vanes, to
improve their efficiency and harness a wider range of wind speeds.

Saha et. al. [1] investigated the performance and stability of Savonius wind turbines in environments with
low wind speed. The suitability of Savonius turbines for such critical environmental circumstances were also
looked upon in their novel study.Sahin et. al. [2] focused intensely on various aspects regarding the design
and manufacturing of vertical axis wind turbine blades. Their work also included the rotor design of
Savonius turbine.Ashok et. al [3] discussed various recent developments and obstacles in small-scale
vertical axis wind turbines with a particular focus on Savonius turbine.A review": Altan et. al [4] reviewed
the techniques which can potentially enhance the performance of the Savonius turbines and other flow
control devices.Thongpron et. al [5] experimented with Savonius wind turbines in different low wind speed
conditions and analyzed the numerical results obtained from those trials.Gok¢ek et. al [6] conducted field
tests, primarily focusing on wind tunnel experiments to explore the aerodynamic characteristics of helical
Savonius rotors.Chen et al. [7] conducted a comprehensive analysis and assessment of different attributes
pertaining to the operational efficiency of Savonius wind turbines equipped with blades featuring a helical
shape.Ozerdem et. al [8] investigated on Savonius rotors which involved conducting wind tunnel
experiments and outdoor field tests to evaluate the efficiency and operational performance of Savonius
rotors.Kamoji et al. [9] proposed strategies for enhancing the efficiency of Savonius rotors by employing
twisted blades and subsequently carried out an analysis of their performance.Madavan et al. [10] conducted
an examination of how blade twist and overlap ratio influence the operational effectiveness of helical
Savonius rotors.Ali et al. [11] presented a research study focusing on a customized Savonius wind turbine
designed specifically for use in urban settings. Additionally, the study included both experimental and
numerical investigations into this particular subject matter.Abdullah et al. [12] utilized finite element
analysis to scrutinize the structural characteristics and integrity of Savonius rotors. This method allowed
them to investigate how various forces and stresses impact the rotor's performance and durability, providing
valuable insights into its mechanical behavior and potential improvements in design and
materials.Rezazadeh et al. [13] conducted experimental research on Savonius rotors, with a specific focus on
designing a Savonius rotor optimized for operating effectively under low wind speed conditions.

This paper aims to provide a comprehensive examination of helicity around vertical axis wind turbine unde
low subsonic flow condition. Vertical axis wind turbines, with a particular emphasis on the Savonius-type
VAWTs. As the world seeks sustainable energy solutions, understanding the unique attributes and flow
physics behine working principle of Savonius-type vertical axis wind turbines is crucial. Through this study,
we hope to shed light on the promise and challenges of Savonius VAWTs and their contribution to a cleaner
and more sustainable energy future.

Computational Technique

To begin, a three-dimensional model of wind turbine consisting of 7 blades is de-signed with help of
SolidWorks modeling software. The CAD model of the turbine consists of 7 semi-circular shaped blades.
The parameters and dimensions of the designed rotor are provided in the table 1. Additionally, a three-
dimensional rectangular flow domain surrounding the rotor was also constructed.

Subsequent to the CAD model preparations, the three-dimensional renditions of both the rotor and stator
were imported into the Geometry module of Ansys. Following successful import into Ansys, the geometry
seamlessly transitioned to the meshing component, where the overarching goal was to discretize the flow
domain. The rotor domain was discretized using tetrahedron elements due to their lower computational cost.
Tetrahedron elements were chosen for their comparative efficiency in simulating transient motion of the
moving mesh structure. The rotor domain comprised 264,646 nodes and 882,983 elements. The discretized

model was then transferred to CFX for physics setup. In the CFX environment, the problem was configured
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for transient analysis. For the physics setup, a k-epsilon viscous model was employed, considering the
turbulent flow characteristics around the wind turbine. Boundary layer conditions were established with an
inlet helicity set at 7 m/s in the positive x-direction. The rated rotational speed of the wind turbine was
assumed to be 100 RPM. The fluid medium under consideration was air. A schematic diagram of the entire
domain is provided in the figure below. Additionally, schematic diagrams illustrating the mesh created for
both the rotor and stator are presented in the figure below.

Tablel: Design specification of the rotor

Types of Test Blade Vertical axis wind turbine (Savonious)
Blade Height 1750mm

Blade Diameter 1400mm

Blade Thickness 10mm

No. of Blades 7nos.

Aspect Ratio 0.8

Blade spacing 500mm

Fig 1: Top view of the rotor model along with dimension

A

Fig 2: Isometric view of the rotor design

Fig 3: Schematics diagram of the mesh generated for rotor

Fig 4: Schematic diagram of the mesh created for stator domain (Flow Domain)
Results & Discussions
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This study describes qualitative observations of helicity variations within the flow field of a Vertical Axis
Wind Turbine (VAWT). The analysis of helicity variations in the flow field was conducted using Ansys
CFX. The wind velocity was assumed to be 7m/sec in the positive X direction, and the rated rotational speed
was set at 100 r.p.m. The simulation conducted in this paper follows a steady-transient approach, and the
turbine under investigation is a Savonius drag-type turbine. Data collection points were selected at specific
timesteps: timestep 4, timestep 14, timestep 28, timestep 42, timestep 56, and timestep 88. Helicity
distribution data was collected from the mid-section of the flow domain, situated along the XZ plane.
Helicity in fluid dynamics is a mathematically generated quantity that describes the degree of twist or
linkage between the velocity and vorticity (rotational) fields in a fluid flow. It is often used to study the
behavior of turbulence in fluid flow. Helicity denoted by H# , can be calculated mathematically as follows,

H =Hj(v-a))a’v

Where, v and o are the velocity vector field and vorticity vector field respectively. Vorticity vector field is
nothing but curl of velocity vector field (w=VxV). Triple integration signifies the entire volume of interest.

