About the Editors

| Dr. Ranjan Kumar is currently Head of the Department and
Associate Professor in the Department of Mechanical
Engineering at Swami Vivekananda University, Kolkata. Dr.
Kumar received his Master's and Doctoral degrees in

Technology Dhanbad. His research interests include Li-ion batteries,
finite element simulation and analysis of real engineering problems, and
vibration analysis of structures. He has executed projects in association
with the Gas Turbine Research Establishment (GTRE), DRDO lab
Bangalore. He has guided 02 PhD Thesis and 32 post graduate
dissertation. Dr. Kumar has authored 23 books, published 51 research
papers, and holds 25 patents. He also serves as editor-in-chief of Journal
of Mechanical Engineering Advancements.

q Dr. Arnab Das is currently Assistant Professor in the
W Department of Mechanical Engineering at Swami Vivekananda
%| University, Kolkata. Dr. Das has achieved his Ph.D. in
Mechanical Engineering from Indian Institute of Technology
(ISM) Dhanbad in 2023. His research interests include
advanced manufacturing processes, micromachining, composite
materials, and battery energy storage system. Dr. Das has published
several journal articles extensively on topics such as micromachining,
ultra-precision machining, advanced manufacturing with multiple
Patents in various fields.

Published by

AkiNik Publications ®

169, C-11, Sector - 3, Rohini,
Delhi - 110085, India

Toll Free (India): 18001234070
Email: akinikbooks@gmail.com

9789361358333
3

ISBN
9 8‘

\61 358

T 1468 US$ 24

Mechanical Engineering from the Indian Institute of

INTERDISCIPLINARY
RESEARCH
HORIZONS IN SGIENGE
AND TECHNOLOGY

fBojouyoay pue 8aualag ui suoziioy yaleasay Kieundiosipiayu

suoneanqgnd JINAY




Interdisciplinary
Research Horizons in
Science and Technology

Editors
Ranjan Kumar

Arnab Das

AkiNik Publications ©
New Delhi



Published By: AkiNik Publications

AkiNik Publications

169, C-11, Sector - 3,

Rohini, Delhi-110085, India

Toll Free (India) — 18001234070
Phone No.: 9711224068, 9911215212
Website: www.akinik.com

Email: akinikbooks@gmail.com

Editors: Ranjan Kumar and Arnab Das

The author/publisher has attempted to trace and acknowledge the materials
reproduced in this publication and apologize if permission and
acknowledgements to publish in this form have not been given. If any
material has not been acknowledged please write and let us know so that we
may rectify it.

© AkiNik Publications ™

Publication Year: 2025

Edition: I

Pages: 376

ISBN:

Book DOI:

Price: T1468/-

Registration Details
»  Printing Press License No.: F.1 (A-4) press 2016
» Trade Mark Registered Under

® (Class 16 (Regd. No.: 5070429)
® Class 35 (Regd. No.: 5070426)
® C(Class 41 (Regd. No.: 5070427)
® Class 42 (Regd. No.: 5070428)



Preface

In today’s rapidly evolving scientific landscape, the boundaries between
disciplines are becoming increasingly fluid, giving rise to a fertile ground for
collaborative innovation. Interdisciplinary Research Horizons in Science
and Technology emerges as a testament to this transformative era-where
scientific inquiry and technological advancement thrive at the intersection of
diverse fields.

This volume brings together an eclectic mix of research contributions
that reflect the growing need for holistic approaches to address complex
global challenges. By integrating perspectives from physical sciences,
engineering, computing, environmental studies, and applied technologies,
the book captures the spirit of interdisciplinary synergy that defines
contemporary research endeavors. Whether it is in the development of smart
systems, the exploration of sustainable technologies, or the application of
data-driven methods across domains, each chapter exemplifies a
commitment to both scientific excellence and societal relevance.

The selected works in this compilation demonstrate not only technical
depth but also an overarching vision for future-forward solutions. Emphasis
has been placed on projects that bridge traditional academic silos-
encouraging dialogue and collaboration among researchers from varied
backgrounds. From emerging materials and intelligent automation to
assistive technologies and energy harvesting innovations, the content reflects
a vibrant ecosystem of knowledge creation and problem-solving.

This book is intended as a valuable reference for scholars, industry
professionals, educators, and students who seek to understand and contribute
to the evolving terrain of interdisciplinary science and technology. We
believe it will serve as both a source of inspiration and a platform for
fostering cross-disciplinary partnerships.

We sincerely thank all contributing authors for their scholarly efforts
and dedication. Our heartfelt appreciation goes to Swami Vivekananda
University, Kolkata, for its steadfast support and vision in promoting
academic excellence. We also extend gratitude to the editorial and review
committees for their diligence and commitment to maintaining the quality
and coherence of this publication.



It is our earnest hope that Interdisciplinary Research Horizons in
Science and Technology not only informs but also ignites curiosity,
encouraging readers to explore, innovate, and collaborate beyond
conventional boundaries.

Ranjan Kumar

Arnab Das
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Chapter -1

A Comparative Study of Combustion Parameters for
Hydrogen-Diesel Mixtures in Cl Engines

Ranjan Kumar and Sudipta Nath

Abstract

The growing need for cleaner and more efficient internal combustion
(IC) engines has spurred research into alternative fuels and their
compatibility with traditional systems. This study examines the combustion
parameters of hydrogen-diesel mixtures in compression ignition (CI)
engines, comparing their performance, emission characteristics, and
efficiency to that of conventional diesel engines. The analysis is grounded in
experimental data, simulation studies, and a comprehensive literature review.
The results indicate potential advantages in lowering greenhouse gas
emissions and enhancing thermal efficiency, while also pointing out
challenges like knock tendency and engine durability.

1. Introduction

The worldwide movement towards sustainability has led to the
investigation of alternative fuels for internal combustion engines. Hydrogen,
known for its clean-burning properties and zero carbon emissions, offers a
promising option for blending with diesel in CI engines. This study seeks to
examine the combustion characteristics of hydrogen-diesel mixtures,
focusing on their effects on engine performance, emissions, and operational
challenges. By reviewing existing research and performing experimental
assessments, this paper aims to provide a thorough understanding of how
hydrogen can improve the operation of CI engines.

1.1 Objectives

e Examine the combustion properties of hydrogen-diesel blends in
comparison to pure diesel.

e Evaluate how the addition of hydrogen affects engine performance
metrics.

Page | 3



Editors: Ranjan Kumar, Arnab Das

e Explore the difficulties related to the use of hydrogen in
compression ignition engines.

2. Literature Review
2.1 Hydrogen as a Fuel

Hydrogen has a high energy density per unit mass, a broad flammability
range, and quick flame propagation. However, its low ignition energy and
high diffusivity present safety and operational challenges.

2.2 Hydrogen-Diesel Mixtures in Cl Engines

Recent research has investigated the dual-fuel method of adding
hydrogen to diesel engines through port injection or direct injection.
Findings show enhancements in thermal efficiency and reductions in
particulate matter, but they also reveal increased NOx emissions and risks of
knocking.

2.3 Key Findings from Previous Research

e Thermal Efficiency: Hydrogen-diesel mixtures enhance thermal
efficiency due to the quicker combustion rate of hydrogen.

e Emissions: There have been notable reductions in CO2 and
particulate matter, although NOXx levels frequently rise.

e Engine Modifications: Research emphasizes the necessity for
customized injection systems and advanced control strategies.

3. Materials and Methods

3.1 Engine Specifications
e Engine Type: Single-cylinder, four-stroke CI engine.
e Compression Ratio: 17.5:1.
e Rated Power: 5.5 kW.

3.2 Experimental Setup

The engine was fitted with a hydrogen port injection system alongside a
diesel direct injection system. Sensors were used to monitor in-cylinder
pressure, exhaust emissions, and thermal efficiency.

3.3 Test Conditions

e Diesel-Hydrogen Ratios: 100:0, 80:20, 60:40, and 40:60 based on
energy share.
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Engine Speeds: 1500, 2000, and 2500 RPM.
Load Conditions: 25%, 50%, 75%, and 100%.

4, Results and Discussion

4.1 Combustion Characteristics

Ignition Delay: Mixtures of hydrogen and diesel showed shorter
ignition delays than pure diesel, which improved the engine's
responsiveness.

Combustion Duration: A higher hydrogen content led to a
reduction in combustion duration, resulting in quicker heat release.

4.2 Performance Parameters

Thermal Efficiency: Adding hydrogen enhanced thermal
efficiency, reaching its peak with a 40% share of hydrogen energy.

Brake Specific Fuel Consumption (BSFC): An increase in
hydrogen content resulted in a decrease in BSFC, indicating more
efficient fuel use.

4.3 Emission Characteristics

Carbon Emissions: There was a significant reduction in CO,
emissions due to the carbon-free nature of hydrogen.

NOx Emissions: Higher combustion temperatures resulted in
increased NOX emissions.

Particulate Matter: The addition of hydrogen significantly
reduced particulate emissions.

4.4 Challenges and Mitigation Strategies

Knocking: A tendency for increased knocking was noted at
elevated hydrogen levels. Techniques like exhaust gas recirculation
(EGR) and optimized injection timing showed promise in
addressing this issue.

Durability: The higher combustion pressures require the use of
more robust materials and designs for the engine.

5. Conclusion

This comparative study of hydrogen-diesel mixtures in CI engines
emphasizes the promise of hydrogen as a supplementary fuel for lowering
carbon emissions and improving efficiency. Although challenges like
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elevated NOx emissions and knocking remain, innovative engine
technologies and control strategies can help address these problems. Future
research should prioritize long-term durability assessments and the creation
of affordable hydrogen production and storage methods.
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Chapter - 2

MIG Welding with Preheating on AISI 2062 Mild Steel
using Response Surface Methodology

Debal Pramanik and Bikash Panja

Abstract

Welding operations are essential to both the construction and industry
sectors. Because of its greater productivity and versatility, MIG welding is
the most extensively utilised type of welding technique available. AISI 2062
mild steel samples are welded in a V-butt joint arrangement utilising MIG
welding in this research project. Research has been done on the effects of
process variables like voltage, current, and preheat temperature. Tensile
characteristics of weldments, such as % elongation and ultimate tensile
strength, have been used to evaluate the quality of welds. RSM Based Box
Behnken design has been used to optimise process parameters. Regression
equations have been used to create a mathematical model. Lastly, to validate
the findings, an additional experiment is conducted using the analysis's
optimised parameters.

Keywords: MIG Welding, AISI 2062, preheating, RSM
1. Introduction

Welding is a rapid and economical method for permanently joining two
materials. It offers versatility in design and streamlines the construction of
expansive structures. It is a crucial component of the metal fabricating
industry. Currently, nearly all metal goods are joined together by means of
welding. Industries such as aviation, transportation, and construction heavily
rely on welding to create essential products such as jet engines, pipelines,
automobiles, buildings, and aeroplanes M. Mild steel, the prevailing type of
steel, is extensively utilised in industries and construction projects due to its
affordability and versatile features that make it suited for a wide range of
applications. Mild steel has exceptional weldability. It is used in a wide
range of welded structures, including bridges, ships, tanks, pipes, buildings,
railway carriages and automobiles. Mild steels are the most abundant type of
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steel in production and they constitute the majority of materials used in
welded manufacturing . The widespread utilisation of steel constructions
has made manufacturing prices and efficiency crucial elements for continued
advancement -1, Traditional welding methods must enhance their flexibility
and intelligence in order to achieve improved adaptation and increased
efficiency. It is imperative for industries to maintain global competitiveness
in today's dynamic globe ©. Arc welding techniques are commonly
employed for the purpose of joining mild steels. MIG welding, or Gas Metal
Arc Welding (GMAW), is the most favoured welding method due to its
affordability, simplicity, ease of use, and high productivity.

MIG welding is an intricate procedure in which the strength of the weld
is influenced by multiple factors, including voltage, wire diameter, current,
gas flow rate, plate thickness, torch angle, and others. Therefore, it is crucial
for us to identify the optimal parameter configurations in order to achieve the
necessary weld quality. Tang et al. [ have examined the impact of
preheating in NGGMA welding on 5083 Al alloy. They experimentally
determined that appropriate preheating is crucial for enhancing the tensile
strength of weldments. No instances of fusion failure were detected in welds
with preheat temperatures over 200 °C, as a result of the gradual pace of
cooling. Nandi et al. ' have utilised the grey based Taguchi technique to
optimise the tensile parameters, including ultimate tensile strength (UTS),
yield strength, and percentage elongation, of gas metal arc welded (GMAW)
dissimilar joints between AISI 409 ferritic stainless steel and AISI 316L
austenitic stainless steel. Ghosh et al. [ have utilised the Principal
Component Analysis based Taguchi approach to optimise the GMAW
process parameters for joining AISI 409 stainless steel. The optimal
combination of parameters was determined by analysing S/N ratio plots and
major effects plots. Gao et al. 2 have examined the microstructure and
mechanical properties of dissimilar welds between AZ31B and AZ61 Mg-
Al-Zn alloys using hybrid CO, laser MIG welding. According to their
findings, the presence of porosity and inclusions in weldments decreases as
the welding speed decreases.

The literature analysis reveals that significant research has been carried
out to enhance the process parameters and create a mathematical model.
However, as far as the authors are aware, no empirical investigation has been
conducted to investigate the impact of preheat temperature on the tensile
characteristics of weldments, along with parametric optimization. Hence, the
main aim of this study is to fill this void in the existing literature. The
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process of optimising welding through experimentation is typically costly
and laborious due to the presence of several non-linear events. There are
other techniques for parametric optimisation, but the Response surface
methodology is widely favoured by academics because to its simplicity,
effectiveness, and efficiency, which ultimately leads to significant cost
reductions. The input process factors being addressed are the preheat
temperature, welding current, and voltage. Shielding gas for this purpose
consists of pure CO,, which is maintained at a steady flow rate. The welding
performance characteristics have been assessed based on the ultimate tensile
strength (UTS) and the % elongation of the weldments. An analysis of
variance (ANOVA) is conducted to determine the impact of each individual
process parameter on weld strength and percentage elongation. An
experimental data set is used to create a mathematical model that relies on
numerous regression equations. A validation test is conducted at the
conclusion to confirm the projected findings.

2. Experimental Framework

The base material chosen is AISI 2062 mild steel. A filler wire with a
diameter of 0.8 mm, specifically ER70S-6, has been utilised. This welding
wire is a copper-coated mild steel wire that is compatible with pure CO; as
well as a mixture of Ar and CO.. It offers high-quality welding seams, little
spatters, and exceptional weld characteristics. Response parameters denote
the specific attributes that indicate the quality of a weld. In this study, we
have examined the ultimate tensile strength (UTS) and % elongation of
weldments as response parameters, as they are indicators of the weldments'
performance. Ultimate tensile strength (UTS) is a measure of the maximum
stress a material can withstand before breaking, while percentage elongation
is a measure of the amount a material can stretch before breaking. In the
context of weld joints, UTS indicates their strength, while percentage
elongation indicates their ductility. Table 1 presents the three levels of
process parameters that have been used for the design of the experiment.
Figure 1 shows the schematic diagram of the specimen.

Table 1: Input parameter with their level

Parameter Unit Level 1 Level 2 Level 3

Current (1) Amp 80 90 100

Voltage (V) \% 20 25 30
Pre heat Temperature (Tp) °C 250 275 300
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Fig 1: Schematic diagram of specimen

2.1 Experimental Setup and Design

Fifteen specimens have been welded utilising a single pass technique in
a V-butt joint design. Various combinations of process parameters, as
outlined in Table 2, are used. Prior to welding the specimens, they are
subjected to arc heating until the desired temperature is achieved.
Subsequently, the specimens undergo MIG welding. The gas flow rate

remains constant at 25 kg/hr throughout the welding process.