In the above equation, the dot product of velocity vector and vorticity vector is calculculated at the point of
interest. And then that value is integrated over the entire volume. The resulting value represents the helicity
of the fluid flow. Helicity is a useful concept in fluid dynamics, especially in the study of turbulence and in
situations where the twisting or linking of vortices is of interest, such as in the study of magnetic fields in
astrophysics and plasma physics.

During timestep 4, the initial condition, the airflow toward the positive X axis strikes the windward concave
portion of the rotor blade, leading to a very high helicity, depicted in yellow. In contrast, the helicity at the
leeward portion of the same blade is notably low, represented in blue. The blade immediately above this one
exhibits very high helicity at a specific point on the leading, leeward edge. The diagram at timestep 4 also
reveals a region of high helicity on the right-side portion of the rotor, indicating the rotor's clockwise
rotation. Similarly, on the left side of the rotor, there is a region of low helicity and spots with low -helicity
regions. The right side of the rotor can be referred to as the stagnation zone, where the helicity is negligible.
Closer scrutiny reveals two primary helicity fluctuations in the center portion, indicating that blades align
along this line.

At timestep 14, multiple variations along the centerline are observable. These variations result from the
rotation of the rotor, bringing multiple blades into contact with the airflow, leading to helicity and resulting
momentum transfer. This variation from timestep 4 is an indication of the increase in rotor speed and the
subsequent decrease in helicity.

At timestep 28, high-helicity regions still exist on the right side of the rotor. However, there are more
concentrated lower variations of low-helicity in regions at the concave and leading edge of the maximum
blades. Some regions of low-velocity in swirling strenth can be observed on both sides of the plot. The
concentration of fluctuations on both sides, in the high helicity, indicates a concentration of high stress in the
rotor and rotor rotation.
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Fig 5: Helicity distribution plot along mid-section of flow domain

At timestep 42, the reduction of fluctuation of parameter in first half of the plot can be noticed, which
indicates further decrease in the helicity in that particular points.

At timestep 56, It can be also noticed that the variation of helicity is more uniform in the flow field. This is
repsented by more balanced distribution of helicity profile in the plot under study.

At timestep 88, the stress concentration in the flow field in unvarying through most portion of the flow field.
Only in the extreme right side of the rotor a fluctuation indicating high helicity can be spotted. That is the
thrust force which rotates the rotor in the tangential direction with the leading edge of the blade.

Conclusion

It is apparent that this drag-type vertical axis wing turbine displays an adverse helicity gradient along
roughly half of its blades. These regions of high helicity do not play a role in generating the overall moment.
Conversely, the presence of low-helicity regions in the leeward or right half of the rotor primarily indicates
lower velocity swirling strength values, indicating the dissipation of energy in the form of eddies.
Nonetheless, the knowledge gleaned from this study can lay the groundwork for future optimizations of
blade models and configurations. These prospective improvements hold the potential to significantly boost
the efficiency of drag-type vertical axis wing turbines.
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Abstract

This paper introduces an exploratory investigation into the flow field surrounding Savonius wind turbines.
This specific turbine design deviates from convention due to its unique capacity to harness valuable energy
from the air stream, setting it apart from conventional wind turbines. It boasts straightforward construction,
rapid startup, continuous operational capabilities, wind utilization from any direction, the potential to
achieve higher angular velocities during operation, and minimal noise emissions. Furthermore, it
significantly reduces wear and tear on moving components, making it an attractive machinery option.
Throughout history, various adaptations of this device have been envisioned, enhancing the versatility of
vertical axis wind turbines. The primary aim of this study is to visually depict and attempt to comprehend
the variation in vorticity distribution around a vertical axis wind turbine (VAWT), particularly the Savonius-
type wind turbine, operating under subsonic flow conditions.

Keywords: VAWT, Savonious Type Turbine, Wind Turbine

Introduction

In the pursuit of sustainable and renewable energy sources to meet the ever-expanding global energy
demand and combat the adverse impacts of climate change, wind power has emerged as a leading contender.
Traditional horizontal axis wind turbines (HAWTs) have maintained dominance in the wind energy sector
for many decades. Nevertheless, the limitations associated with HAWTs, including their significant
environmental footprint, intermittent energy production, and reliance on high wind speeds, have prompted
the exploration of alternative wind energy solutions. Among these alternatives, vertical axis wind turbines
(VAWTs) have emerged as a promising technology deserving of in-depth exploration and consideration.

The concept of VAWTS has roots dating back centuries, with early designs credited to Persian engineers and
subsequent refinements by European inventors. Despite their historical origins, VAWTs have, until recently,
remained somewhat overshadowed by their horizontal axis counterparts. However, recent advancements in
materials, aerodynamics, and control systems have reignited interest in VAWTs, sparking a renewed focus
on research and development efforts.

One notable subtype of VAWTS, the Savonius-type wind turbine, merits special attention. The Savonius
rotor, named after its Finnish inventor Sigurd Johannes Savonius, is characterized by its simple and robust
design. Unlike the more common Darrieus and Darrieus-like VAWTs, which rely on lift forces to generate
power, Savonius turbines harness drag forces, making them particularly suitable for low wind speed
environments. This unique design features two or more curved blades mounted on a vertical axis,
resembling an "S" or "U" shape, and has been a focus of interest in wind energy research for several
decades.

Literature on Savonius-type VAWTs demonstrates their potential for low-wind-speed applications, making
them ideal for use in urban and remote areas with inconsistent or modest wind resources. Their self-starting
capability and ability to capture wind from any direction have made them attractive for off-grid power
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generation, small-scale distributed energy projects, and as a complementary technology alongside other
renewable source. Researchers have explored various modifications and optimizations to enhance the
performance of Savonius VAWTs, including blade shape, aspect ratio, and the addition of guide vanes, to
improve their efficiency and harness a wider range of wind speeds.

Saha et. al. [1] investigated the performance and stability of Savonius wind turbines in environments with
low wind speed. The suitability of Savonius turbines for such critical environmental circumstances were also
looked upon in their novel study.Sahin et. al. [2] focused intensely on various aspects regarding the design
and manufacturing of vertical axis wind turbine blades. Their work also included the rotor design of
Savonius turbine.Ashok et. al [3] discussed various recent developments and obstacles in small-scale
vertical axis wind turbines with a particular focus on Savonius turbine.A review": Altan et. al [4] reviewed
the techniques which can potentially enhance the performance of the Savonius turbines and other flow
control devices.Thongpron et. al [5] experimented with Savonius wind turbines in different low wind speed
conditions and analyzed the numerical results obtained from those trials.Gokcek et. al [6] conducted field
tests, primarily focusing on wind tunnel experiments to explore the aecrodynamic characteristics of helical
Savonius rotors.Chen et al. [7] conducted a comprehensive analysis and assessment of different attributes
pertaining to the operational efficiency of Savonius wind turbines equipped with blades featuring a helical
shape.Ozerdem et. al [8] investigated on Savonius rotors which involved conducting wind tunnel
experiments and outdoor field tests to evaluate the efficiency and operational performance of Savonius
rotors.Kamoji et al. [9] proposed strategies for enhancing the efficiency of Savonius rotors by employing
twisted blades and subsequently carried out an analysis of their performance.Madavan et al. [10] conducted
an examination of how blade twist and overlap ratio influence the operational effectiveness of helical
Savonius rotors.Ali et al. [11] presented a research study focusing on a customized Savonius wind turbine
designed specifically for use in urban settings. Additionally, the study included both experimental and
numerical investigations into this particular subject matter.Abdullah et al. [12] utilized finite element
analysis to scrutinize the structural characteristics and integrity of Savonius rotors. This method allowed
them to investigate how various forces and stresses impact the rotor's performance and durability, providing
valuable insights into its mechanical behavior and potential improvements in design and
materials.Rezazadeh et al. [13] conducted experimental research on Savonius rotors, with a specific focus on
designing a Savonius rotor optimized for operating effectively under low wind speed conditions.

This paper aims to provide a comprehensive examination of vorticity distribution around vertical axis wind
turbine unde low subsonic flow condition. Vertical axis wind turbines, with a particular emphasis on the
Savonius-type VAWTSs. As the world seeks sustainable energy solutions to combat climate change and
reduce reliance on fossil fuels, understanding the unique attributes and flow physics behine working
principle of Savonius-type vertical axis wind turbines is crucial. Through this study, we hope to shed light
on the promise and challenges of Savonius VAWTs and their contribution to a cleaner and more sustainable
energy future.

Computational Technique
To begin, a three-dimensional model of wind turbine consisting of 7 blades is designed with help of
SolidWorks modeling software. The CAD model of the turbine consists of 7 semi-circular shaped blades.

The parameters and dimensions of the designed rotor are provided in the table 1.

Tablel: Design specification of the rotor

Types of Test Blade Vertical axis wind turbine
(Savonious)
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Blade Height 1750mm
Blade Diameter 1400mm
Blade Thickness 10mm
No. of Blades 7nos.
Aspect Ratio 0.8
Blade spacing 500mm

Additionally a three-dimensional rectangular flow domain around the rotor was also drawn. After preparing
the CAD models the three-dimensional models of the rotor and stator were imported to Geometry module of
the Ansys. Then post importing the geometry to the Ansys, it was transferred to the meshing component in
order to discretize the flow domain. The rotor domain was discretized utilizing tetrahedron element, because
of low computation cost of the tetrahedron element. Tetrahedron element was utilized because of its
comparatively higher efficiency under transient simulation of moving mesh structure. The rotor domain
consists of 264646 numbers of nodes and 882983 numbers of elements. The discretized model was
transferred to the CFX for physics setup. Under CFX the problem was set up to be solved for transient
analysis. For physics setup k-epsilon viscous model is implemented along with transient blade row
considering the turbulent flow characteristics for the flow around the wind turbine. In order to set up
boundary layer conditions the inlet velocity is considered 7m/s in the positive x-direction. The rated
rotational speed of the wind turbine is considered to be 100rpm. The fluid medium is considered as air.
Schematic diagram of full domain is shown in figure below. Along with that schematic diagram of mesh
created for rot and stator is also shown in figure below.