Table 2: Design of experiment

SL. No.| Voltage | Current Te?g;g?& re Tena(lr\z/litar)e ngth Elo?()g/stlon
1. 20 80 275 509 4.835
2. 30 80 275 408 3.178
3. 20 100 275 413 5.675
4. 30 100 275 440 2.921
5. 20 90 250 401 4.425
6. 30 90 250 364 1.754
7. 20 90 300 407 3.541
8. 30 90 300 331 0.885
9. 25 80 250 421 2.655

10. 25 100 250 341 2.899
11. 25 80 300 320 0.995
12. 25 100 300 370 2.141
13. 25 90 275 501 5.135
14. 25 90 275 511 5.231
15. 25 90 275 507 5.012

2.2 Mathematical Modelling

To comprehend the behaviour of the process, a relationship between the
input and output parameters must be developed. For the purpose of creating
a mathematical model and analysing the parametric optimisation using
Minitab software to achieve the highest possible tensile strength and
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elongation on AISI 2062. The following equation 1 and 2 is the model for
the two responses, tensile strength and elongation:

Tensile Strength (Mpa) = 506.33 - 23.38 V - 11.75 C - 12.37 T, - 25.54
VxV - 38.29 CxC- 105.04 T,xT, + 32.00 VxC - 9.75 VxT, + 32.50

Elongation (%) = 5.126 - 1.2171 V + 0.2466 C - 0.5215 T, - 0.248 VxV/
- 0.726 CxC- 2.227 TyxT, - 0274 VxC + 0.004 VxT, + 0.225
CXT p e Eq 2

2.3 Result and Discussion

It is clear from looking at Table 9 that the preheat temperature of 275 °C
results in UTS and percentage elongation of welds that are significantly
higher than those achieved for other temperatures. Increasing the preheat
temperature results in a decrease in both the UTS and the percentage of
elongation of the welds, but the converse occurs when current is applied.
Furthermore, specimen number 14 exhibits a maximum ultimate tensile
strength (UTS) of 511 MPa, which is 8.51% lower than that of the base
metal. This UTS corresponds to a preheat temperature of 275 °C, a current of
90 A, and a voltage of 25 V. On the other hand, specimen number 11
displays a minimum UTS of 320 MPa, which is 49.39% lower than that of
the base metal. This UTS corresponds to a preheat temperature of 300 °C, a
current of 90 A, and a voltage of 30 V. The specimen with the highest
ductility, specimen no. 14, has a maximum percentage elongation of 5.231%.
This corresponds to a preheat temperature of 275 °C, a current of 90 A, and a
voltage of 25 V. On the other hand, the specimen with the lowest ductility,
specimen no. 8, has a minimum percentage elongation of 0.885%. This
corresponds to a preheat temperature of 300 °C, a current of 90 A, and a
voltage of 30 V.

- Voltage Current Fre Heat
Optimal
ai'g‘;a High 30,0 100.0 300.0
b Eur [21.2121] [24.8485] [272.2232]
Low 20.0 50,0 250.0
SR e e e e — e e e b i —
-\\‘ \ / \
- \
_ >, % / X
Tensile i \ )/
Maxirun 7 \ / \
N
¥= 188807 \ \ J
o = 1.0000

Fig 2: Single objective optimization of Tensile strength
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3 Voltage Current Pre Heat
Opt 1
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T - T
™,
-, P / kY
Elongati N - & '.\
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- b,
y= 62110 - / |
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-, b
. '
A Y

Fig 3: Single objective optimization of Elongation

The optimization results for maximum tensile strength and elongation
based on the developed mathematical equation no. 1 and 2 are shown in
Figure 2 and Figure 3 respectively. The value count for linear desirability
function (d) remains to be 1 i.e. all parameters are within their working limit.
Maximum tensile strength and elongation has been achieved as 518 Mpa and
6.211% respectively. Figure 4 shows the specimen after MIG welding.

Fig 4: Specimen after welding
3. Conclusion

The present study successfully utilised response surface methods to
determine the ideal settings for the MIG welding process. This method is
straightforward and efficient for optimisation. The preheat temperature has
the greatest impact on the tensile characteristics of AISI 2062 mild steel,
followed by the current and voltage. The mathematical model constructed
utilising second order regression equations can effectively be utilised to
accurately forecast the tensile characteristics of welds.
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Chapter - 3

Recycling of Plastic E-Wastes in Urban Areas: A Review
Shriya Chakraborty and Arnab Das

Abstract

The rapid proliferation of electronic devices has led to an unprecedented
increase in electronic waste (e-waste), much of which contains plastic
components. Recycling plastic e-wastes in urban areas is crucial for
mitigating environmental pollution, conserving resources, and supporting
sustainable urban development. This review examines current practices,
challenges, and future opportunities in recycling plastic e-wastes. It explores
advancements in recycling technologies, the role of policy and regulation,
and the potential of urban e-waste management systems to address the
growing issue.

Keywords: Plastic e-wastes, recycling methods, polycarbonate, PVC
1. Introduction

The global escalation in the production and consumption of electronic
devices has resulted in an exponential rise in electronic waste (e-waste). It is
estimated that e-waste will reach approximately 74 million metric tons
annually by 2030, with urban areas contributing the majority due to high
population density and electronic consumption rates (World Economic
Forum, 2022). Among the various components of e-waste, plastics account
for 20-25% by weight, playing a pivotal role in device construction yet
posing significant environmental risks when improperly managed (Kumar et
al., 2020; Baldé et al., 2017).

Plastics in e-waste are primarily derived from polymers such as
Polycarbonate (PC), Acrylonitrile Butadiene Styrene (ABS), and Polyvinyl
Chloride (PVC). These materials are critical for the durability, insulation,
and flexibility of electronic devices. However, their complex compositions,
often infused with additives like flame retardants and stabilizers, make
recycling challenging and resource-intensive (Andrady, 2015; Parajuly &
Fitzpatrick, 2021). Mismanagement of these plastics, including informal
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recycling practices, results in severe environmental and health impacts,
particularly in urban areas where open burning and unregulated processing
are prevalent (Gupta et al., 2018).

Urban areas face unique challenges in managing e-waste plastics due to
logistical constraints, limited recycling infrastructure, and varying regulatory
enforcement. Despite these challenges, the recycling of e-waste plastics
presents significant opportunities for resource recovery, greenhouse gas
mitigation, and the advancement of a circular economy (Singh & Sharma,
2021; Hopewell et al., 2009). This paper aims to provide an in-depth review
of current recycling practices, explore technological advancements, and
highlight the role of policy frameworks and public participation in fostering
sustainable recycling systems in urban areas.

By addressing gaps in existing recycling systems and leveraging
innovations such as chemical recycling and Al-driven sorting, urban centers
can lead the way in sustainable e-waste management. The successful
implementation of these strategies requires a multi-stakeholder approach,
integrating government policies, private sector investments, and community
engagement (Chaturvedi et al., 2019; Ellen MacArthur Foundation, 2017).

2. Composition and Challenges in Recycling Plastic E-Waste
2.1 Composition of Plastic E-Waste

Plastic e-wastes include components such as housings, connectors, and
insulation materials. Common polymers found in e-wastes include:

e Polycarbonate (PC): Used in structural parts of devices such as
laptop casings and mobile phone shells.

e Acrylonitrile Butadiene Styrene (ABS): Found in casings,
keyboard keys, and connectors due to its strength and durability.

e Polyvinyl Chloride (PVC): Used for insulation in electrical cables,
often containing hazardous plasticizers.

These plastics are often blended with other materials, making separation
and recycling complex. Figure 1 shows the composition of Plastic E-Waste,
which visually represents the distribution of key plastics in electronic waste.
The chart shows the relative proportions of Polycarbonate (PC),
Acrylonitrile Butadiene Styrene (ABS), Polyvinyl Chloride (PVC), and other
materials found in e-waste.
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Fig 1: Composition of Plastic E-Waste

Challenges

Recycling plastic e-wastes in urban settings faces several barriers:

1.

Polymer Diversity: The vast array of plastics, each with distinct
properties and additives, complicates sorting and processing. For
instance, ABS and PC often appear together in electronic housings,
requiring advanced separation techniques.

Additives and Contaminants: Many plastics are treated with
flame retardants, stabilizers, or pigments that can release harmful
chemicals during recycling. For example, brominated flame
retardants used in circuit boards pose toxicity risks (Andrady,
2015).

Informal Recycling: In urban areas, informal recycling dominates,
where methods like open burning release toxic fumes. This not only
endangers workers but also harms the environment (Gupta et al.,
2018).

Technologies for Recycling Plastic E-Wastes

Mechanical Recycling

Mechanical recycling involves the physical shredding and reprocessing
of plastics into new products. Key steps include:
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1. Sorting: Automated sorting systems using near-infrared (NIR)
spectroscopy can differentiate between types of plastics with high
precision.

2. Shredding: Shredded plastic is easier to handle but requires careful
contamination control.

3. Reprocessing: Reprocessed pellets can be used in lower-grade
applications, such as construction materials or automotive parts,
reducing demand for virgin plastics.

While cost-effective, mechanical recycling often results in lower-quality
materials due to polymer degradation (Hopewell et al., 2009).

3.2 Chemical Recycling

Chemical recycling breaks down plastics into their monomers or other
useful chemicals through processes such as:

1. Pyrolysis: Converts mixed plastic waste into synthetic fuel or
chemical feedstock, reducing reliance on fossil resources.

2. Hydrolysis: Effective for breaking down specific polymers like
PET into reusable monomers.

3. Solvolysis: A solvent-based process that can depolymerize complex
plastics, such as PC or epoxy resins, into high-purity outputs.

Although promising, chemical recycling faces challenges like high
energy requirements and scalability (Singh & Sharma, 2021).

3.3 Emerging Technologies
Emerging technologies aim to address limitations in traditional methods:

1. Enzymatic Depolymerization: Specific enzymes target polymers
like PET, breaking them down into monomers under mild
conditions.

2. Microwave-Assisted Recycling: Uses microwaves to heat and
depolymerize  plastics  efficiently, with reduced energy
consumption.

Pilot projects show significant potential for scaling these methods to
urban e-waste streams (Zheng et al., 2020). Figure 2 shows the flow diagram
summarizing various recycling technologies for plastic e-waste, including
mechanical recycling, chemical recycling. It highlights the key steps for each
process, along with their respective advantages and challenges.
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Fig 2: Recycling Technologies for Plastic E-Waste

4. Policy and Regulatory Framework

4.1 Existing Policies

Urban recycling initiatives are shaped by global and regional policies.

For example:

1. The European Union’s Waste Electrical and Electronic Equipment

(WEEE) directive mandates recycling targets and

mechanisms.

reporting

2. The Basel Convention regulates the transboundary movement of
hazardous e-waste to ensure environmentally sound disposal
(Khetriwal et al., 2011).

4.2 Role of Extended Producer Responsibility (EPR)

EPR policies assign responsibility for end-of-life management to
producers, encouraging the design of more recyclable products. For instance,
major electronics manufacturers have established take-back programs and
partnered with certified recyclers.

4.3 Gaps in Implementation

Despite robust policies, enforcement remains weak in many urban areas.
Lack of infrastructure, funding, and public awareness often results in
informal and environmentally detrimental recycling practices (Williams et

al., 2019).
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5.

5

5

Urban Recycling Systems and Case Studies

.1 Successful Models

1. Tokyo, Japan: Utilizes advanced urban mining techniques to
recover valuable materials, including metals and plastics, from e-
waste.

2. Bangalore, India: A public-private partnership model incorporates
informal recyclers into formal systems, improving collection rates
and reducing hazards (Agarwal et al., 2020).

.2 Integration of Informal Sector

Integrating informal workers into formal systems can provide economic

opportunities and improve efficiency. For example, in cities like Delhi,

training programs for informal recyclers have led to safer recycling practices

(Chaturvedi et al., 2019). Fig. 3 represents the infographic-style map
illustrating successful urban e-waste management systems that visually
represents the practices and integration of formal and informal sectors in

cities like Tokyo, Japan, and Bangalore, India, focusing on recycling

processes, collection points, and more.
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Fig 3: Case Study Examples of Urban E-Waste Management Systems
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6. Future Opportunities
6.1 Circular Economy Models

Circular economy models emphasize designing products for durability
and recyclability. For instance, modular electronics can simplify repair and
recycling, reducing waste (Ellen MacArthur Foundation, 2017).

6.2 Technological Advancements

Innovations like Al-driven sorting technologies and robotic disassembly
systems enable efficient processing of complex e-waste streams. For
example, Al systems can identify and sort plastics by polymer type with
95% accuracy (Chen et al., 2022).

6.3 Public Awareness and Participation

Awareness campaigns in urban areas, such as smartphone apps for e-
waste collection, have improved participation rates. Financial incentives,
such as deposit-refund schemes, further encourage proper disposal.

7. Conclusion

Recycling plastic e-waste is a critical component of sustainable urban
development. While challenges such as polymer diversity and informal
recycling persist, advancements in technology, regulatory frameworks, and
urban systems offer promising solutions. A collaborative effort involving
governments, industries, and citizens is essential to build efficient,
sustainable recycling ecosystems.
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Chapter - 4

Applications of Renewable Energy in Mechanical
Engineering: A Review
Soumya Ghosh

Abstract

The growing need for sustainable energy solutions has driven significant
advancements in renewable energy technologies within mechanical
engineering. This paper explores the integration of wind, solar, and
geothermal energy systems in mechanical applications. Key challenges such
as cost, efficiency, and environmental impact are discussed alongside future
trends, including hybrid systems and Al-based optimization techniques.

Introduction

Renewable energy has become a cornerstone of sustainable
development, with mechanical engineering playing a pivotal role in its
adoption and integration. From designing efficient wind turbines to
optimizing solar thermal systems, mechanical engineers are driving
innovations in renewable energy. This paper examines the recent
advancements, challenges, and opportunities in this dynamic field.

Renewable energy technologies are critical in addressing global climate
challenges and reducing dependency on fossil fuels. Mechanical engineering
provides the tools and techniques necessary to design, manufacture, and
maintain systems that harness renewable resources efficiently. This paper
seeks to highlight the innovations and applications that have emerged from
this interdisciplinary synergy, providing insights into future trends that will
shape the industry.

Recent Advancements
1. Wind Energy Systems

Mechanical engineering advancements in wind energy systems have
significantly improved energy efficiency and performance:
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1. Development of high-efficiency turbines with advanced blade
designs has been a focus in recent years (Smith & Brown, 2021).

2. Use of lightweight and durable materials like carbon fiber
composites has further enhanced system reliability and reduced
manufacturing costs.

3. Offshore wind farms have gained traction due to their higher wind
speeds and reduced land-use constraints, supported by innovations
in floating turbine platforms.

2. Solar Thermal Applications

Solar thermal technologies have found extensive applications in
industrial and residential systems:
e Innovations in concentrating solar power (CSP) systems enable
high-temperature industrial processes (Chen & White, 2022).

e Integration of solar thermal energy into heating, cooling, and water
desalination has diversified its usage.

e Advances in thermal storage materials, such as phase-change
materials (PCMs), enhance the efficiency and reliability of solar
thermal systems.

3. Geothermal Energy

Geothermal systems represent another critical area in renewable energy
research:

e Enhanced geothermal systems (EGS) are expanding geothermal
potential by utilizing deeper reservoirs (Brown & Gupta, 2020).

e Advanced drilling technologies have been developed to minimize
costs and improve efficiency.

e Hybrid geothermal systems that integrate geothermal with other
renewable sources are being explored to maximize energy output
and flexibility.

4. Hybrid Renewable Systems

The integration of multiple renewable energy sources has emerged as a
solution to intermittency issues:

e Combining solar, wind, and energy storage systems ensures a
reliable power supply (Adams & Lee, 2023).
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e Hybrid systems are particularly valuable for off-grid and rural
electrification projects.

e The use of advanced control algorithms and predictive modeling
further enhances the operational efficiency of hybrid systems.

5. Al-Based Optimization

Acrtificial intelligence is revolutionizing renewable energy optimization
and management:

1. Deployment of Al algorithms improves system performance,
enabling real-time monitoring and predictive maintenance (Nelson
& Taylor, 2021).

2. loT-enabled sensors combined with Al enhance energy system
efficiency and reliability.

3. Machine learning models are being used to predict energy demand,
optimize resource allocation, and reduce waste.

Challenges and Opportunities
Challenges

1. Cost: High initial investment in renewable energy infrastructure
remains a barrier to widespread adoption. While operational costs
have decreased, the upfront expenses of installing renewable
systems still deter some stakeholders.

2. Efficiency: Enhancing the efficiency of renewable energy systems
is critical for competitiveness. Solar panels, wind turbines, and
geothermal systems need continuous innovation to increase their
energy conversion rates.

3. Environmental Impact: Sustainability concerns related to
materials and processes must be addressed. For example, the
production and disposal of renewable energy components can have
significant ecological footprints if not managed responsibly.

4. Grid Integration: The variability of renewable energy sources
poses challenges for grid stability and energy storage solutions.
Developing robust energy storage systems is imperative to address
these issues.

Opportunities

1. Expanding research into hybrid systems to mitigate intermittency
issues. By combining multiple energy sources and incorporating
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advanced storage solutions, hybrid systems can provide consistent
power output.

2. Developing Al-driven tools for energy optimization and
management. Intelligent systems can analyze large datasets,
enabling predictive maintenance, fault detection, and dynamic
energy allocation.

3. Promoting collaborations between industries and governments to
advance renewable energy adoption. Policy incentives, subsidies,
and public-private partnerships can accelerate the deployment of
renewable energy infrastructure.

4. Increasing focus on community-based renewable energy projects to
engage local stakeholders and ensure equitable access to clean
energy.

Case Studies
Case Study 1: Offshore Wind Energy in Northern Europe

The development of offshore wind farms in Northern Europe
exemplifies the potential of wind energy. Utilizing advanced turbine designs
and efficient grid integration technologies, countries like Denmark and the
UK have achieved significant milestones in renewable energy generation.
Floating wind platforms have further expanded the potential for offshore
wind by enabling installations in deeper waters.

Case Study 2: CSP Plants in Arid Regions

Concentrating solar power plants in regions like the Middle East and
North Africa (MENA) demonstrate the viability of solar thermal
technologies. These systems harness the region's abundant sunlight,
providing a reliable and sustainable energy source. Innovations in thermal
storage have enabled round-the-clock energy supply, addressing one of the
primary limitations of solar power.

Case Study 3: Al-Optimized Geothermal Systems in Iceland

Iceland's geothermal energy sector has embraced Al-driven optimization
techniques to enhance system efficiency and reduce costs. By leveraging
real-time data analytics, operators can monitor system performance, predict
maintenance needs, and ensure optimal energy production. This approach
has positioned Iceland as a leader in sustainable geothermal energy
utilization.
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Conclusion

Renewable energy applications in mechanical engineering are advancing
rapidly, offering sustainable solutions for energy generation and
consumption. Addressing challenges such as cost and efficiency through
innovation and collaboration will drive the widespread adoption of these
technologies. Future research should focus on integrating Al and loT to
enhance the performance and reliability of renewable energy systems. By
fostering interdisciplinary collaboration and embracing technological
advancements, mechanical engineering will continue to play a crucial role in
the global transition toward renewable energy.
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Chapter - 5

Synthesis and Characterization of Gadolinium-Doped
Bioglass Ceramics for Enhanced Bone Integration
Md. Ershad

Abstract

The development of advanced biomaterials for orthopedic applications
has garnered significant attention in recent years. This research focuses on
the synthesis and characterization of gadolinium-doped bioglass ceramics
designed to improve bone integration. By incorporating gadolinium (Gd), a
rare-earth element, into the bioglass matrix, the study aims to enhance the
bioactivity, mechanical strength, and osteoconductivity of the material. The
materials were synthesized using the sol-gel method, followed by sintering,
and were characterized using XRD, FTIR, SEM, and in vitro bioactivity
tests. The results demonstrated improved hydroxyapatite formation and
mechanical properties, emphasizing the material's potential in orthopedic
applications.

Keywords: Gadolinium-doped bioglass, bone integration, sol-gel synthesis,
bioactivity, mechanical properties, hydroxyapatite

1. Introduction

Bioglass ceramics have revolutionized the field of biomaterials due to
their exceptional bioactivity and ability to bond with bone tissues. First
introduced by Larry Hench, bioglasses have been extensively studied for
their applications in bone repair and regeneration. Despite their advantages,
the mechanical strength and bioactivity of bioglass need to be enhanced for
broader clinical applications ™.

Recent advancements suggest that doping bioglass with rare-earth
elements, such as gadolinium (Gd), can improve its properties. Gadolinium,
known for its excellent biocompatibility and unique biological effects, has
shown promise in promoting osteogenesis and improving mechanical
integrity (. This research investigates the synthesis and characterization of
Gd-doped bioglass ceramics, focusing on their structural, mechanical, and
bioactive properties to assess their suitability for bone integration [,
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2. Materials and Methods
2.1 Synthesis of Gadolinium-Doped Bioglass Ceramics

Bioglass compositions were tailored to include gadolinium oxide
(Gd203) in varying concentrations. The base composition was 45Si02-
24.5Na20-24.5Ca0-6P205 (mol%), modified with 0.5 to 2.0 mol% Gd203.
The sol-gel method was utilized for synthesis. Tetraethyl orthosilicate
(TEOS) served as the silica precursor, while calcium nitrate, sodium nitrate,
and ammonium dihydrogen phosphate were used for other components.
Gd203 was introduced during the sol preparation stage to ensure uniform
distribution. The gel was aged, dried, and sintered at 700 °C to achieve the
desired structure.

2.2 Characterization Techniques

1. X-Ray Diffraction (XRD): Crystalline phases and amorphous
nature of the bioglass were analyzed. The impact of Gd203 on
phase formation and structural stability was assessed.

2. Fourier Transform Infrared Spectroscopy (FTIR): Chemical
bonds, functional groups, and the impact of gadolinium doping on
the glass network were examined.

3. Scanning Electron Microscopy (SEM): Surface morphology,
particle size, and the homogeneity of Gd203 distribution were
evaluated.

4. In vitro Bioactivity Tests: Samples were immersed in simulated
body fluid (SBF) to monitor hydroxyapatite formation as an
indicator of bioactivity.

5. Mechanical Testing: Compressive strength and fracture toughness
of the samples were measured to determine the influence of
gadolinium doping on mechanical performance.

3. Results and Discussion
3.1 Structural Analysis

XRD patterns revealed that the synthesized bioglass remained
predominantly amorphous, with partial crystallization upon sintering. The
inclusion of Gd203 did not disrupt the glass network but introduced minor
crystalline peaks associated with gadolinium-containing phases, indicating
successful incorporation.
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3.2 FTIR Spectroscopy

FTIR spectra confirmed the presence of Si-O-Si and P-O bonding,
characteristic of bioglass. Gadolinium doping introduced Gd-O vibrational
modes, validating its integration into the glass matrix. The spectra also
revealed enhanced connectivity of the glass network due to gadolinium
doping.

3.3 Surface Morphology

SEM micrographs displayed a smooth and uniform surface morphology
for the doped bioglass samples. The presence of Gd203 contributed to
reduced porosity and crack propagation, indicating improved structural
integrity.

3.4 Bioactivity Tests

Hydroxyapatite formation on the surface of the doped bioglass was
significantly faster than in undoped samples, as observed through SEM and
XRD after immersion in SBF. The release of calcium and phosphate ions
was enhanced due to gadolinium doping, promoting rapid mineralization.

3.5 Mechanical Properties

Gadolinium-doped bioglass exhibited a marked improvement in
compressive strength and fracture toughness. These enhancements are
attributed to the densification effects of Gd203 and its role in stabilizing the
glass network.

4. Conclusion

The study successfully synthesized gadolinium-doped bioglass ceramics
with enhanced bioactivity and mechanical properties. The incorporation of
Gd203 improved the material's structural integrity, promoted hydroxyapatite
formation, and increased compressive strength, making it a promising
candidate for orthopedic applications. Further studies focusing on in vivo
performance are recommended to validate its clinical potential.
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Chapter - 6

Digital Twins in Additive Manufacturing: A Step Toward
Industry 5.0

Arijit Mukherjee

Abstract

The integration of digital twin technology in additive manufacturing
(AM) is reshaping industrial production, aligning with the principles of
Industry 5.0. Digital twins enable real-time monitoring, simulation, and
predictive analysis, enhancing the efficiency, quality, and reliability of AM
processes. This paper explores the role of digital twins in AM, focusing on
their benefits, applications, and challenges. Through an in-depth literature
review, we discuss advancements in digital twins for AM, their potential in
bridging human-machine collaboration, and their implications for smart
manufacturing. While digital twin technology significantly enhances
predictive maintenance and process optimization, challenges such as data
security, high computational costs, and system integration must be
addressed. Future research directions focus on developing Al-driven digital
twins for self-learning manufacturing systems, paving the way for a more
autonomous and sustainable Industry 5.0.

Introduction

Industry 5.0 is the next evolution of manufacturing, emphasizing
human-centric, sustainable, and resilient production systems. Unlike Industry
4.0, which focuses on automation and connectivity, Industry 5.0 integrates
human intelligence with smart systems to improve efficiency and
customization. One of the key enablers of this transition is digital twin
technology.

A digital twin is a virtual representation of a physical asset, system, or
process that enables real-time monitoring, predictive analytics, and
simulations. In additive manufacturing (AM), digital twins enhance
production efficiency by optimizing design, predicting defects, and
improving overall process reliability. The ability to create a real-time virtual

Page | 43



Editors: Ranjan Kumar, Arnab Das

counterpart of an AM system allows manufacturers to anticipate potential
issues and make data-driven decisions.

This paper examines how digital twins are revolutionizing AM within
the framework of Industry 5.0. By analyzing recent research, practical
applications, and challenges, we highlight the significance of this technology
in transforming modern manufacturing.

Literature Review
Concept of Digital Twins in Additive Manufacturing

Digital twins in AM provide a real-time link between virtual and
physical systems, facilitating data collection, simulation, and optimization.
According to Tao et al. (2022), digital twins improve process control by
enabling continuous feedback loops that adjust manufacturing parameters
dynamically. The integration of Internet of Things (loT) sensors and Al
further enhances the accuracy of digital twin simulations, making AM
processes more efficient and reliable.

Applications of Digital Twins in AM
Digital twins are utilized in various AM applications, including:

1. Process Optimization: Real-time monitoring helps adjust
parameters such as temperature, material flow, and laser power to
enhance product quality (Zhang et al., 2021).

2. Defect Prediction and Quality Control: Al-driven predictive
models analyze sensor data to identify potential defects before
fabrication (Huang et al., 2020).

3. Customization and Mass Personalization: Digital twins allow
manufacturers to simulate different design variations efficiently,
supporting the trend toward personalized production (Chen et al.,
2021).

4. Sustainability and Waste Reduction: By optimizing material
usage and minimizing defects, digital twins contribute to
sustainable manufacturing practices (Wang et al., 2022).

5. Human-Machine Collaboration: Industry 5.0 prioritizes human
involvement in smart manufacturing. Digital twins facilitate
intuitive human-machine interaction by providing real-time insights
and decision-making support (Gao et al., 2023).
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Challenges in Implementing Digital Twins for AM

Despite their benefits, digital twins face several challenges:

1.

Data Security and Privacy: Handling large volumes of sensitive
manufacturing data raises cybersecurity concerns (Li & Xu, 2021).
Computational Complexity: High-fidelity digital twins require
significant computational power, limiting their adoption in small-
scale industries (Kim & Park, 2020).

Integration with Legacy Systems: Many manufacturing facilities
use older equipment that lacks compatibility with digital twin
technology (Smith et al., 2022).

High Implementation Costs: Developing and deploying digital
twins requires substantial investment in hardware, software, and
expertise (Johnson & Lee, 2021).

Methodology

This study employs a qualitative research approach, focusing on
secondary data analysis from scholarly articles, industry reports, and case
studies. The methodology includes:

1.

Systematic Literature Review: Reviewing recent research on
digital twins in AM to identify key trends and challenges.

Case Study Analysis: Examining real-world implementations of
digital twin technology in AM.

Comparative Analysis: Evaluating the impact of digital twins on
traditional AM processes.

Case Study: Digital Twin Implementation in Metal AM

One of the leading applications of digital twins is in metal AM,
particularly in aerospace and medical industries. A case study on GE
Aviation’s use of digital twins highlights their role in predictive maintenance
and quality assurance.

1.

Real-Time Process Monitoring: loT-enabled digital twins
continuously track temperature, pressure, and material deposition.
Defect Prediction: Al algorithms analyze deviations in real-time,
allowing corrective measures before defects manifest.

Performance  Optimization: By simulating  different
manufacturing scenarios, engineers optimize process parameters for
efficiency and cost reduction.
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The implementation of digital twins in GE Aviation’s AM production
has led to a 20% improvement in defect detection rates and a 15%
reduction in material waste, showcasing the technology’s transformative
potential.

Future Directions and Industry 5.0 Implications

The future of digital twins in AM aligns with the evolution of Industry
5.0. Key areas for further development include:

1. Al-Enhanced Digital Twins: Machine learning algorithms will
enable self-learning and adaptive digital twins for autonomous
manufacturing.

2. Edge Computing Integration: Processing data closer to the
manufacturing site will reduce latency and improve real-time
decision-making.

3. Sustainability Metrics: Incorporating environmental impact
assessments within digital twins will support green manufacturing
initiatives.

Conclusion

Digital twin technology is a crucial enabler of Industry 5.0,
revolutionizing additive manufacturing by improving process efficiency,
predictive maintenance, and human-machine collaboration. While challenges
such as data security, high implementation costs, and integration barriers
remain, ongoing research and technological advancements will drive
widespread adoption. As Al and 10T continue to evolve, digital twins will
become more sophisticated, paving the way for smarter, more sustainable
manufacturing ecosystems.
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Chapter - 7
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Samrat Biswas

Abstract

Carbon capture technologies are essential for reducing greenhouse gas
emissions and combating climate change. This paper examines the role of
mechanical engineering in advancing carbon capture technologies, focusing
on adsorption systems, membrane separation, and cryogenic processes. It
highlights applications in power plants, industrial facilities, and the
transportation sector, emphasizing their significance in reducing emissions
from diverse sources. Challenges such as high energy demands, capital costs,
and scalability issues are critically analyzed. The paper also explores
emerging trends, including Al-optimized carbon capture systems, modular
designs for scalability, and the development of sustainable materials for
improved performance. These advancements underline the critical role of
engineering in achieving global net-zero emissions goals and fostering a
sustainable future.

Introduction

The growing concentration of carbon dioxide (COy) in the atmosphere
has led to significant environmental concerns, including global warming and
climate change. Carbon capture technologies have emerged as a vital
component of strategies to mitigate these impacts. Mechanical engineering
innovations have been instrumental in the development and deployment of
these systems, transforming theoretical concepts into practical, scalable
solutions. This paper aims to provide a comprehensive overview of key
carbon capture technologies, their applications, current challenges, and
future directions. By leveraging advancements in mechanical engineering
and integrating emerging technologies, carbon capture can become a more
efficient, cost-effective, and sustainable solution to address global
environmental challenges.
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Key Carbon Capture Technologies
Adsorption Systems:

Adsorption systems are among the most widely studied and applied
technologies for carbon capture.

Advanced materials such as metal-organic frameworks (MOFs) and
zeolites have demonstrated high CO, adsorption capacities due to their large
surface areas and tunable pore structures (Smith & Brown, 2023).

Technologies like pressure swing adsorption (PSA) and temperature
swing adsorption (TSA) enable efficient regeneration of adsorbents,
reducing overall energy requirements and operational costs (Zhang et al.,
2023).

Emerging hybrid adsorbents with functionalized surfaces aim to enhance
selectivity and efficiency, particularly for low-concentration CO, streams.

Membrane Separation:

Membrane-based technologies offer compact, energy-efficient solutions
for CO; separation.

Recent advancements in polymeric membranes, mixed-matrix
membranes (MMMs), and inorganic membranes have increased selectivity
and permeability, making them viable for industrial-scale operations (Chen
et al., 2024).

Modular designs allow easy integration into existing facilities, reducing
installation complexity and costs.

Research focuses on anti-fouling membranes to enhance durability and
reduce maintenance requirements in challenging industrial environments.

Cryogenic Processes:

Cryogenic technologies involve the separation of CO, through low-
temperature liquefaction.

These methods are particularly effective for capturing high-purity CO,
in industries requiring stringent emission standards (Brown & Gupta, 2022).

Cryogenic energy recovery systems are being developed to offset the
high energy demands of this process.

Innovations in hybrid systems that combine cryogenics with adsorption
or membrane technologies are under investigation to optimize efficiency.
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Applications of Carbon Capture
Power Plants:

Power plants remain one of the largest sources of CO, emissions
globally.

Retrofitting post-combustion capture systems to existing coal-and gas-
fired power plants has proven effective in reducing emissions by up to 90%
(International Energy Agency [IEA], 2023).

Research into integrating carbon capture with renewable energy sources
aims to improve the overall energy balance of these systems.

Industrial Facilities:

Energy-intensive industries such as steel, cement, and chemicals are
major contributors to CO, emissions.

Pre-combustion capture systems and oxy-fuel combustion technologies
are increasingly used in these sectors to address emissions at their source (Li
et al., 2023).

Captured CO, is often repurposed for producing chemicals like
methanol or for enhanced oil recovery (EOR), contributing to a circular
economy.

Transportation:

The transportation sector is exploring innovative onboard carbon capture
technologies for vehicles, ships, and airplanes.

Maritime applications involve integrating carbon capture with exhaust
scrubbers to reduce emissions during long-haul operations (Green et al.,
2023).

Coupling carbon capture with alternative fuels such as hydrogen and
ammonia further amplifies the sector’s decarbonization potential.

Challenges in Carbon Capture
Energy Demands

The high energy requirements of carbon capture processes, particularly
for regeneration in adsorption and cryogenic systems, remain a significant
hurdle.

Research into low-energy regeneration techniques, including
microwave-assisted and electrochemical methods, is ongoing (Nelson et al.,
2024).
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High Costs

The capital cost of installing carbon capture systems, along with
operational expenses, continues to hinder widespread adoption, particularly
in developing economies.

Policy incentives and carbon pricing mechanisms are critical to
improving the economic viability of these technologies.

Scalability

Scaling carbon capture technologies from pilot projects to large
industrial facilities poses logistical and engineering challenges.

Collaborative efforts between academia, industry and government are
essential to standardizing systems for broader adoption.

Future Trends in Carbon Capture
Al-Optimized Systems

Artificial intelligence (Al) and machine learning (ML) are
revolutionizing the design and operation of carbon capture systems.

Predictive algorithms optimize energy use, material performance, and
maintenance schedules, enhancing system reliability and efficiency (Adams
& Lee, 2023).