A

Fig 1: Top view of the rotor model along with dimension

S8

Fig 2: Isometric view of the rotor design

o

Fig 3: Schematics diagram of the mesh generated for rotor
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Fig 4: Schematic diagram of the mesh created for stator domain
Results & Discussions

This study describes qualitative observations of vorticity variations within the flow field of a Vertical Axis
Wind Turbine (VAWT). The analysis of vorticity variations in the flow field was conducted using Ansys
CFX. The wind velocity was assumed to be 7m/sec in the positive X direction, and the rated rotational speed
was set at 100 r.p.m. The simulation conducted in this paper follows a steady-transient approach, and the
turbine under investigation is a Savonius drag-type turbine. Data collection points were selected at specific
timesteps: timestep 4, timestep 14, timestep 28, timestep 42, timestep 56, and timestep 88. Vorticity
distribution data was collected from the mid-section of the flow domain, situated along the XZ plane.
Vorticity is a concept in fluid dynamics that describes the local spinning or rotation of fluid elements within
a fluid flow. It is a vector quantity and represents the curl of the velocity field of the fluid. In simpler terms,
vorticity indicates the presence and magnitude of rotation within a fluid at a given point in space. When
vorticity is zero at a particular point, it means that the fluid at that point is not rotating; when it is nonzero, it
indicates the presence of rotation.

Mathematically vorticity (@ ) is calculatged as the curl of the velocity vector (v ) of a fluid flow. In a three-
dimensional Cartesian co-ordinate system (X, y, z), the vorticity vector is given by o =V xV .

In the analysis diagram the vorticity distribution is denoted by the blue and yellow, red colours. Blue colour
denotes the lowest vorticity and towards the yellow and red colour it denotes the comparatively higher
vorticity. From the diagram of the timestep 4, it can be seen a region of high vorticity at the right-side
portion of the rotor what means it direct the rotation of the rotor at the clockwise direction. Similarly at the
left side of the rotor portion of low vorticity and spots of low-vorticity regions can be seen. The portions of
red and yellow colours that is the high-vorticity regions at the right side of the rotor can be termed as the
stagnation zone where velocity is very negligible.
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Fig 5: Vorticity distribution contour around VAWT.

At timestep 14, it can be noticed that the colour on the right side of the rotor blades is gradually turning into
blue where there isstill a spot of red at the leeward and convex portion of a blade. Comparatively the spots
of deep blue colour are more on the concave parts of the blade at the left of the rotor. This variation of
colours from the timestep 4 is an indication of the increase in the rotor speed with the subsequent decrease in
the vorticity.
At timestep 28, where there are still high-vorticity regions that is spot of yellow and red at the right side of
the rotor but there are subsequently more concentrated blue spots of low-vorticity regions at the concave and
leading edge of the maximum blades. The region of some low-vorticity blue zone can be seen at the leeward
convex zone of some bottom blades. The concentration of yellow and red colour that is high vorticity zone
indicates concentration of high stress in the right side of the rotor and rotation of rotor in the clockwise
direction.
At timestep 42, the increase in the size of the red spots can be noticed which indicates further decrease in the
velocity a that particular points. Subsequently on the other blades some blades show the blue colour to be
fading and on other blades the blue colours getting deeper.
At timestep 56, at the right portion of the rotor the yellow and red colour fading gradually and the blue
colour on the other blades getting deeper. The red colour spot was bigger and deeper in the previous instance
which has reduced to smaller spots and fading in colour. It can be also noticed that the variation of vorticity
is more uniform in the flow field.
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At timestep 88, the stress concentration in the flow field in unvarying through most portion of the flow field.
Only in the extreme right side of the rotor a large spot of red colour indicating very high vorticity can be
spotted. That is the thrust force which rotates the rotor in the tangential direction with the leading edge of the
blade. The speed of rotation is maximum at this instance and variation of vorticity in negligible.

Conclusion

It is evident that this drag-type vertical axis wind turbine exhibits an unfavorable vorticity gradient along
approximately half of its blades. These areas with high vorticity do not contribute to the overall moment
generation. The presence of a low vorticity region in the leeward or left half portion of the rotor
predominantly signifies reduced vorticity, indicating the dissipation of energy in the form of eddies.
However, these observations can serve as a foundation for optimizing blade models and configurations in
the future. Such optimizations hold the potential to significantly enhance the efficiency of drag-type vertical
axis wind turbines, making them more effective.
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Abstract

This paper presents an exploratory investigation into the flow field surrounding Savonius wind turbines.
This particular turbine design is unconventional in nature due to its unique ability to harness valuable energy
from the air stream, distinguishing it from conventional wind turbines. It boasts a straightforward
construction, rapid startup, continuous operational capacity, wind utilization from any direction, the
potential to achieve higher angular velocities during operation, and minimal noise emissions. Additionally, it
significantly reduces wear and tear on moving components, making it an attractive machinery option.
Throughout history, various adaptations of this device have been envisioned, further enhancing the
versatility of vertical axis wind turbines. The primary objective of this study is to visually depict and
endeavor to comprehend the variation in eddy viscosity distribution around a vertical axis wind turbine
(VAWT), specifically the Savonius-type wind turbine, operating under subsonic flow conditions.

Keywords: VAWT, Savonious Type Turbine, Wind Turbine
Introduction

The search for sustainable and renewable energy sources to meet the ever-growing global energy demand
and combat the adverse impacts of climate change, wind power has emerged as a top contender.
Conventional horizontal axis wind turbines (HAWTSs) have long dominated the wind energy landscape.
However, the limitations of HAWTs, including their significant environmental footprint, intermittent energy
production, and reliance on high wind speeds, have driven the exploration of alternative wind energy
solutions. Among these alternatives, vertical axis wind turbines (VAWTSs) have emerged as a promising
technology deserving of thorough examination and consideration.

The concept of VAWTSs has ancient roots, with early designs attributed to Persian engineers and later
refinements by European inventors. Despite their historical heritage, VAWTs have, until recently, remained
relatively overshadowed by their horizontal axis counterparts. Nevertheless, recent advancements in
materials, aerodynamics, and control systems have rekindled interest in VAWTs and have sparked a
renewed focus on research and development efforts.

One noteworthy subtype of VAWTs, the Savonius-type wind turbine, merits special attention. The Savonius
rotor, named after its Finnish inventor Sigurd Johannes Savonius, is known for its simple and robust design.
Unlike the more common Darrieus and Darrieus-like VAWTs, which rely on lift forces for power
generation, Savonius turbines harness drag forces, making them well-suited for low wind speed
environments. This distinctive design features two or more curved blades mounted on a vertical axis,
resembling an "S" or "U" shape, and has been a subject of interest in wind energy research for several
decades. Literature on Savonius-type VAWTs demonstrates their potential for low-wind-speed applications,
making them ideal for use in urban and remote areas with inconsistent or modest wind resources. Their self-
starting capability and ability to capture wind from any direction have made them attractive for off-grid
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power generation, small-scale distributed energy projects, and as a complementary technology alongside
other renewable source. Researchers have explored various modifications and optimizations to enhance the
performance of Savonius VAWTs, including blade shape, aspect ratio, and the addition of guide vanes, to
improve their efficiency and harness a wider range of wind speeds.

Saha et. al. [1] investigated the performance and stability of Savonius wind turbines in environments with
low wind speed. The suitability of Savonius turbines for such critical environmental circumstances were also
looked upon in their novel study.Sahin et. al. [2] focused intensely on various aspects regarding the design
and manufacturing of vertical axis wind turbine blades. Their work also included the rotor design of
Savonius turbine.Ashok et. al [3] discussed various recent developments and obstacles in small-scale
vertical axis wind turbines with a particular focus on Savonius turbine.A review": Altan et. al [4] reviewed
the techniques which can potentially enhance the performance of the Savonius turbines and other flow
control devices.Thongpron et. al [5] experimented with Savonius wind turbines in different low wind speed
conditions and analyzed the numerical results obtained from those trials.Gokcek et. al [6] conducted field
tests, primarily focusing on wind tunnel experiments to explore the aerodynamic characteristics of helical
Savonius rotors.Chen et al. [7] conducted a comprehensive analysis and assessment of different attributes
pertaining to the operational efficiency of Savonius wind turbines equipped with blades featuring a helical
shape.Ozerdem et. al [8] investigated on Savonius rotors which involved conducting wind tunnel
experiments and outdoor field tests to evaluate the efficiency and operational performance of Savonius
rotors.Kamoji et al. [9] proposed strategies for enhancing the efficiency of Savonius rotors by employing
twisted blades and subsequently carried out an analysis of their performance.Madavan et al. [10] conducted
an examination of how blade twist and overlap ratio influence the operational effectiveness of helical
Savonius rotors.Ali et al. [11] presented a research study focusing on a customized Savonius wind turbine
designed specifically for use in urban settings. Additionally, the study included both experimental and
numerical investigations into this particular subject matter.Abdullah et al. [12] utilized finite element
analysis to scrutinize the structural characteristics and integrity of Savonius rotors. This method allowed
them to investigate how various forces and stresses impact the rotor's performance and durability, providing
valuable insights into its mechanical behavior and potential improvements in design and
materials.Rezazadeh et al. [13] conducted experimental research on Savonius rotors, with a specific focus on
designing a Savonius rotor optimized for operating effectively under low wind speed conditions.

This paper aims to provide a comprehensive examination of eddy viscosity around vertical axis wind turbine
unde low subsonic flow condition. Vertical axis wind turbines, with a particular emphasis on the Savonius-
type VAWTS. As the world seeks sustainable energy solutions to combat climate change and reduce reliance
on fossil fuels, understanding the unique attributes and flow physics behine working principle of Savonius-
type vertical axis wind turbines is crucial. Through this study, we hope to shed light on the promise and
challenges of Savonius VAWTs and their contribution to a cleaner and more sustainable energy future.

Computational Technique

To To begin, a three-dimensional model of wind turbine consisting of 7 blades is de-signed with help of
SolidWorks modeling software. The CAD model of the turbine consists of 7 semi-circular shaped blades.
The parameters and dimensions of the designed rotor are provided in the table 1. Additionally, a three-
dimensional rectangular flow domain surrounding the rotor was also constructed.

Subsequent to the CAD model preparations, the three-dimensional renditions of both the rotor and stator
were imported into the Geometry module of Ansys. Following successful import into Ansys, the geometry
seamlessly transitioned to the meshing component, where the overarching goal was to discretize the flow
domain. The rotor domain was discretized using tetrahedron elements due to their lower computational cost.