Modular Designs

Portable and scalable systems enable rapid deployment in diverse
industrial settings.

Modular units also facilitate experimentation with hybrid systems,
combining adsorption, membrane, and cryogenic processes for improved
performance.

Sustainable Materials

The development of bio-based adsorbents, such as carbon derived from
agricultural waste, offers a sustainable alternative to conventional materials
(Patel et al., 2024).

Recyclable and biodegradable membranes are being explored to
minimize the environmental impact of carbon capture technologies.

Conclusion

Carbon capture technologies are indispensable in global efforts to
mitigate climate change. Despite challenges related to energy demands,
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costs, and scalability, advancements in adsorption systems, membrane
technologies, and cryogenic processes offer promising pathways for
reducing CO, emissions. The integration of Al, modular designs, and
sustainable materials is expected to further enhance the feasibility and
efficiency of these systems. Continued investment in research, policy
support, and international collaboration will be vital in scaling carbon
capture technologies to meet global emissions reduction targets. By
leveraging the potential of mechanical engineering, a sustainable, low-
carbon future is within reach.
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Manufacturing: Enhancing Efficiency, Precision and Safety

Soumak Bose

Abstract

Robotics has significantly transformed modern manufacturing, driving
advancements in productivity, precision, and safety. This paper explores the
latest innovations in robotic technologies, including collaborative robots
(cobots), machine vision, and artificial intelligence (Al) integration. Key
applications in assembly, material handling, and quality control are
discussed, highlighting how robotics is reshaping manufacturing processes.
Challenges such as high initial costs, workforce adaptation, and integration
complexity are analyzed. Furthermore, the paper addresses emerging trends,
such as autonomous mobile robots (AMRs) and Al-driven robotics in the
context of smart factories. These advancements offer significant potential for
future growth and innovation in the manufacturing industry.

Keywords: Robotics, collaborative robots, machine vision, artificial
intelligence, autonomous mobile robots, smart factories, manufacturing
efficiency

Introduction

Robotics has become an integral part of modern manufacturing,
revolutionizing production processes by automating repetitive tasks,
improving precision, and enhancing safety. Over the past few decades,
robotic technologies have evolved from simple automation systems to highly
sophisticated machines capable of performing complex, adaptive tasks.
These advancements have not only enhanced operational efficiency but have
also significantly reduced human error, improving both the consistency and
quality of manufactured goods.

The evolution of robotics in manufacturing has led to the integration of
artificial intelligence (Al), machine vision, and collaborative robots,
enabling more flexible and efficient production systems. This paper
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discusses the current advancements in robotic technologies, explores their
applications across various manufacturing sectors, and highlights the
challenges that companies face when adopting these systems. Additionally, it
looks forward to future trends, such as autonomous mobile robots and the
role of robotics in Industry 4.0, the next phase of smart factory development.

Collaborative Robots (Cobots)

Collaborative robots, or cobots, are designed to work alongside human
operators in shared environments. These robots are equipped with sensors,
Al, and advanced control systems to ensure safety while performing tasks
traditionally handled by humans. As noted by Smith and Brown (2022),
cobots offer a significant advantage in industries where human workers and
robots must collaborate closely, such as in assembly lines and packaging
operations.

Cobots can perform a range of functions, from simple repetitive tasks to
more complex activities that require precision, such as product inspection
and assembly. Their adaptability, ease of programming, and safety features-
such as force-limited control-make them ideal for small and medium-sized
enterprises (SMEs) that seek to improve efficiency without replacing human
workers entirely. Cobots are widely used in automotive manufacturing,
electronics assembly, and quality inspection.

Machine Vision

Machine vision technology integrates cameras, sensors, and Al
algorithms to enable robots to "see" and interpret their environment. This
technology plays a pivotal role in improving the accuracy and functionality
of robots in various applications. According to Chen et al. (2023), machine
vision systems are essential for defect detection, object recognition, and
precise alignment tasks.

In quality control processes, machine vision is used to inspect products
for defects, measure dimensions, and ensure that the final product meets
quality standards. Machine vision also plays a critical role in robotic
guidance systems, allowing robots to navigate and manipulate objects with
high precision. This technology is widely used in industries such as
electronics, automotive, and food processing, where the ability to perform
high-speed inspections is essential.

Al-Driven Robotics

The integration of Al into robotics has dramatically enhanced robots'
ability to learn from data and adapt to dynamic environments. Al-powered
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robots can analyze sensor data, make decisions, and adjust their actions in
real-time, improving their flexibility and efficiency. As Brown and Gupta
(2021) highlighted, Al-driven robotics enables the automation of complex
tasks that require learning from previous experiences, making them ideal for
applications such as predictive maintenance, autonomous navigation, and
process optimization.

For instance, predictive maintenance systems use Al to predict
equipment failures before they occur, minimizing downtime and reducing
maintenance costs. In autonomous navigation, Al-driven robots can navigate
complex environments without human intervention, optimizing logistics and
material handling. Al-powered robotics is also revolutionizing
manufacturing by enhancing process optimization, where robots
continuously adjust their actions to achieve maximum efficiency.

Applications in Manufacturing
Assembly Lines

Robots in assembly lines perform repetitive tasks such as fastening,
welding, and part installation with high precision, reducing human error and
improving the overall quality of products. Robotic systems, especially
cobots, are now an integral part of assembly lines in industries like
automotive and electronics manufacturing, where efficiency and consistency
are crucial. In automotive assembly, for example, robots assist with tasks
like welding, painting, and part assembly, ensuring uniformity in production
while reducing cycle times.

Material Handling

Robotics has also revolutionized material handling within warehouses
and distribution centers. Automated guided vehicles (AGVs) and robotic
arms are used to transport materials, store products, and handle inventory.
These systems reduce human labor requirements and improve the speed and
accuracy of material handling. In logistics, AGVs navigate through dynamic
environments to transport goods between different parts of a warehouse or
factory, increasing throughput and reducing the risk of workplace injuries.

Robotic arms, often equipped with specialized grippers or suction cups,
are employed for tasks such as picking, packing, and sorting. These
applications are particularly prevalent in e-commerce fulfillment centers,
where high-volume material handling is necessary.
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Quality Control

In quality control, robots equipped with advanced sensors and machine
vision systems are used to inspect products for defects, measure dimensions,
and ensure that all items meet quality standards. Robots can operate at high
speeds and with extreme precision, ensuring that even the smallest defects
are detected, thus enhancing product consistency and reducing waste.
Machine vision systems are commonly integrated into robotic arms for
applications such as visual inspection and product sorting, ensuring that only
products meeting the required specifications proceed to the next stage of
production.

Challenges in Robotics Implementation
High Initial Costs

The cost of implementing robotics technology can be a significant
barrier, especially for small and medium-sized enterprises (SMEs). While
robotic systems can offer substantial long-term cost savings in terms of
improved productivity and reduced labor costs, the initial investment for
purchasing, installing, and maintaining robotics systems can be prohibitive.
Additionally, the infrastructure required for robotics integration, such as
specialized workspaces, sensors, and control systems, adds to the overall
costs.

Workforce Adaptation

As robots become more prevalent in manufacturing, adapting the
workforce to new technologies presents another challenge. Training workers
to operate and collaborate with robotic systems requires significant
investment in education and upskilling. Organizations must invest in
employee training programs to ensure that workers are equipped with the
necessary skills to interact with robots, troubleshoot issues, and maintain the
systems.

Integration Complexity

Integrating robotic systems into existing production lines can be a
complex and time-consuming process. Many legacy systems may require
modifications to accommodate robots, and companies must ensure that the
new technology works seamlessly with existing software and hardware. This
integration complexity can delay the adoption of robotics and increase costs
for manufacturers.
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Future Trends in Robotics
Autonomous Mobile Robots (AMRS)

Autonomous mobile robots (AMRs) are expected to play a pivotal role
in the future of manufacturing. These robots, equipped with Al and advanced
sensors, can navigate dynamic environments and optimize logistics
operations. AMRs will be increasingly deployed in warehouses, supply
chains, and factories to transport materials, manage inventory, and assist
with production processes. As Al continues to evolve, AMRs will become
more capable of handling complex tasks autonomously, reducing the need
for human intervention in logistics operations.

Human-Robot Collaboration

The future of manufacturing will involve greater collaboration between
humans and robots. Enhanced safety features, such as Al-driven sensors and
adaptive learning algorithms, will enable seamless interaction between
workers and robots, improving productivity and reducing risks. Cobots,
which are already used in various sectors, will become more advanced and
versatile, supporting a wider range of tasks and industries.

Smart Factory Integration

Robots will play a central role in the development of smart factories
under the umbrella of Industry 4.0. In these interconnected, fully automated
factories, robots will communicate with each other, share data in real-time,
and perform tasks autonomously without human intervention. Al-driven
robots will optimize production schedules, manage inventory, and ensure
quality control, transforming traditional manufacturing into highly efficient,
data-driven operations.

Conclusion

Advancements in robotics are reshaping the manufacturing landscape by
improving efficiency, precision, and safety. While challenges such as high
costs, workforce adaptation, and integration complexity remain, the future
promises exciting developments, including the proliferation of autonomous
mobile robots, human-robot collaboration, and the emergence of smart
factories. As these technologies continue to evolve, collaborative efforts
between industry and academia will be crucial for overcoming barriers and
unlocking the full potential of robotics in manufacturing.
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Chapter - 9

Recent Innovations in Renewable Energy Systems

Sayan Paul

Abstract

Renewable energy systems are at the forefront of sustainable
development, with innovations driving efficiency and cost-effectiveness.
This paper examines advancements in solar, wind, and geothermal energy
technologies. Applications in smart grids and energy storage solutions are
discussed, along with challenges such as intermittency and high initial costs.
Future trends, including Al-driven optimization and next-generation
materials, are analyzed to highlight the evolving landscape of renewable
energy. The comprehensive review underscores the importance of continued
research and investment in overcoming challenges and achieving global
sustainability goals.

Introduction

The global shift toward renewable energy sources is a vital step in
mitigating climate change, ensuring energy security, and fostering
sustainable economic growth. As the world grapples with the environmental
consequences of fossil fuel consumption, renewable energy systems present
a viable pathway to achieving net-zero emissions. Mechanical engineering
plays a pivotal role in advancing renewable energy systems through
innovative designs, optimization techniques, and integration of emerging
technologies. This paper explores the latest innovations in renewable energy
technologies, evaluates their societal and industrial implications, and
identifies opportunities for future growth and development.

Key Innovations in Renewable Energy
Solar Energy Technologies

1. High-Efficiency Photovoltaic Cells: Recent advancements in
photovoltaic (PV) technology, including the development of
perovskite-based solar cells, have achieved unprecedented energy
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conversion efficiencies exceeding 30% (Smith & Brown, 2022).
These next-generation PV cells are lightweight, flexible, and cost-
effective, making them suitable for diverse applications.

Concentrated Solar Power Systems: Concentrated solar power
(CSP) systems have evolved to include advanced thermal storage
technologies, such as molten salt storage, enabling energy
generation during periods of low sunlight. Innovations in CSP
designs, such as parabolic troughs and solar towers, have further
enhanced their efficiency and reliability.

Applications: Solar energy has become a cornerstone of renewable
energy systems, powering everything from residential rooftops to
large-scale solar farms. Its adaptability and scalability make it a key
player in achieving global renewable energy targets.

Wind Energy Systems

1.

Advanced Wind Turbines: The development of larger wind
turbines with improved blade designs and advanced aerodynamics
has significantly increased energy capture. Lightweight composite
materials, such as carbon fiber-reinforced polymers, reduce weight
while maintaining structural integrity, enabling turbines to
withstand harsh environmental conditions (Chen et al., 2023).

Offshore Wind Farms: Offshore wind energy is gaining traction
due to its higher wind speeds and reduced land constraints. Floating
wind turbines, capable of operating in deep waters, have
revolutionized offshore wind energy by expanding its geographic
feasibility. Emerging technologies such as vertical-axis wind
turbines (VAWTS) are also being explored for urban installations.

Geothermal Energy

1.
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Enhanced Geothermal Systems (EGS): Advanced drilling
techniques and hydraulic stimulation methods have extended
geothermal energy’s applicability to regions with lower natural
geothermal activity (Brown & Gupta, 2021). EGS technology
enables efficient heat extraction from underground reservoirs,
making it a sustainable and consistent energy source.

Applications: Beyond electricity generation, geothermal energy is
used for district heating, greenhouse farming, and industrial
processes. Innovations in direct-use applications have reduced
dependence on fossil fuels in various industries.
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Energy Storage Solutions

1.

Innovative Battery Technologies: The rise of solid-state batteries,
flow batteries and lithium-sulfur systems has addressed critical
challenges in energy density, cycle life, and safety (Adams et al.,
2023). These advancements support the large-scale deployment of
renewable energy systems by enabling efficient storage of
intermittent energy.

Thermal Energy Storage: Thermal energy storage systems, such
as phase change materials (PCMs) and molten salt technologies,
provide cost-effective solutions for storing excess energy generated
by renewable sources.

Smart Grid Integration: Energy storage technologies integrated
with smart grids ensure seamless energy distribution, real-time
demand response, and efficient load balancing. These systems
enhance grid resilience and support decentralized renewable energy
generation.

Challenges in Renewable Energy

Intermittency

1.

Solar and wind energy’s variability necessitates advanced storage
solutions and hybrid energy systems. Technologies such as hybrid
renewable energy systems (HRES), combining solar, wind, and
energy storage, mitigate intermittency and enhance grid reliability.

High Initial Costs

1.

Renewable energy projects often require substantial upfront
investments, including equipment, installation, and infrastructure.
Policy measures, such as subsidies, tax incentives, and public-
private partnerships, are essential to offset these costs and
encourage adoption.

Land and Resource Constraints

1.

Large-scale renewable energy installations demand extensive land
areas, which can conflict with agricultural use and biodiversity
conservation. Innovations in space-efficient technologies, such as
floating solar farms and urban wind turbines, offer potential
solutions.
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Future Trends in Renewable Energy
Al-Driven Optimization

1. Al-powered algorithms are transforming renewable energy systems
by enabling predictive maintenance, real-time monitoring, and
operational optimization (Miller & Davis, 2022). Al applications
include drone-based inspections of solar panels and wind turbines,
as well as machine learning models for accurate energy forecasting
and demand management.

Next-Generation Materials

i) Research into advanced materials, such as graphene-based
composites and perovskite solar cells, is driving improvements in
efficiency, durability and cost-effectiveness.  Lightweight,
corrosion-resistant materials are being developed for offshore wind
turbines, enhancing their lifespan and reducing maintenance
requirements (Anderson & Lee, 2021).

Integration with Smart Grids

i) Smart grids equipped with advanced communication technologies
and decentralized microgrids enable efficient energy distribution
and storage. These systems enhance energy resilience by allowing
localized renewable energy generation and consumption,
minimizing dependency on centralized power plants (Davis, 2022).

Conclusion

Innovations in renewable energy systems are pivotal to addressing
global sustainability challenges and achieving climate goals. Advancements
in solar, wind, and geothermal technologies, combined with breakthroughs in
energy storage and Al-driven optimization, underscore the potential of
renewable energy to transform the global energy landscape. Despite
challenges such as intermittency, high costs, and land constraints, ongoing
research and development efforts, coupled with supportive policy measures,
promise a brighter and more sustainable future. Collaboration among
policymakers, researchers, and industry stakeholders is essential to
accelerate the adoption of renewable energy systems and ensure a cleaner,
greener planet.
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Chapter - 10

Smart Sensors and Actuators in Mechanical Systems

Suman Kumar Ghosh

Abstract

The integration of smart sensors and actuators into mechanical systems
has transformed industrial automation, enhancing precision, efficiency, and
safety. Smart sensors enable real-time data acquisition, while intelligent
actuators provide adaptive responses to environmental conditions, leading to
significant improvements in predictive maintenance, robotics, and
manufacturing. This paper explores advancements in sensor and actuator
technologies, including MEMS (Micro-Electro-Mechanical Systems),
piezoelectric sensors, and Al-integrated actuators. Applications in aerospace,
automotive, and biomedical engineering are examined, alongside challenges
such as miniaturization, cost, and system compatibility. Future trends,
including self-healing sensors and bio-inspired actuators, are also discussed,
offering insights into the next-generation smart mechanical systems that will
define Industry 4.0 and beyond.

Introduction

Smart sensors and actuators have become essential components in
modern mechanical systems, facilitating automation, precision control, and
enhanced operational efficiency. Traditional mechanical systems have
evolved into highly responsive and interconnected networks, driven by the
need for real-time monitoring, energy efficiency, and predictive analytics.
Smart sensors provide accurate data on temperature, vibration, pressure, and
force, while actuators convert these signals into mechanical motion, enabling
automated responses in dynamic environments.