Tetrahedron elements were chosen for their comparative efficiency in simulating transient motion of the
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moving mesh structure. The rotor domain comprised 264,646 nodes and 882,983 elements. The discretized
model was then transferred to CFX for physics setup. In the CFX environment, the problem was configured
for transient analysis. For the physics setup, a k-epsilon viscous model was employed, considering the
turbulent flow characteristics around the wind turbine. Boundary layer conditions were established with an
inlet eddy viscosity set at 7 m/s in the positive x-direction. The rated rotational speed of the wind turbine
was assumed to be 100 RPM. The fluid medium under consideration was air. A schematic diagram of the
entire domain is provided in the figure below. Additionally, schematic diagrams illustrating the mesh created
for both the rotor and stator are presented in the figure below.

Tablel: Design specification of the rotor

Types of Test Blade Vertical axis wind turbine
(Savonious)

Blade Height 1750mm

Blade Diameter 1400mm

Blade Thickness 10mm

No. of Blades 7nos.

Aspect Ratio 0.8

Blade spacing 500mm

Fig 1: Top view of the rotor model along with dimension

A

Fig 2: Isometric view of the rotor design

=

Fig 3: Schematics diagram of the mesh generated for rotor
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Fig 4: Schematic diagram of the mesh created for stator domain (Flow Domain)
Results & Discussions

It is well understood, that viscosity represents a resistance to shearing flows, where adjacent layers move in
parallel at varying speeds. Eddy viscosity, also known as turbulent viscosity, is a coefficient that relates the
average shear stress in turbulent water or airflow to the vertical velocity gradient. It depends on both the
fluid's density and its proximity to the riverbed or ground surface.

The concept of eddy viscosity plays a fundamental role in the von Karman—Prandtl equation, which
describes velocity distribution in turbulent flow. It also holds significant importance in calculating rates of
evaporation or cooling induced by wind and quantifying the shear stress applied by rivers to particles
moving along their riverbeds.

Eddy viscosity models have the capability to dissipate energy from larger scales, effectively replicating the
inherently dissipative characteristics of turbulence. In our investigation, we examined the flow field of a
drag-type vertical axis wind turbine using transient simulation. The wind flows from the positive X-axis to
the negative X-axis (from right to left in the figure). We set the turbine speed at 100 r.p.m., and the wind
speed at 7 m/s. Various time steps were analyzed to study the eddy viscosity at different phases of the
investigation. The eddy viscosity distribution data was collected from the mid-portion of the flow domain,
along the XZ plane. Along this plane a line was taken, which runs through the miggle of the entire flow
domain. Along this above mentioned line the data were extracted and plotted for comparative analysis.
During timestep 4, the initial condition, the airflow toward the positive X axis strikes the windward concave
portion of the rotor blade, leading to a very high eddy viscosity, depicted in yellow. The blade immediately
above this one exhibits very high eddy viscosity at a specific point on the leading, leeward edge. The
diagram at timestep 4 also reveals a region of high eddy viscosity on the right-side portion of the rotor,
indicating the rotor's clockwise rotation. Similarly, on the left side of the rotor, there is a region of low eddy
viscosity and spots with low-eddy viscosity regions.

At timestep 14, multiple variations along the centerline are observable. These variations result from the
rotation of the rotor, bringing multiple blades into contact with the airflow, leading to eddy viscosity and
resulting momentum transfer. This variation from timestep 4 is an indication of the increase in rotor speed
and the subsequent decrease in eddy viscosity.

At timestep 28, high-eddy viscosity regions still exist on the right side of the rotor. However, there are more
concentrated lower variations of low-eddy viscosity in regions at the concave and leading edge of the
maximum blades.
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Fig 5: Eddy viscosity distribution plot along mid-section of flow domain

At timestep 42, the reduction of fluctuation of parameter in first half of the plot can be noticed, which
indicates further decrease in the eddy viscosity in that particular points.

At timestep 56, It can be also noticed that the variation of eddy viscosity is more uniform in the flow field.
This is repsented by more balanced distribution of eddy viscosity profile in the plot under study.

At timestep 88, the stress concentration in the flow field in unvarying through most portion of the flow field.
Only in the extreme right side of the rotor a fluctuation indicating high eddy viscosity can be spotted. That is
the thrust force which rotates the rotor in the tangential direction with the leading edge of the blade.

Conclusion

Fluctuations in eddy viscosity become apparent in the initial time steps, suggesting a need for design
optimization. Furthermore, it's evident that this drag-type vertical axis wing turbine exhibits an unfavorable
gradient in eddy viscosity along approximately half of its blades. These high eddy viscosity regions do not
contribute to the overall moment generation. The presence of low-eddy viscosity regions in the leeward
portion or right half of the rotor predominantly indicates lower velocity wirlign strength values, signifying
the dissipation of energy in the form of eddies. Nevertheless, the insights gained from this study can serve as
the foundation for optimizing blade models and configurations in the future. These forthcoming
optimizations have the potential to enhance the efficiency of drag-type vertical axis wing turbines.
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Abstract

This concise abstract delves into a comprehensive analysis of the tribological characteristics of SS410
stainless steel both before and after heat treatment. The study investigates how heat treatment processes
impact the material's friction, wear resistance, and surface properties. Through a thorough examination of
wear rates, friction coefficients, and wear mechanisms, this research aims to provide crucial insights into the
effectiveness of heat treatment in enhancing the tribological performance of SS410, offering valuable
guidance for material selection and optimization in various engineering applications.