The advent of artificial intelligence (Al) and the Internet of Things (loT)
has further expanded the capabilities of smart sensors and actuators, enabling
autonomous decision-making and predictive maintenance. Applications
range from robotic arms in manufacturing to self-regulating heating and
cooling systems in aerospace. This paper delves into the latest advancements
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in smart sensing and actuation technologies, analyzing their impact on
modern mechanical systems and identifying the key challenges that must be
addressed for wider adoption.

Recent Advancements
MEMS Technology

MEMS sensors have revolutionized mechanical engineering by offering
compact, energy-efficient and highly sensitive solutions for industrial
monitoring and automation. Recent developments in MEMS include:

1. Precision Monitoring: MEMS accelerometers and gyroscopes are
used in high-vibration environments, such as aerospace and
automotive systems, to monitor motion and stability (Smith &
Brown, 2021).

2. Automotive Applications: MEMS pressure sensors enhance
vehicle safety by detecting changes in tire pressure, engine
performance, and fuel efficiency.

Piezoelectric Sensors

Piezoelectric sensors convert mechanical stress into electrical signals,
making them invaluable for structural health monitoring and energy
harvesting applications.

1. Structural Health Monitoring: Advanced piezoelectric materials
improve sensitivity in detecting microcracks and mechanical stress
in bridges, aircraft, and machinery (Adams et al., 2020).

2. Energy Harvesting: Piezoelectric generators are integrated into
wearable technology and industrial equipment, converting
mechanical vibrations into usable electrical energy.

Al-Integrated Actuators

The integration of Al with actuators has led to the development of
adaptive and self-learning mechanical systems.

1. Real-Time Decision Making: Al algorithms optimize actuator
responses based on real-time environmental data, improving
efficiency in robotics (Chen et al., 2022).

2. Autonomous Navigation: Al-enhanced actuators enable dynamic
movement and obstacle avoidance in autonomous vehicles and
robotic applications.
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Wireless and loT-Enabled Sensors

Wireless sensor networks (WSNs) enhance industrial automation by
enabling real-time remote monitoring and predictive analytics.

1.

Industrial 10T Applications: loT-enabled sensors optimize supply
chains, reduce downtime, and improve operational efficiency in
manufacturing (Nelson & Gupta, 2021).

Predictive Maintenance: Sensors detect early signs of wear and
failure in machinery, reducing maintenance costs and preventing
catastrophic failures.

Self-Healing and Bio-Inspired Actuators

The next generation of actuators is inspired by biological systems,
improving durability and functionality.

1.

Self-Healing Materials: Research into materials that self-repair at
the molecular level extends actuator lifespan and reduces
maintenance (Taylor & Lee, 2022).

Bio-Inspired Actuators: Soft robotics utilizes muscle-mimicking
actuators to improve dexterity in robotic hands and prosthetics.

Challenges and Opportunities

Challenges

1.

Miniaturization: As mechanical systems become more compact,
developing smaller yet highly functional sensors and actuators
without compromising performance remains a major challenge.

Cost Constraints: High production costs of advanced smart
sensors and actuators limit their adoption, particularly in smaller
industries and developing regions.

System Integration: Ensuring compatibility with existing
mechanical and digital systems requires complex hardware and
software solutions.

Opportunities

1.

Industry 4.0 Integration: Smart sensors and actuators play a
critical role in the advancement of Industry 4.0, enabling smarter
and more interconnected mechanical systems.

Material Science Innovations: Advances in lightweight, durable,
and cost-effective materials will improve sensor longevity and
actuator efficiency.
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3. Expansion into Emerging Fields: Applications in wearable
technologies, biomedical engineering, and precision agriculture are
expanding, opening new avenues for research and
commercialization.

Conclusion

Smart sensors and actuators have revolutionized modern mechanical
systems, offering enhanced precision, efficiency, and adaptability. As Al and
loT technologies continue to evolve, these components will become even
more integral to industrial automation, robotics, and predictive maintenance.
However, challenges such as miniaturization, cost, and system integration
must be addressed to maximize their potential. Future research should focus
on sustainability, affordability, and the development of self-learning, bio-
inspired mechanical components that can seamlessly interact with dynamic
environments. The continued advancement of smart sensing and actuation
technologies promises to drive innovation and efficiency across a wide range
of industries, making them indispensable to the future of mechanical
engineering.
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Hydrogen-Powered Future: The Role of Mechanical
Engineers in Clean Energy

Prodip Kumar Das

Abstract

The transition to a hydrogen-powered future is a key step toward
achieving sustainable and clean energy solutions. Hydrogen, as an energy
carrier, offers significant advantages, including zero-carbon emissions, high
energy density, and versatility across various industries. Mechanical
engineers play a critical role in advancing hydrogen technology by
developing efficient production methods, enhancing storage and
transportation systems, and optimizing fuel cell and combustion applications.
This paper explores the fundamental principles of hydrogen energy, the
challenges in its large-scale adoption, and the innovative mechanical
engineering solutions driving its development. Key focus areas include
hydrogen production techniques such as electrolysis and steam reforming,
advanced storage solutions including cryogenic and solid-state methods, and
the integration of hydrogen fuel cells in transportation and power generation.
Additionally, the paper discusses emerging trends, such as hydrogen
infrastructure development and hybrid energy systems, highlighting the
potential of hydrogen as a cornerstone of the global clean energy transition.
While challenges related to cost, efficiency, and infrastructure remain,
continuous advancements in mechanical engineering are paving the way for
a viable and sustainable hydrogen economy.

Keywords: Hydrogen energy, clean energy, fuel cells, hydrogen storage,
mechanical engineering, renewable energy, energy transition, sustainable
technology, hydrogen infrastructure

Introduction

As the world shifts towards sustainable energy solutions, hydrogen has
emerged as a promising alternative to fossil fuels. With its high energy
density, zero carbon emissions when used in fuel cells, and versatility in
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applications ranging from transportation to industrial power generation,
hydrogen is poised to play a crucial role in the global clean energy transition.
Unlike traditional energy sources, hydrogen can be produced using
renewable resources, making it a key enabler of decarbonization efforts
across multiple sectors.

Mechanical engineers are at the forefront of this transformation, driving
innovations in hydrogen production, storage, and utilization. The
development of efficient electrolysis systems, advanced hydrogen storage
technologies, and high-performance fuel cells relies on mechanical
engineering principles to optimize performance, safety, and cost-
effectiveness. Additionally, mechanical engineers contribute to designing
hydrogen-powered transportation systems, including fuel cell electric
vehicles (FCEVs), hydrogen-powered aircraft, and maritime applications,
ensuring their efficiency and long-term viability.

Despite its potential, the widespread adoption of hydrogen faces several
challenges, including production costs, infrastructure development, and
storage limitations. Addressing these challenges requires interdisciplinary
collaboration, advanced material development, and improvements in
manufacturing processes. This paper explores the role of mechanical
engineers in overcoming these obstacles and accelerating the transition to a
hydrogen-powered future. By examining recent technological advancements
and emerging trends, this study highlights the critical contributions of
mechanical engineering in making hydrogen a sustainable and scalable
energy solution for the future.

Hydrogen Production Technologies
1. Electrolysis: Splitting water into hydrogen and oxygen using
renewable energy sources.

2. Steam Methane Reforming (SMR): Extracting hydrogen from
natural gas with carbon capture technologies.

3. Biomass Gasification: Converting organic materials into
hydrogen-rich syngas.

4. Thermochemical Water Splitting: High-temperature
decomposition of water using advanced materials (Bartels, 2008).

Hydrogen Storage and Distribution

1. Compressed Gas Storage: Storing hydrogen under high pressure
in tanks.
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Liquid Hydrogen Storage: Cryogenic cooling of hydrogen for
higher energy density.

Solid-State Hydrogen Storage: Utilizing metal hydrides and
chemical carriers for safer storage.

Pipeline and Distribution Networks: Designing efficient
infrastructure for hydrogen transport (Buzea et al., 2019).

Hydrogen Utilization in Mechanical Systems

1.

Fuel Cells: Converting hydrogen into electricity with high
efficiency.

Hydrogen Combustion Engines: Modifying internal combustion
engines for hydrogen fuel.

Industrial Applications: Hydrogen-powered turbines and furnaces.

Aerospace and Marine Applications: Developing hydrogen-
powered aircraft and ships (Bossel, 2003).

Challenges and Opportunities

1.

Material Compatibility: Preventing hydrogen embrittlement in
pipelines and storage tanks.

Infrastructure Development: Expanding hydrogen refueling
stations and distribution networks.

Cost Reduction: Enhancing efficiency and lowering production
costs of green hydrogen.

Policy and Regulations: Establishing global standards for
hydrogen safety and implementation (Dursun & Shaaban, 2020).

Future Directions and Innovations

1.

Hydrogen Economy Roadmap: Integrating hydrogen with
renewable energy grids.

Advanced Fuel Cell Technologies: Increasing efficiency and
lifespan of hydrogen fuel cells.

Automation and Al in Hydrogen Systems: Using digital twins
and Al for optimization.

Global Collaboration: Encouraging cross-border investments and
research partnerships (IEA, 2021).
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Conclusion

Mechanical engineers are instrumental in accelerating the adoption of

hydrogen as a clean energy source. Their expertise in designing production
systems, optimizing storage solutions, and improving hydrogen-powered
machinery will shape the future of sustainable energy. Addressing current
challenges and advancing hydrogen technology will pave the way for a
cleaner and more sustainable world.
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Chapter - 12

Exploring Ultrasonic Testing in Mechanical Engineering:
Contemporary and Forward-Looking Perspectives

Debashis Majumdar

Abstract

Ultrasonic Testing (UT) has emerged as a critical non-destructive testing
(NDT) technique within the mechanical engineering domain, offering
unparalleled accuracy and versatility in detecting material flaws, measuring
thickness, and evaluating mechanical properties. This paper reviews the
current state of ultrasonic testing, its applications, advancements, and
challenges in the mechanical engineering field. Furthermore, it explores
future trends and innovations in UT technology, focusing on automation,
artificial intelligence (Al), and integration with other inspection techniques
to enhance industrial processes.

Keywords: Ultrasonic Testing (UT), Non-Destructive Testing (NDT),
mechanical engineering applications, material inspection, flaw detection,
thickness measurement, weld inspection

Introduction

The demand for reliable and efficient non-destructive testing methods
has grown exponentially in recent decades, driven by advancements in
manufacturing, aerospace, automotive, and energy industries. Ultrasonic
testing, a technique that employs high-frequency sound waves to inspect and
characterize materials, has become indispensable in ensuring structural
integrity and operational safety. This paper provides a comprehensive
overview of UT's role in mechanical engineering, its current state, and its
potential future developments.

Fundamentals of Ultrasonic Testing

Ultrasonic testing relies on the propagation of high-frequency sound
waves, typically in the range of 1 to 10 MHz, through a material. The
interaction of these waves with material defects or boundaries generates
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reflections, which are analyzed to detect flaws or measure thickness. Key
components of UT include:

1. Transducers: Devices that generate and receive ultrasonic waves.

2. Couplant: A medium, such as gel or water, that facilitates the
transmission of sound waves from the transducer into the material.

3. Display Units: Instruments that visualize the reflected signals for
interpretation.

UT can be categorized into pulse-echo, through-transmission, and
phased array techniques, each offering unique advantages for specific
applications.

Applications in Mechanical Engineering
Ultrasonic testing finds extensive use across various mechanical
engineering applications:
1. Weld Inspection: Detecting cracks, voids, and inclusions in welded
joints.
2. Material Characterization: Measuring elastic properties, grain
size, and porosity.

3. Thickness Measurement: Monitoring wall thickness in pipelines,
tanks, and pressure vessels.

4. Fatigue and Creep Analysis: Evaluating components subjected to
cyclic loading and high temperatures.

These applications underscore UT's significance in enhancing reliability
and quality control in mechanical systems.

Advancements in Ultrasonic Testing
Recent advancements in UT technology have significantly expanded its
capabilities:

5. Phased Array Ultrasonic Testing (PAUT): Enables high-
resolution imaging and precise flaw detection through the use of
multiple transducer elements.

6. Time-of-Flight Diffraction (TOFD): Offers accurate sizing and
characterization of flaws by analyzing the diffraction of sound
waves.

7. Automated UT Systems: Integrates robotics and automation for
rapid and consistent inspections in large-scale operations.
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Al and Machine Learning: Enhances flaw detection and
classification by analyzing UT data using advanced algorithms.

Additive Manufacturing Integration: UT techniques adapted for
inspecting components produced by 3D printing.

Challenges in Ultrasonic Testing

Despite its numerous advantages, UT faces several challenges:

4,

7.

Operator Dependency: Requires skilled personnel for accurate
interpretation of results.

Complex Geometries: Difficulty in inspecting components with
intricate shapes.

Couplant Issues: Dependence on couplants can affect signal
quality.
Cost: High initial investment in advanced UT equipment.

Addressing these challenges is crucial for maximizing UT's potential in
mechanical engineering.

Future Perspectives

The future of ultrasonic testing in the mechanical engineering domain is
promising, with several emerging trends:

8.

10.

11.

12.

Digitalization and Smart UT Systems: Development of portable,
wireless, and cloud-connected UT devices for real-time data sharing
and analysis.

Integration with Other NDT Methods: Combining UT with
radiography, thermography and eddy current testing for
comprehensive inspections.

Ultrasonic Imaging: Advancements in 3D imaging for detailed
visualization of internal structures.

Nano-Ultrasonics: Exploration of ultrasonic techniques at the
nanoscale for advanced material characterization.

Sustainability: Development of eco-friendly couplants and energy-
efficient UT devices.
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Sample Dataset: Ultrasonic Testing Applications and Advancements

Application/ Parameter Frequency |Accuracy| Adoption |Future Potential Challenaes Remarks
Advancement Measured Range (MHz) (%) |Rate (2023) (2030) 9
Weld Inspection Crack depth 1-5 95 80% 95% Skilled operator | Common in
dependency pipelines and tanks
Mater_lal _ Grain size 5-10 90 750 90% _ lelted to Essential for
Characterization isotropic materials| aerospace parts
Thickness Wall thickness 9.7 98 85% 97% Coup!ant quality | Crucial for pressure
Measurement issues vessels
Phaseq Array ngh-resglutlon 5-10 9% 65% 90% Equipment cost Used for_ c_rltlcal
Ultrasonic Testing imaging weld joints
Automated UT Real-time flaw 0 0 Initial setup Efficient for large-
Systems detection 1-10 % 60% 88% complexity scale ops
Al-Driven UT Flaw classification 2-8 98 40% 85% Data training Emerging trend in
requirements smart NDT
Time-of-Flight Crack size and : o o Requires advanced|  Accurate flaw
Diffraction (TOFD) orientation 10-15 92 50% 87% analysis tools sizing
Nano-Ultrasonics Nano-scale r_naterlal 15-50 90 10% 50% _Stlll in Promlsmg_for new
properties experimental stage materials
Ultrasonic Imaging | 3D internal structure 1-20 95 45% 85% nghc;::nTapnudtatlon Integration with Al
Digital UT Systems Cloud-conn_ected 1-10 9 5506 90% Cybersecurity psgful for _
data sharing concerns predictive analysis
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Interpretation of Data

e Applications: Weld inspection and thickness measurement
dominate current UT applications with high adoption rates and
accuracy.

e Advancements: Phased array UT, Al-driven UT, and TOFD are
gaining popularity but face challenges related to cost and operator
training.

e Future Trends: Automated systems and Al-driven UT are
projected to grow significantly due to their ability to reduce manual
intervention and enhance real-time decision-making.

e Challenges: Despite high potential, UT technologies require
addressing issues like cost, operator dependency, and material-
specific limitations.

Conclusion

Ultrasonic testing has proven to be a cornerstone of non-destructive

testing in the mechanical engineering domain. Its ability to ensure the
integrity of critical components and structures has made it indispensable
across industries. With the integration of advanced technologies such as Al,
robotics, and digitalization, UT is poised to become even more robust and
versatile in the future. Addressing current challenges and fostering
innovation will ensure that UT continues to play a vital role in advancing
mechanical engineering practices.
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Chapter - 13

Animating the Muscle Movement of Human Walk

Aniket Deb Roy

Abstract

The gait cycle, a complex biomechanical process, is fundamental to
human locomotion. This paper reviews the mechanics of the gait cycle,
analyzing its phases, forces, and the interaction between muscles, bones, and
joints. It provides a detailed breakdown of the stance and swing phases, the
role of the central nervous system (CNS), and the influence of external
factors like footwear and surface conditions. The paper also explores
abnormal gait patterns and the significance of gait analysis in clinical
settings.

1. Introduction

The gait cycle is the sequence of movements involved in walking,
beginning when one-foot contacts the ground and ending when the same foot
contacts the ground again. Understanding the mechanics of this cycle is
crucial in fields such as orthopedics, rehabilitation, and sports science, as it
provides insights into normal and pathological walking patterns by Perry, J.,
& Burnfield, J. M.

2. Phases of the Gait Cycle
The gait cycle is divided into two main phases:

e Stance Phase (60% of the Cycle): When the foot is in contact with
the ground, providing support and propulsion.

e Swing Phase (40% of the Cycle): When the foot is off the ground,
moving forward to prepare for the next step.

2.1 Stance Phase
The stance phase is subdivided into:

e Initial Contact: The heel contacts the ground, decelerating the
body’s forward motion.
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Loading Response: The body absorbs the impact forces, with the
foot flat on the ground.

Mid-Stance: The body’s center of gravity moves over the
supporting foot.

Terminal Stance: The heel rises, and the body is propelled forward
by the toe.

Pre-Swing: The toe leaves the ground, transferring the load to the
other leg.

2.2 Swing Phase

The swing phase includes:

Initial Swing: The foot lifts off the ground, and the leg accelerates
forward.

Mid-Swing: The leg swings past the body’s center of mass.
Terminal Swing: The leg decelerates, preparing for initial contact.

3. Forces Involved

The mechanics of the gait cycle involve multiple forces, including:

Ground Reaction Forces (GRF): The force exerted by the ground
on the foot during contact, influencing balance and propulsion.

Muscle Forces: The action of muscles such as the quadriceps,
hamstrings, gastrocnemius and tibialis anterior to control
movements during different phases.

Joint Forces: Hip, knee, and ankle joints undergo varying levels of
compression and torsion during the gait cycle, helping absorb
impact and produce motion.

4. Role of the Central Nervous System

The CNS regulates gait through the coordination of sensory inputs and
motor outputs. Neural pathways in the brain and spinal cord initiate
movement, as stated by Winter, D. A. (1991) feedback from sensory organs,
including the vestibular system and proprioceptors, ensure balance and
adaptation to changing conditions.

5. Variations in Gait

Abnormalities in the gait cycle can arise from factors such as injury,
neurological conditions, or musculoskeletal disorders by Kirtley, C.
Common pathological gait patterns include:
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e Antalgic Gait: A limp caused by pain.

e Ataxic Gait: Uncoordinated walking, often seen in patients with
cerebellar disorders.

e Hemiplegic Gait: One-sided weakness, common after strokes.
6. Gait Analysis in Clinical Practice

Gait analysis is widely used to assess movement patterns, identify
abnormalities, and develop rehabilitation programs. Tools such as motion
capture, force plates, and electromyography (EMG) allow clinicians to
measure joint angles, muscle activity, and ground reaction forces in real-
time. This data is essential for designing treatments for conditions such as
cerebral palsy, arthritis, and prosthetic fitting by Whittle, M. W.

7. Factors Influencing Gait Mechanics
Various factors affect the mechanics of the gait cycle:

e Footwear: Shoes can alter ground reaction forces and joint angles,
impacting gait efficiency.

e Surface Conditions: Walking on different surfaces (e.g., grass,
pavement) changes the forces exerted on the body.

e Fatigue: As muscles tire, gait becomes less efficient, increasing the
risk of injury.
8. Conclusion

The mechanics of the gait cycle involve intricate interactions between
the musculoskeletal and nervous systems. A detailed understanding of these
processes is vital for diagnosing and treating gait abnormalities, improving
athletic performance, and enhancing the design of assistive devices.
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Computer-Aided Breast Cancer Diagnosis using Image
Processing and Neural Networks

Joydip Roy

Abstract

Breast cancer is a leading cause of death among women worldwide,
making early detection crucial for improving survival rates. This paper
presents a novel approach for breast cancer detection using advanced image
processing techniques applied to mammographic images. The methodology
involves preprocessing steps such as noise reduction and contrast
enhancement, followed by segmentation to isolate the region of interest
(ROI) from the breast tissue. Feature extraction is performed using texture,
shape, and intensity-based algorithms, which are then fed into a machine
learning classifier for tumor classification into benign and malignant
categories. The proposed method was evaluated on publicly available
mammogram datasets, achieving an accuracy of 95%, sensitivity of 91%,
and specificity of 90%, demonstrating significant improvement over
traditional manual screening techniques. Furthermore, the system's ability to
reduce false positives and provide consistent results makes it a valuable tool
in clinical diagnostics. The results suggest that image processing, when
combined with machine learning algorithms, can aid radiologists in early
breast cancer detection, thus improving patient outcomes. Future work will
focus on integrating the system with real-time screening tools and exploring
its application to other diagnostic imaging modalities.

Introduction

Breast cancer is one of the most prevalent and life-threatening diseases
among women globally, accounting for a significant portion of cancer-
related deaths. Early and accurate detection plays a critical role in improving
prognosis and patient survival rates. Traditional screening methods, such as
mammography, are effective but often limited by human interpretation,
leading to variability in results and occasional missed diagnoses. The
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integration of image processing techniques with computer-aided detection
(CAD) M systems has emerged as a powerful solution to enhance diagnostic
accuracy, enabling automated analysis of mammographic images. By
leveraging advanced algorithms @ for image enhancement, segmentation,
feature extraction, and classification, these systems can significantly improve
the identification of malignant lesions, reduce false positives, and assist
radiologists in making more informed decisions. This paper explores the
application of image processing in breast cancer detection, focusing on its
potential to provide early, efficient, and reliable screening for improved
clinical outcomes.

Literature Review

The application of image processing in breast cancer B! detection has
garnered significant attention in recent years, driven by advancements in
computational techniques and the growing demand for precision in medical
diagnostics. Early research focused on enhancing mammographic “ 9l
images to improve the visibility of tumors, with algorithms designed for
noise reduction, contrast enhancement, and edge detection. Methods such as
histogram equalization ® 71 and wavelet transforms were widely adopted to
improve image quality. Segmentation techniques, including thresholding,
region-based methods, and active contour models, have been extensively
explored to isolate and identify regions of interest (ROIs) [ 9 corresponding
to potential tumors. More recent studies have applied machine learning and
deep learning algorithms for feature extraction and classification, allowing
for more accurate differentiation between benign and malignant lesions.
Convolutional Neural Networks (CNNs) [0 1 have demonstrated
considerable success in automating the detection process, reducing the
reliance on manual interpretation 2 and improving diagnostic accuracy.
Furthermore, the integration of CAD systems with radiology ™1 workflows
has been shown to enhance diagnostic performance, particularly in reducing
false negatives [*4l. The literature indicates a clear trend toward the use of
artificial intelligence and advanced image processing techniques to support
early breast cancer detection, with promising outcomes in clinical
applications. However, challenges remain in terms of generalization across
diverse patient populations, image variability, and the interpretability of Al-
driven models **1, necessitating ongoing research and development in this
field.
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Methodology

In this study, an image processing-based approach is utilized for the
detection of breast cancer in mammographic images. The methodology
follows a systematic approach that includes data acquisition, preprocessing,
feature extraction, and classification using advanced deep learning
techniques. The steps involved are described below:

1. Data Acquisition

The dataset used for this research was obtained from publicly available
mammographic image databases, such as the Mammographic Image
Analysis Society (MIAS) dataset. This dataset consists of labeled images of
benign, malignant, and normal breast tissues. The mammograms were
captured using digital mammography systems to ensure high image
resolution and quality.

2. Image Preprocessing

Image preprocessing plays a crucial role in improving the accuracy of
detection by reducing noise and enhancing image quality. The following
preprocessing steps were applied:

Rescaling: The mammogram images were rescaled to a fixed resolution
to ensure uniformity.

Noise Reduction: A median filter was applied to remove speckle noise
and enhance image clarity.

Contrast Enhancement: Histogram equalization was employed to
improve the contrast of the mammograms and highlight the relevant features.

Normalization: Pixel intensity normalization was conducted to
standardize image inputs for the subsequent processing stages.

3. Segmentation

The Region of Interest (ROI) containing the breast lesion was extracted
using a combination of image thresholding and morphological operations.
An adaptive thresholding method was applied to segment the
mammographic images and isolate the potential regions of abnormal tissue,
followed by morphological dilation and erosion techniques to refine the
segmented regions.
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4. Feature Extraction

Feature extraction is critical for identifying distinguishing patterns in the
mammographic images. In this work, both texture and shape-based features
were extracted:

Texture Features: Using the Gray Level Co-occurrence Matrix
(GLCM), features such as contrast, correlation, energy, and homogeneity
were computed to capture the texture characteristics of the breast tissue.

Shape Features: Contour and boundary shape descriptors were
extracted to represent the shape and structure of the detected lesions.

Wavelet Transform: Multi-resolution analysis using wavelet
transforms was employed to capture finer details of the lesion structure
across different scales.

5. Deep Learning-based Classification

A Convolutional Neural Network (CNN) was employed for the
classification task. The CNN architecture was designed with multiple
convolutional layers followed by max-pooling and fully connected layers to
capture high-level features from the mammograms. The network was trained
to classify images into normal, benign, or malignant categories. Transfer
learning was also explored by using a pre-trained CNN model, such as
VGG16, to enhance the model's performance by leveraging learned features
from large-scale image datasets.

Training and Validation: The dataset was divided into training (80%)
and validation (20%) sets. Data augmentation techniques, including image
rotation, flipping, and scaling, were applied to increase the diversity of the
training set and prevent overfitting.

Optimization: The Adam optimizer was used to minimize the
categorical cross-entropy loss during training. The learning rate was fine-
tuned, and early stopping was employed to prevent overfitting.

6. Validation

The system was tested using an independent test set, and cross-
validation was performed to ensure the robustness of the model.
Additionally, model interpretability techniques, such as Grad-CAM
(Gradient-weighted Class Activation Mapping), were used to visualize the
regions of the mammograms that contributed to the classification decision.
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Result and Discussion
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Fig 1: Graphical representation of Validation Accuracy and Validation Loss

The graphical representation of validation accuracy and validation loss
provides insight into the performance of the convolutional neural network
(CNN) during training and validation. The validation accuracy curve shows
the model’s ability to correctly predict class labels on unseen data, typically
increasing over time as the model learns patterns from the training set. In
contrast, the validation loss curve measures the model’s prediction error on
the validation set, ideally decreasing as the training progresses. During early
epochs, validation accuracy is low, and loss is high, indicating the model is
under fitting. As training continues, accuracy improves, and loss decreases,
signifying that the model is learning effectively. However, after a certain
point, if the validation accuracy plateaus and the loss begins to rise, it
suggests the model may be overfitting, learning noise rather than
generalizable features. This graph helps identify whether the model is
optimally trained, or if regularization techniques are needed to prevent
overfitting and improve generalization.

Table 1: Training Progress details

Epoch Validation Accuracy Validation Loss
1 >=70 >20
2 <80 >20
3 >=90 >10
4 <90 >10
5 93.93 >10
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Other details:
Iteration = 800.
Iteration Per Epoch = 160.
Validation Frequency =5 Iterations
Learning Rate = 0.001.
Elapsed Time: 79 Minutes 48 Seconds.
Hardware Resource = Single CPU.
Learning Rate Schedule = Constant.
Conclusion

In conclusion, this study demonstrates the effectiveness of using image
processing techniques for breast cancer detection, leveraging convolutional
neural networks (CNNSs) to analyze mammographic images and distinguish
between benign and malignant tumors. The implementation of advanced
machine learning algorithms, combined with accurate feature extraction,
significantly enhances diagnostic accuracy, supporting early detection and
reducing human error. The model's validation accuracy and loss trends
confirm its potential in clinical applications, though further improvements
are needed to optimize generalization across diverse datasets. Future work
could explore integrating more robust datasets and refining the model to
further increase precision and reliability in real-world scenarios.
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Optimizing Micro EDM Drilling: A Review of Process
Parameters, Material Removal and Emerging Techniques

Sourav Giri

Abstract

A non-traditional machining method that is widely used to create precise
micro-holes in hard, conductive materials is called micro electrical discharge
machining, or micro EDM. The basic ideas, operating parameters, and
material removal mechanisms related to micro EDM drilling are examined in
this work. Along with offering a comparative examination of important
performance criteria like material removal rate (MRR), tool wear rate
(TWR), and surface quality, it also highlights recent developments in the
sector. The difficulties in maximizing these parameters to attain better
surface smoothness and machining efficiency are also covered in the study.

Keywords: Micro EDM, micro-hole drilling, non-traditional machining,
material removal rate, tool wear rate, surface integrity, process parameters,
precision machining, hard materials, machining efficiency

Introduction

As industries such as aerospace, biomedical, and electronics continue to
miniaturize components, micro EDM has become an essential method for
precision micro-hole drilling. Unlike traditional machining techniques, micro
EDM eliminates mechanical forces on the workpiece, making it ideal for
processing brittle and high-hardness materials.

Micro Electrical Discharge Machining (Micro EDM) is a non-traditional
machining technique widely utilized for precision drilling of micro-holes in
hard, conductive materials. This paper provides a comprehensive analysis of
the fundamental principles, operational parameters, and material removal
mechanisms involved in micro EDM drilling. It also examines the latest
advancements in the field and presents a detailed comparison of key
performance metrics, such as material removal rate (MRR), tool wear rate
(TWR), and surface quality. The study further addresses the challenges in
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optimizing these parameters to enhance machining efficiency and surface

integrity.

Process Parameters

1.

Pulse Duration: Shorter pulses lead to smoother surface finishes
but may lower the material removal rate (MRR).

Discharge Current: Higher discharge currents boost MRR but can
accelerate tool wear.

Dielectric Fluid: Common dielectric fluids, such as de-ionized
water and hydrocarbon oils, play a crucial role in debris removal
and influence surface quality.

Tool Electrode Material: Materials like tungsten, copper, and

graphite are frequently used for tool electrodes, each offering
different balances of wear resistance and machining efficiency.

Material Removal

Micro EDM primarily removes material through localized melting and
vaporization, with the expelled debris being flushed away by the dielectric
fluid. Furthermore, secondary effects such as plasma expansion, cavitation,
and thermal spalling play an important role in accelerating the material
removal process.

Advances Micro EDM Dirilling

5.

Ultrasonic-Assisted EDM: This approach improves the removal of
debris and enhances machining efficiency by introducing ultrasonic
vibrations into the process.

Hybrid EDM Techniques: The integration of EDM with laser or
mechanical vibrations optimizes performance, offering enhanced
results compared to conventional methods.

Intelligent Control Systems: Adaptive control strategies, utilizing
machine learning algorithms, enable real-time process optimization
for improved accuracy and efficiency.

Novel Dielectric Fluids: The development of environmentally
friendly dielectric fluids aims to improve the sustainability of the
EDM process while maintaining performance.

Challenges and Future Prospects

Despite its benefits, micro EDM drilling encounters challenges such as
high tool wear, slow machining rates, and thermal-related defects. Ongoing
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research is dedicated to developing more durable electrode materials,
advancing process control techniques, and integrating Industry 4.0
approaches to enhance process efficiency and overcome these limitations.

Conclusion

In conclusion, micro EDM drilling proves to be an effective method for
machining micro-scale features in hard-to-process materials. With ongoing
innovations in process optimization, tool design, and hybrid approaches, the
potential for enhancing its performance and expanding its industrial
applications continues to grow
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Evaluation of Shape Memory Alloys in Auto Manufacturing

Dharmendu Sanyal

Abstract

Shape Memory Alloys (SMAs) have attracted considerable interest in
the automotive sector because of their distinctive characteristics, such as the
capacity to experience reversible shape transformations when exposed to
thermal stimuli. This review article examines the latest developments, uses,
and obstacles related to the incorporation of SMAs in automotive
production. Additionally, it emphasizes potential future opportunities for
improving vehicle performance, energy efficiency, and safety through the
use of these advanced materials.

Keywords: Shape Memory Alloys (SMAS), smart materials, automative,
manufacturing

Introduction

The automotive sector has continuously progressed, driven by a desire
for better fuel economy, lower emissions, and improved safety measures.
Advanced materials play a vital role in meeting these objectives, with Shape
Memory Alloys (SMAS) emerging as a promising option. SMAs can revert
to a predetermined shape when exposed to certain temperature variations,
providing unique possibilities for the creation of innovative automotive
components. This paper examines the latest advancements in SMA
applications within the automotive industry, emphasizing their functional
characteristics, production techniques, and potential effects on industry
trends.

Properties of shape memory alloys

SMAs possess two key characteristics that make them ideal for use in
the automotive sector:

Shape Memory Effect (SME): The capability to regain their original
form after being deformed when exposed to heat.
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Super Elasticity: The ability to endure significant elastic deformations
and return to their original shape without any lasting changes.

Typical SMAs include Nickel-Titanium (NiTi), Copper-based alloys,
and lron-based alloys. These materials provide a high strength-to-weight
ratio, resistance to corrosion, and outstanding fatigue characteristics, making
them well-suited for the rigorous conditions found in automotive
applications.

Applications in Automotive Manufacturing
Actuators

Shape Memory Alloys (SMASs) are widely utilized in actuators because
of their Shape Memory Effect (SME). They facilitate the creation of
compact, lightweight, and dependable designs for uses such as:

e  Adaptive suspension systems.
e Active grille shutters that enhance aerodynamics.
e Variable geometry turbochargers.