Keywords: Stainless steel 410, heat treatment, friction & wear, micro hardness, tribology.
Introduction

The study of friction and associated wear with that friction and associated lubrication in an interface in
relative motion is the territory of tribology. For engineering product friction and wear plays a crucial role, so
product quality and reliability depends on wear characteristics [1].To increase functional reliability of
engineering materials various type of heat treatment plays an important roles. Not only heat treatments
above recrystallization temperature but also sub-zero are treatments gaining much more attractions of
researchers [2-7].And Stainless steels have huge utilisation in the modern world, although if its tonnage of
use represent only about 4% of the cumulative steel production in India. The 2018 total steel produced
surpassed 104 million tons in India [8]. Heat treatment is a process heating, soaking and subsequent
quenching carried out, connected to a metals or metal composites in the strong state in a procedure as to
create desired physical or mechanical properties. Hardening, annealing, tempering, normalizing etc. are most
common heat treatment processes used to change the mechanical properties of designing materials
especially steels Annealing is the kind of treatment most as often as possible connected so as to modify iron
or steel materials and recrystallize its grain ferrite-pearlite microstructure; it is utilized where prolongations
and obvious dimension of rigidity are required in engineering components [9-10].

Now a day’s of Stainless steel is essential for industry application, commercial as well as products for
household application. Austenitic stainless steel, type 304 (18Cr—8Ni) is an iron-nickel-chromium alloy and
can’t be heat hardened further. However, annealing is possible and annealed 304 stainless steel has wide
application as a structural material under the severe conditions such as the nuclear power plants and the
chemical plants, refrigeration and processing plants like paper, food, beverage, cryogenics transportation,
machinery parts, car headers, architecture etc. industries because of high corrosion resistance, good
toughness and ductility[28-30]. As earlier discussed these properties can further more enhanced by some
surface treatment to increase reliability [14-15].

On the other hand, martensitic stainless steel grades consists of 11% — 17% Chromium (mass percent)
containing carbon up to (0.15% - 1.0%) proved themselves a strong contending in industry needs for their
properties, such as preferable resistance to corrosion;. These are usually very good inactive to high -
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temperature oxidation and localized corrosion, e.g. pitting and crevice corrosion, and SCC in some
aggressive environment like saltwater in seas. Earlier investigations concludes that these stainless steels are
inert in chemical handling rather than austenitic grades [6,16].It is also extensively used in nuclear reactor
due to its high strength[17]. Efendi Mabruri et al. investigate various mechanical properties of martensitic
stainless steel 410- 1 Mo after heat treatment austenizing temperature zone. Experiment conclude that the
steels treated at 1050°C steels exhibited greater impact resistance. Whereas were pre-austenitized at 950°C
and 1100°C, tempered steels that exhibits the minimum pitting potential due to presence of carbides and
coarse structured martensite containing high carbon percentage. [18].

So, many of researchers have investigated differently SS304 and SS410, but this paper will sought for a
comparative study of dry sliding characteristics and Vickers micro hardness of these SS304 and SS410
steels after heat treatment.

Experimental details
AISI 304 and AISI 410 were used for this present experimental work. Total six samples of 304 and 5

samples of 410 were made; all the samples are of diameter 6 mm and length 30 mm as per the requirement
of the multi tribo-tester. The chemical compositions of the out sourced material are as given below.

Table 1: Chemical composition % by mass of aisi 304
C Si P S Mn | Ni Cr Fe

0.08 | 1.00 [ 0.04 | 0.03 | 2.00 | 8.00-10.50 | 18.00-20.00 | Balance

Table 2: Chemical composition % by mass of aisi 410
C Si P S Mn | Ni Cr Fe

0.08-0.15 | 1.00 | 0.04 | 0.03 | 1.00 | 0.75 | 11.5-13.5 | Balance

Heat Treatment

Heat treatments were done in a muffle furnace with a maximum temperature capacity of 1100 degree
centigrade. As earlier discussed by some researcher SS 304 cannot be hardened further but can be
soften.Five different heat treatment were selected based on feasibility of achieving their process parameters,
these heat treatment are discussed in following section [2,12,19].

For annealing one sample of SS304 is placed in the muffle furnace in ambient temperature and heated up to
950°C with a rate of 10°C per minute, then allowed to soak for 2 hours inside the furnace and then allowed
to cool inside the furnace

For normalizing one sample of SS304 is placed in the muffle furnace in ambient temperature and heated up
to 950°C with a rate of 10°C per minute, then allowed to soak for 2 hours in the furnace and then allowed to
cool in open atmosphere.

For oil quenching one sample of SS304 is placed in the muffle furnace in ambient temperature and heated up
to 950°C with a rate of 10°C per minute, then allowed to soak for 2 hours inside the furnace and then sudden
quenching is done by dipping the specimen in cutting oil (grade 44).

Two of SS304 samples are sensitized by heating them up to 660°C at a rate of 10°C per minute, then
allowed to soak in furnace then cooled in open air up to atmospheric temperature. The one of sensitized

47



samples were again heated to 1040°C with same rising rate and soaked for 30 minutes and dipped in water
for solution annealing [20].

For SS410 four samples were heat treated. Many of researcher have already been discussed different
treatment procedure for martensitic steels, so based on our feasibility we have selected tempering and stress
reliving followed by austenizing, annealing and process annealing [6,17,18,19].

So for austenizing two samples were heated to 950°C at elevation rate 10°C per minute and the allowed to
soak for 30 min and then cooled in open atmosphere. Then one of sample was tempered at 320°C and
another was at 650°C for 1 hours and then air cooled.

Other specimen of SS 410 was annealed at temperature 850°C then allowed to cool at closed furnace for
softening. One specimen of 410 was process annealed at ferrite temperature range at 660°C for 30min and
then allowed to cool in air.

Results and Discussions
Table 3: Micro Hardness Test Results

Type of Stainless Steel Heat treatment Microhardness(HV)
Pure 304 Sample 312.45
Annealing 285.53
Austenitic Stainless Steel AISI | Solution Annealing 385.27
304 Normalizing 405.53
Oil Quenching 395.42
sensitizing
410 pure sample 573.70
Annealing 450.42
Martensitic Stainless Steel AISI Austemzmg. f91lowed 650.42
410 by stress reliving
Austenizing followed
) 672.42
by Tempering
Process Annealing 472.53

Wear Test Results

Wear Vs Time (SS304)
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Fig 1: Wear vs. time graph for SS304
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So from the above graphs it can be seen that the among the 304 stainless steel samples Sensitized sample
and in case of 410 stainless steel samples austenitized sample followed by tempering have shown the best
result. Now following the graphs in, fig. 7, fig. 8, fig. 9 respectively it can be seen that the comparative
results between sensitized 304 and Austenitized 410 are followed by tempering treatment.

Wear comparison of SS304 and SS410
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Fig 7: Wear comparison of SS304 and SS410
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So from the above comparison it is clearly noticed that austenitic stainless steel AISI 304 have better
tribological properties in case of dry sliding. In case of SS 304 we get better wear performance that is less
wear in annealing and sensitizing samples rather than oil quenching and solution annealing specimens as the
hardness of oil quenching and solution annealing specimens are not exactly too higher, annealed and
sensitized examples. Ferrite and austenite stages are the dominating part of the segments of oil quenching
and solution annealing examples. Where in case of SS410 the hardened steels followed by tempering at
650°C exhibits best hardness value as well as best wear resistance properties.

Conclusions

In the present work endeavors has been made for heat treatment of SS-410 and SS-304 specimens utilizing
an electric Muffle Furnace. Likewise it is an undertaking of data headway in this extent of study. Common
contact and related wear by relative movement characteristics depend upon the hardness, velocity, load, span
for experiment and other working conditions. Thus, appraisal of such data for each individual process
parameters mix is noteworthy and ought to be surveyed. This trial enlightens that the sensitization in case of
SS-304 and annealed sample in case of SS-410 example is related with most minimal wear among other sort
of heat treated samples. Wear results for both the steels have been perfectly fooled their hardness properties.
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So, Heat treatment is an exact activity and needs much consideration and control of temperature observing.
Maximum temperature of heating, soaking and subsequent cooling medium are exceptionally significant
processes parameters to be considered fundamentally for the ideal result.
* The main mechanisms for wear for SS-304, are abrasion and de-lamination; where in case of
SS-410 the wear mechanisms are adhesion and ploughing or abrasion.
* Air quenched or normalized SS-304 samples and in case of SS-410 annealed samples exhibits
lowest frictional resistance.
* There is no such fluctuation in temperature in SS-304 but in case of SS-410 it is prominent
due to difference in their hardness.
* Tempering temperature for martensitic steels have a great influence on their hardness
characteristics.
* Normalized and annealed samples for SS-304 and Annealed samples show a stable trend in
wear characteristics.
* The main mechanisms for wear for SS-304, are abrasion and de-lamination; where in case of
SS-410 the wear mechanisms are adhesion and ploughing or abrasion.
* Air quenched or normalized SS-304 samples and in case of SS-410 annealed samples exhibits
lowest frictional resistance.
* There is no such fluctuation in temperature in SS-304 but in case of SS-410 it is prominent
due to difference in their hardness.
* Tempering temperature for martensitic steels have a great influence on their hardness
characteristics.
* Normalized and annealed samples for SS-304 and Annealed samples show a stable trend in
wear characteristics.
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Abstract

This innovative study explores a parametric optimization study of the electrically generated wire arc direct
energy deposition method, employing the robust Taguchi research methodology. By systematically varying
key process parameters, this research seeks to enhance the efficiency and precision of this advanced additive
manufacturing technique. The study not only unveils optimal settings for improved performance but also
demonstrates the potential to revolutionize the manufacturing landscape with tailored components, reduced
waste, and increased cost-effectiveness. This research represents a significant step toward realizing the full
potential of electrically generated wire arc direct energy deposition in modern manufacturing.

Keywords: wire arc technology, DC, research methodology, taguchi method
Introduction

Direct Energy Deposition (DED) is a promising additive manufacturing process with applications in various
industries, including acrospace, automotive, and medical. The Wire Arc Direct Energy Deposition method
(WA-DED) is a subset of DED, offering significant advantages in terms of material efficiency and process
control. This study aims to optimize the WA-DED process parameters using the Taguchi research
methodology, with a focus on electrically generated arcs. A systematic experimental approach is employed
to identify the optimal parameter settings for enhancing the quality of deposited parts. Experimental data are
collected and analyzed to determine the key factors influencing the WA-DED process and achieve optim