Structural Components

The superelastic properties of shape memory alloys (SMAs) make them
perfect for implementation in energy absorption systems, such as:

e  Collision energy absorbers.
e  Supports for structural bodies to improve impact resistance.
Sensors and Control Systems

The thermomechanical properties of shape memory alloys (SMAS)
allow for their incorporation into detection and regulation systems,
including:

e Locking mechanisms that respond to temperature changes.

e  Systems for managing heat in batteries used in electric vehicles.
Manufacturing Processes

The creation of SMA components includes several essential processes,
such as:

e Alloying: Accurate management of the alloy's composition is vital
for achieving the desired characteristics.

e Forming: Methods like forging, extrusion, and additive
manufacturing are utilized to form SMA components.
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e Heat Treatment: Thermomechanical processes are applied to
program the shape memory effect and improve material properties.

However, obstacles like manufacturing expenses, material stability, and
scalability continue to pose major challenges to broader acceptance.

Challenges and Limitations

1. The substantial expense of raw materials and intricate
manufacturing methods restricts the cost-effectiveness of
components made from SMAs.

2. Extended exposure to mechanical and thermal fluctuations can
diminish the functional characteristics of SMAs, highlighting the
need for additional research to improve their durability.

3. Creating SMA components that can seamlessly work with current
automotive systems involves addressing challenges related to
integration and compatibility.

Future Prospects

To maximize the capabilities of shape memory alloys (SMAS),
upcoming studies should prioritize:

1. Creating affordable production techniques.
2. Improving the durability of SMA characteristics over time.

3. Investigating hybrid systems that integrate SMAs with other
cutting-edge materials.

Innovations like additive manufacturing and sophisticated simulation
tools are anticipated to be crucial in addressing existing challenges and
broadening the utilization of SMAs in the automotive sector.

Conclusion

Shape Memory Alloys have great potential to transform automotive
manufacturing. Their distinct characteristics, such as the shape memory
effect and super elasticity, allow for creative applications that can improve
vehicle performance, safety, and efficiency. Nevertheless, issues concerning
cost, durability, and integration need to be tackled to fully realize their
advantages. Ongoing research and development initiatives will facilitate the
wider use of SMAs in the automotive industry, aiding in the sector's
progression towards smarter and more sustainable mobility solutions.
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Chapter - 17

Well-Organized Mesoporous TiO: as Photoanode for
Heterojunction Solar Cells: Design, Performance and
Prospects

Arpita Sarkar

Abstract

The development of efficient and cost-effective materials for solar
energy conversion has become a critical focus in renewable energy research.
Titanium dioxide (Ti0Oz), particularly in its mesoporous form, has emerged as
a promising material for photoanodes in heterojunction solar cells (HJSCs).
Mesoporous TiO: presents numerous benefits, such as a high surface area,
adjustable porosity, and excellent charge transport properties. This article
offers a thorough overview of the role of well-structured mesoporous TiO: in
heterojunction solar cells, exploring its synthesis, structural characteristics,
performance as a photoanode, and its influence on the overall efficiency of
solar cells. Additionally, the article explores the integration of mesoporous
TiO: with other semiconducting materials to create heterojunctions, along
with challenges and future directions for improving device performance.

Keywords: Mesoporous TiO:, photoanode, heterojunction solar cells,
photovoltaic efficiency, materials design, charge transport

Introduction

Heterojunction solar cells (HISCs) are an emerging class of photovoltaic
devices that incorporate two semiconducting materials with complementary
properties to improve the efficiency of solar energy conversion. The
photoanode, a crucial component of the device, has an important role in the
photoelectric conversion process. Titanium dioxide (TiO:), with its well-
established photocatalytic properties, has been widely studied as a potential
material for photoanodes in various types of solar cells. Mesoporous TiOz, in
particular, has garnered significant attention for its unique structural
characteristics, including high surface area, tunable pore size, and excellent
charge transport properties, making it a highly effective material for HISCs.
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This article reviews the design and performance of well-organized
mesoporous TiO: as a photoanode material for heterojunction solar cells,
discussing its synthesis methods, role in device architecture, and potential for
future improvements in device efficiency.

Synthesis of Well-Organized Mesoporous TiO:

The synthesis of mesoporous TiO. with well-organized structures and
high surface area is crucial for enhancing the performance of heterojunction
solar cells. Various methods have been developed to control the pore size,
morphology, and crystallinity of TiO2, with each method providing distinct
advantages based on the desired characteristics for the photoanode.

Sol-Gel Method

The sol-gel technique is widely used process to fabricate mesoporous
TiO: thin films. In this method, titanium precursors (such as titanium
isopropoxide or titanium tetra isopropoxide) are hydrolyzed in the presence
of surfactants, which guide the formation of mesoporous structures. The sol-
gel process is very useful for precise control over the pore size and its
distribution, making it an attractive method for producing photoanodes with
tailored properties.

Hydrothermal and Solvothermal Synthesis

Hydrothermal and solvothermal methods involve the synthesis of TiO-
in a high-pressure, high-temperature agueous or non-aqueous environment.
These methods can produce highly crystalline and well-ordered mesoporous
TiO: with uniform pore sizes. The resulting material exhibits enhanced
electron transport properties, which are crucial for efficient charge separation
and collection in solar cell devices.

Template-Assisted Synthesis

Template-assisted synthesis of mesoporous TiO; utilize templates, such
as surfactants, silica, or polymer beads, to create mesoporous structures.
Once the TiO: is formed around the template, the template is removed,
leaving behind a well-ordered mesoporous structure. This approach enables
the creation of highly ordered, uniform pores, which is particularly beneficial
for optimizing light absorption and charge transport in the photoanode.

Electrospinning

Electrospinning is a versatile method for fabricating mesoporous TiO:
nanofibers. In this process, a polymer solution containing titanium
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precursors is electrospun to form fibers, which are subsequently calcined to
obtain mesoporous TiO- nanofibers. These nanofibers exhibit high surface
area and good mechanical stability, making them promising candidates for
use in photoanodes.

Structural Properties of Mesoporous TiO:

The performance of mesoporous TiO: in heterojunction solar cells is
significantly influenced by its structural characteristics. To optimize the
material's efficiency as a photoanode surface area, pore size distribution, and
crystallinity must be carefully controlled.

High Surface Area

One of the most important features of mesoporous TiO: is its high
surface area, which increases the number of active sites available for light
absorption and charge separation. The large surface area facilitates the
adsorption of electron donors or sensitizers, which are often required to
enhance the absorption of light in the visible region. This leads to higher
photocurrent generation in heterojunction solar cells.

Tunable Pore Size

The tunable pore size of mesoporous TiO: allows for better electron
diffusion and charge transport. Pores that are too small may hinder electron
mobility, while excessively large pores may decrease the material’s
mechanical stability. By carefully controlling the pore size, it is possible to
optimize the electron transport within the photoanode and improve the
overall performance of the heterojunction solar cell.

Crystallinity and Phase Control

The crystallinity of TiO- plays a critical role in its electronic properties.
Anatase TiO: is preferred over rutile TiO: for photovoltaic applications due
to its higher electron mobility and better photocatalytic activity. Well-
crystallized anatase mesoporous TiO: materials exhibit enhanced charge
transport and better stability under illumination, leading to improved
performance in solar cells.

Mesoporous TiO: as Photoanode in Heterojunction Solar Cells

In heterojunction solar cells, mesoporous TiO: is typically employed as
the photoanode, which is responsible for capturing light and generating
charge carriers. The performance of TiO: as a photoanode is highly
dependent on the design of the heterojunction structure, which involves
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combining TiO: with another semiconductor material to form a junction that
facilitates efficient charge separation.

Role of Mesoporous TiO: in Charge Transport

Mesoporous TiO: facilitates the efficient transport of photogenerated
electrons due to its high surface area and well-ordered pore structure. Upon
photon absorption, electron-hole pairs are generated in the TiO: layer. The
mesoporous structure allows for effective electron transport to the electrode
while minimizing charge recombination. This is vital to enhance the
efficiency of heterojunction solar cells, where rapid electron collection is
necessary to prevent energy loss.

Integration with Other Semiconducting Materials

Mesoporous TiO» is often used in combination with other
semiconductors, such as cadmium sulfide (CdS), copper indium gallium
selenide (CIGS), or perovskite materials, to form the heterojunction
structure. These materials possess complementary properties, such as
bandgap alignment and high absorption coefficients, which can meaningfully
boost the overall performance of the solar cell.

For instance, TiO. acts as a protective layer or electron transporting
layer in perovskite-based heterojunction solar cells, where the mesoporous
structure helps to increase the interface area between TiO: and the perovskite
layer, improving charge extraction and reducing recombination losses.

Performance in Dye-Sensitized Solar Cells (DSSCs)

In dye-sensitized solar cells (DSSCs), mesoporous TiO: is widely used
as the photoanode material. The high surface area of mesoporous TiO:
permits the adsorption of a large number of dye molecules, which are
responsible for harvesting light and generating electron-hole pairs. The
mesoporous structure ensures efficient electron transport from the dye
molecules to the TiO: and then to the external circuit, leading to high
photocurrent and enhanced device performance.

Challenges and Future Perspectives

While mesoporous TiO: has shown great promise in heterojunction solar
cells, there are various challenges that should be addressed for further
optimization:

Charge Recombination
Despite its excellent electron transport properties, mesoporous TiO: is

prone to charge recombination at the interfaces between the TiO: and other
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semiconducting materials. Strategies to reduce recombination losses, such as
surface passivation or doping with other elements, are critical for improving
the overall efficiency of the device.

Scalability and Cost

The synthesis of well-organized mesoporous TiO: typically requires
controlled conditions and expensive precursors, which can limit its
scalability for large-scale production. Cost-effective synthesis techniques
and the development of scalable fabrication methods are necessary for
making mesoporous TiO:-based heterojunction solar cells commercially
viable.

Integration with Advanced Materials

The integration of mesoporous TiO: with advanced materials, such as
quantum dots, perovskites, or organic semiconductors, presents opportunities
for improving light absorption, charge separation, and overall solar cell
performance. Future research should focus on optimizing the interface
between TiO: and these materials to further enhance the efficiency of
heterojunction solar cells.

Conclusion

Well-organized mesoporous TiO. holds significant promise as a
photoanode material for heterojunction solar cells due to its high surface
area, tunable pore size, and excellent charge transport properties. By
optimizing its synthesis, structural properties, and integration with other
semiconducting materials, mesoporous TiO: can improve the performance of
heterojunction solar cells. While challenges related to charge recombination
and scalability remain, ongoing advancements in material design and device
architecture effectively drive the development of high-efficiency, cost-
effective photovoltaic devices.
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Synthesis, Spectroscopic Characterization and X-Ray
Structural Analysis of Nitrogen-Containing base
Compounds

Souvik Roy

Abstract

This study investigates the synthesis, spectroscopic characterization, and
X-ray crystallographic analysis of novel nitrogen-containing base
compounds. Using a combination of synthetic techniques, various
nitrogenous compounds were prepared, purified, and characterized. Nuclear
magnetic resonance (NMR), infrared (IR) spectroscopy and X-ray
crystallography provided structural insight, revealing intricate bonding
patterns and molecular configurations. The X-ray data corroborated
spectroscopic findings, offering detailed insight into crystal packing and
molecular geometry. This comprehensive study advances our understanding
of nitrogen-based compounds with implications for catalysis,
pharmaceuticals, and materials science.

Keywords: X-ray diffraction, IR spectrum, nitrogen-containing compounds
Introduction

Nitrogen-containing base compounds are pivotal in both organic and
inorganic chemistry. Their versatility in forming hydrogen bonds and
participating in redox reactions makes them essential for applications in drug
design, catalysis, and materials science. Given their diverse roles, a detailed
structural analysis is essential to understanding their chemical reactivity and
properties. This paper focuses on synthesizing specific nitrogenous
compounds, characterizing them spectroscopically and analyzing their
crystalline structures through X-ray diffraction.

Experimental section: Synthesis of nitrogen base compounds

Nitrogen-containing compounds were synthesized using a one-pot
reaction in an inert nitrogen atmosphere. For instance, Compound A was
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synthesized by reacting pyridine with methyl iodide, yielding a crystalline
solid upon precipitation with ethanol. The reagents are pyridine, methyl
iodide, and ethanol. Detailed steps, purification techniques, and drying
conditions are outlined here ™. The synthesized compounds were
characterized using IR, NMR, and UV-vis spectroscopy. Peaks at specific
wavenumbers were recorded, corresponding to functional groups present in
the molecular structure. NMR provided insights into hydrogen and carbon
environments.

Synthetic strategies

Cyclization Reactions is used for intramolecular and intermolecular
cyclization for heterocycles. Synthesis of pyrroles, pyridines, and imidazoles
is done by this method. Functionalization of nitrogen-containing molecules
can be done by functional group interconversion for advanced derivatives.
Role of protecting groups in multi-step synthesis is very vital 12,

Green chemistry approaches can be used. Eco-friendly solvents,
catalysts, and atom-efficient reactions are major parts for these reactions 1,

UV-Vis Spectroscopy

Principle: This technique measures the absorption of UV and visible
light by a molecule, which corresponds to electronic transitions (e.g., 1 —
¥, n— 1wF).

Applications: Commonly used for identifying conjugated systems,
functional groups, and quantifying concentration via Beer-Lambert Law.

Data Interpretation: The absorption wavelength (Amax) and molar
absorptivity (¢) provide information about electronic environments.
Conjugated systems and aromatic compounds typically absorb in the UV-
visible range.

Limitations: Limited specificity for complex mixtures and less detailed
structural information compared to other spectroscopies.

IR Spectroscopy

Principle: IR spectroscopy measures the vibrational transitions in
molecules as they absorb IR radiation, leading to stretching, bending, and
other vibrational motions of bonds.

Applications: Useful for identifying functional groups (e.g., C=0, O-H,
N-H) and understanding molecular fingerprint regions (1500-400 cm™).
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Data Interpretation: Peaks at specific wavelengths correspond to
various bond vibrations, with distinct regions for functional groups, making
it effective for identifying compound types and structural features.

Limitations: IR spectra can be complex for large molecules, and
overlapping peaks in mixtures may complicate interpretation.

NMR Spectroscopy

Principle: NMR spectroscopy detects the magnetic properties of certain
nuclei (e.g., “1H, ~13C) when placed in a magnetic field and subjected to
radiofrequency radiation.

Applications: Provides detailed structural information, especially in
organic chemistry, such as the arrangement of atoms, connectivity, and
molecular conformation.

Data Interpretation

Chemical Shifts: Indicate the electronic environment of nuclei, giving
clues to the type of neighbouring atoms.

Spin-Spin Coupling: Shows interactions between neighbouring nuclei,
providing insight into molecular connectivity.

Integration: Reflects the number of nuclei contributing to each signal,
useful for determining the relative number of hydrogen or carbon atoms.

X-Ray Crystallography

X-ray diffraction data were collected at low temperatures to obtain
precise structural parameters. Data processing was carried out using
software, with refinement performed to obtain atomic positions, bond
lengths, and angles. It provides precise atomic-level details. It is applicable
to a wide variety of substances, including organic, inorganic, and biological
molecules. The most important thing is that it is a non-destructive technique.

Results

IR Spectrum: Peaks at 1620 cm™ and 3420 cm™ confirmed the
presence of C=N and -NH: groups, respectively.

NMR Spectrum: 'H NMR revealed shifts characteristic of aromatic
hydrogen environments, confirming the structure.

UV-Vis Spectrum: A maximum absorption at 280 nm indicated
conjugated systems within the molecule. Single-crystal X-ray analysis of
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compound revealed a triclinic crystal system with space group. The molecule
displayed intermolecular hydrogen bonding and n-r stacking, confirming the
stability of its crystalline lattice. The combination of synthetic,
spectroscopic, and crystallographic techniques provided a comprehensive
understanding of the molecular and electronic structure of nitrogen-
containing base compounds. Key observations include: high yields and
purity of synthesized compounds, correlation between substituent effects and
spectroscopic  signatures, detailed molecular packing influenced by
intermolecular forces and substituent polarity. These results offer insights
into the structure-property relationships of nitrogen-containing compounds
and their potential applications in catalysis, pharmaceuticals, and materials
science. Bonding and geometry analysis confirms bond lengths, angles, and
resonance effects within the nitrogen-containing rings. Electron Distribution
in aromatic rings impact chemical reactivity and stability. Hydrogen bonding
patterns, especially in biological bases like adenine or guanine, are crucial
for pairing and functionality.

Discussion

The synthesis methods yielded highly pure nitrogenous compounds
suitable for structural analysis. Spectroscopic characterization confirmed
functional groups consistent with the proposed structures. X-ray
crystallography further validated these findings, elucidating molecular
orientation and intermolecular interactions. The structure-property
relationships observed highlight potential applications in electronic and
pharmaceutical fields. High yields (>85%) were achieved for all compounds.
The reactions proceeded smoothly under mild conditions, demonstrating the
scalability and robustness of the methods. The NMR spectra revealed
expected splitting patterns, confirming the proposed structures. IR spectra
validated the presence of functional groups characteristic of nitrogen bases.
X-ray crystallography revealed the planar structure of imines and the
puckered ring geometry of azoles. Hydrogen bonding and n-m interactions
were observed in the solid state, explaining thermal stability trends.

Challenges and Future Directions

Regioselectivity will be used for ensuring the desired substitution occurs
on a specific site of the nitrogen-containing molecule. Stereoselectivity must
be used for controlling chiral centers, particularly in biologically active
compounds. Chemo-selectivity is used for preventing side reactions in
multifunctional compounds. Dependence on rare and expensive transition
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metal catalysts (e.g., palladium, ruthenium) should be reduced. Toxic and
environmentally harmful reagents must be reduced. Difficulty may be faced
in reproducing lab-scale synthesis protocols at an industrial scale due to cost,
reaction conditions, and purity requirements. But multi-step reactions need
for numerous protection and deprotection steps, which increases overall
costs and waste. Low yields in specific high-value transformations is a
challenge. Synchrotron radiation is used for enhanced resolution and data
quality. Cryogenic techniques are used for improved stability of sensitive
compounds during analysis. In-situ crystallography is the best for real-time
monitoring of structural changes under external stimuli.

Conclusion

This study successfully synthesized and characterized novel nitrogen-
containing compounds using spectroscopic and X-ray techniques. The
alignment of spectroscopic data with crystallographic findings provides a
foundation for future research in functionalized nitrogen bases with complex
architectures. The synthesis, spectroscopic characterization, and X-ray
structural analysis of nitrogen-containing bases provide comprehensive
insights into their chemical behaviour and functionality. Innovations in these
domains enable the development of tailored compounds for specific
industrial and research applications. The synthesis, characterization, and
structural analysis of nitrogen-containing compounds are at the forefront of
chemical research due to their industrial and biological importance.
Overcoming current challenges requires interdisciplinary approaches that
combine advancements in chemistry, computational modelling, and machine
learning. As new technologies and methods emerge, these fields will
continue to evolve, enabling the design of novel compounds and their rapid
analysis.
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An Exact Riemann Solver for a Model of Liquid/Vapor
Phase Transition

Minhajul and Najnin Islam

Abstract

We study the Riemann problem for quasilinear strictly hyperbolic
system of partial differential equations (PDES) that arises in modeling for a
flow of liquid-vapor phase transitions in one space dimension. The system is
analyzed and the associated Riemann problem is solved exactly. Numerical
examples with various initial data are presented to show different wave
patterns.

Keywords: Riemann problem, shock wave, rarefaction wave, contact
discontinuity, phase transitions

Introduction

We consider a system of PDEs for the one-dimensional flow of an
inviscid fluid where different phases can coexist and capable of undergoing
phase transition, frequently occurring in many engineering process. The
study of liquid-vapor phase transition is very important from the
mathematical point of view as well as its applications in engineering and
chemical industries I 2, The solution of Riemann problem enables us to
study the thermodynamic properties across the elementary waves. The main
objective of the present work is to study the system of partial differential
equations modeling liquid-vapor phase transition and present an exact
Riemann solver. In Lagrangian coordinate system the model equations are
given by I,

vy — ty =)
wg + plo, A, =0 rel, t=0
Ay =10
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Where x is spatial coordinate and t is time, v > 0 denotes the specific
volume, 4 denotes the mass-density fraction of vapor phase in the liquid and
u denotes the velocity. Here 4 € [0,1] and A = 0,1 characterizes the liquid
phase and vapor phase, Fespectively. Since the system has three equations
with four unknowns, so the system is not closed. To close the system, we
consider the isothermal equation of state given by F1.

2;
plo, ) = 2

Where a(4) is a continuously differentiable function (C!) defined on
[0,1] with the conditions that a(4) > 0, a'(1) > 0 and the pressure p(v, 1)
satisfies the following necessary assumptions given by p, < 0, pw > 0 and p;
> 0. Indeed, the isothermal assumption is meaningful for retrograde fluids *
51 in presence of phase transitions. In order to satisfy all the assumptions, in
particular we consider a?(1) = 1 + 4 (see) [ and Figure 1(a) shows the graph
of pressure as a function of specific volume. The PDEs of the system (1) are

derived from the more general form proposed and studied by Fan et al. (see)
16, 7]

The system (1) is an extension of p-system in gas dynamics (see) [ and
for isothermal p-system. Nishida [ studied the existence of global solutions
with arbitrary initial data. Asakura and Corli [ proposed path
decomposition method to show the global existence of Cauchy problem for
the system (1). Holden et al. ™ used well known Glimm scheme 2 to study
the existence of solution of the Cauchy problem with large data. Fan et. al
(13 studied the necessary and sufficient condition for the existence of
traveling wave solution for liquid/vapor phase transition of retrograde fluid
assuming constant temperature. The exact solution of the Riemann problem
has a great significance in the construction of solution of general initial value
problems. The Riemann problem has been playing an important role in all
three areas of theory, applications and computation (see) 49, In recent
years, exact solution of the Riemann problem for system of quasilinear
hyperbolic PDEs have been extensively analyzed by the researchers and it is
fully recognized that the Riemann problem is the most fundamental problem
in the field of quasilinear hyperbolic conservation laws. Though the
Riemann problem is a special case of Cauchy problem, its solution consists
of all three elementary waves namely shocks, rarefaction waves and contact
discontinuities which gives an idea of wave structure for the system. The
main objective of our present work is to study the Riemann problem and
present an exact Riemann solver for this system of PDEs.

Page | 146



Interdisciplinary Research Horizons in Science and Technology
Eigen structure and characteristic fields

The primitive variable form of the system (1) can be written as U
+A(U)Ux = 0, where U = (v, u, )T and T denotes the transposition. The
nonzero entries of the Jacobian matrix A(U) are given by ai;p = —1, az1 = pu(V,
A) and az3 = pa(v, A). The three distinct eigenvalues A1, A, and A3 of A are
given by A1 =

==, A) < Ay =0 < Ay = \/=p,(v, A) and the corresponding cigenvee-
tors are 7] = (a,v,0)7, 7 = (2a'v,0, a)” and ¥} = (a,—v,0)7, respectively.
Since V,\g.ﬁf = (), the As-characteristic field is linearly degenerate. Also for
Ap- and Ag-characteristic fields

i

a a
V/\l.ﬁ =—->0 and V).g‘ﬁ% = —— <0, respectively.
v v

Therefore 11- and As- characteristic fields are genuinely nonlinear. The
Riemann invariants (I3, I}) along the i-characteristic field, for i=1,2,3, are
given by

;. u

't =X TIy=——log(v),
a

IT=\ Ij :E—i—]og(-v),
a2

If=u Ty=—
v

Riemann Problem

In this section, we solve the Riemann problem exactly for the system
(1), which is a special case of Cauchy problem, namely given by

AT AF (U
(.{ +(,¥_U rzeR,t>0,
ot oz ! ’
With the initial condition

Uy, if r<wmo,

U(x,0) =
(T, ) U,., ;f Tr = Ig,

Where F (U) = (—u, p, 0)T and U,, U, are constants. The similarity
structure of the solution of the Riemann problem in the x — t plane is shown
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in Figure 1(b) with three wave families associated with eigenvalues A1, 42
and As. Since the A;- and As-characteristic fields are genuinely nonlinear, the
associated waves are either rarefaction waves (smooth solution) or shock
waves (discontinuous solutions). The wave associated with linearly
degenerate characteristic field 1, is always contact discontinuity. The
complete solution of the Riemann problem consists of four constant states U,
(initial data), U«, U« and U, (initial data), separated by three waves. Here U
and U. are respectively the unknown states on left and right side of the
contact discontinuity. In order to solve this Riemann problem exactly, we
need to connect the unknown states U.; and U., to the left and right initial
states U; and Uy, respectively by establishing appropriate jump relations
across each characteristic field.

DRI

] I
siable lguid

masattable louid

116 13
Specific volume (4

(a) (b)

Fig 1: (a) Pressure curve. (b) Solution structure in x-t plane
Rankine-Hugoniot Jump Conditions

Since A is constant across the genuinely nonlinear characteristic fields
(shocks and rarefactions) it is possible to express the system of equations (1)
in conservative form and it is sufficient to consider the 2X2 system of
equations.

The Rankine-Hugoniout jump relations are given by

olv] = —[u] and olu] = [p(v, \)]

Where [.] denotes the jump between two states and o is the speed of
propagation of discontinuity.

Proposition 1: Across 1-shock wave (respectively, 3-shock wave) v. <
Vi, U« < Uy (respectively, v« < vy, U« > Uy) if and only if the Lax conditions
hold, i.e.,

Page | 148



Interdisciplinary Research Horizons in Science and Technology
Xio(h) < o< (Uy), MN(Uw) <o < Xip1(Un) for 1=1,3

Proof Suppose 1-shock curve satisfy the Lax conditions, i.e.,e < A1(t1)

A(Uai) < 0 < A(Usi). Then 0 < =5t and — % < o < 2L,

(Y

which implies that o < 0 and v,; < v;. Using these two relations in the
first equation of Rankine-Hugoniout jump conditions (5), we obtain u,; <
u;. Conversely, let us assume that across 1-shock wave v,; < v; and u,; <

2
u,. Eliminating u from equation (5) we have g2 = \/av_lvl Since v,; < v, this

implies that o < — >t and
l

—k <o < e, 0 (;)‘1-(“;) and A (U,) < 0 < Ax(Usg).

Tl

In the same manner, one can prove the results for 3-shock wave. One
can observe that, across 1-shock (respectively, 3-shock), specific volume and
velocity decreases (respectively, increases) from left to right. Consequently,
the pressure across 1-shock (respectively, 3-shock) increases (respectively,
decreases) from left to right.

Proposition 2 (Left Shock Wave): If 1,-wave is a left facing shock
wave with shock speed g, then the following relations hold

45}

e = U — fr, where fi = /(v —v)(p(wy) —plvg)) and o = ——=:
\‘_.-"’T-‘*Ir’f.';

Proof: Eliminating o from (5) we get u = u £ f;, where f, is given by the
above relation. Since u. < uj, so across 1-shock, negative sign is taken and
this proves the first desired result u = u; — fi. Also elimination of u from (5)

gives the relation o = -I_-\/:lv. Since ¢ is negative, the speed of 1-shock
V1
. . _ ap
wave is given by g; = —

Proposition 3 (Right Shock Wave): If A;-wave is a right facing shock
wave with shock speed a5 then the following relations hold

.

VUirUp

Uy = Uy + fr, where f. = V-"(u.-”. —u)(plv,) — plve)) and oy =

Proof: The proof is analogues to the above proposition.
1. Physical Quantities Across Rarefactions

Here we express the physical quantity across rarefaction waves by
means of the generalized Riemann invariants.
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Proposition 4 (Left Rarefaction): Across 1-rarefaction wave (left

wave) corresponding to the characteristic field A; = —/—p, (v, 1) the
following relations hold

, (]
Uy = uy — f1, where f; = a;log ( )

V]

Proof: We know that across rarefaction wave Riemann invariants are
constant (see) [, So for 1-rarefaction wave we have

U, u
S log(v.) = L log(wy)
at ai

where a; = a., because A is constant across the genuinely nonlinear
characteristic fields. Simplifying the equation (10) we get the desired result
u« = Uy —f; where f; is given by

fi = alog(H).

Proposition 5 (Right Rarefaction): Across 3-rarefaction wave (right

wave) corresponding to the characteristic field 1; = —/—p,(v,1) the
following relations hold

. Uy
Uy = Up + [, where f, =a.log ( )

Vs
Proof is similar to 1-rarefaction wave.

Proposition 6: Across 1-rarefaction (respectively, 3-rarefaction) v,; =
v, U, = u; (respectively, v,, = v, u,; <u;) if and only if characteristic
speed increases from left to right.

Proof: Let us assume that the characteristic speed increases from left to
right state. Therefore, for 1-rarefaction curve

A (Us) = M (Up) implies that v = v;.

Then from equation (9), we have u,; = u;. Conversely, let us assume
that v,; = v;, and this implies that

=4k < —o+. Therefore, A1 (Uw) = Ai(Ur), Le.,

v — 1

characteristic speed increases from left to right. The proof for 3-
rarefaction wave is entirely analogous with 1-rarefaction curve. Therefore,
across 1-rarefaction wave (respectively, 3-rarefaction), specific volume and
velocity increases (respectively, decreases) from left to right. Consequently,

Page | 150



Interdisciplinary Research Horizons in Science and Technology

across 1-rarefaction (respectively, 3-rarefaction), the pressure de creases
(respectively, increases) from left to right.

Jump Relations Across Contact-Discontinuity

We want to establish the jump relations across the contact discontinuity
(stationary contact) associated with the eigenvalue A, = 0. The 2-Riemann
invariants across linearly degenerate characteristic field are

2

a
w = conatant, — = constant.
1

Therefore, pressure and velocity are constant across the stationary
discontinuity.

Solution Procedure

In order to obtain the solution of the Riemann problem, we have put all
the necessary relations in the previous section. The procedure to obtain the
solution is given by the following proposition.

Proposition 7: The solution of the Riemann problem in the star region
is given by the solution of the following nonlinear system of equations.

filzi,xo) =20 — w + fi(z1) =0,

falzy, x3) :aE.‘.r.'l u:rz;::;; =0,

falza,xy) =29 —u, — fi(xy) =0,

where the unknowns are X = [21, 02, 23] = [Var, s, ver| and fi, fr are given by
filzn) = \/('T'l —u)(p(vr) — p(x1)), if =1 <y,
(T1) = B '
ap 10%(;_11)1 if v1 > v
' x3 —vp)(p(vr) — p(x3)), if x3 <w
fr(fi‘?:}) = \/( . T )( ( r) ( )) 7 T
ar log(3%), if w3 > v,

Proof: From equation (12) we have u,; = u,, = u, = x,. The proof
involves nothing but putting together the results stated in the equations (7),
(8), (9), (11) and (12). Hence, we are not reproducing the details. In case of
1-rarefaction wave, the solution inside the fan at a point (x, t) is given by

aqt

vz
u=u —alog| ——) and v=——
a;t T
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Numerical Examples

In this section we consider four examples with different initial data. The
classical Newton method for system of equations is used to solve the
algebraic system (13) with stop criteria when error is less than 107%°. The
initial data and the solution in the star region are respectively shown in Table
1 and Table 2. When v,; = v, and v,, < v,, the solution consists of 1-
rarefaction and 2-shock wave; indeed, fgr Test 1 (See> Table 2) the solution
profile is given for t = 1.5 in Figure 2. When v,; =7, and v,, = v,, the
solution consists of both rarefaction waves. The solution profile of Test 2 at t
= 0.5 is given in Figure 3. When v,; < v, and v,, = v,, the solution
consists of 1-shock and 2-rarefaction waves; indeed for Test 3 the solution
profile is given for t = 0.75 in Figure 4. Whenv,;, < v;, and v,,. < v, then
the solution profile consists of both shock waves and Figure 5 shows the
solution profile at time t = 0.25. The solution structure for the Riemann
problem in x — t plane is given in Figure 6 and Figure 7.

Table 1: Different initial data

Test Uy ug Al Uy Uy Ar
1 1.0 0.0 1.0 | 8.0 0.0 0.8
2 1.0 | =20 | 0.3 | 1.0 2.0 0.5
3 1.0 0.0 0.1 1.0 0.0 1.0
4 1.0 0.5 03] 1.0 | =05 | 0.1

Table 2: Solution in the star region

Test et 1y At Uy Uyr py Wave pattern
1 2097608 | 154235 | 1.0 | 267847 | 154235 | 0.1 Rarefaction-Contact-Shock
2 503936 | —0.15602 | 0.3 | 581463 | -0.15602 | 0.5 | Rarefaction-Contact-Rarefaction
3 0.70996 | —0.36103 | 0.1 | 129083 | -0.36103 | 1.0 Shock-Contact-Rarefaction
4| 0688995 | 0.07280 0 0.3 | (.582096 | D.07280 | 0.1 Shock-Cantact-Shock
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Conclusions

An exact Riemann solver is presented for the well-known model of

liquid/vapor phase transitions. The theoretical analysis reveals that all the
Riemann waves for the model equations attain analytical solution to the
Riemann problem. The analytical expressions for shock and rarefaction
waves are presented explicitly, which enables us to identify several physical
and mathematical properties of the model equations. Numerical examples are
presented to see various wave structures.
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Chapter - 20

Magneto-Thermoelastic Wave in a Transversely Isotropic
Hollow Cylinder: A Review

Md. Abu Hojaifa Molla and A. Das

Abstract

This review article explores the propagation of magneto-thermoelastic
waves in a transversely isotropic hollow cylinder. The investigation includes
the formulation of governing equations, boundary conditions, and an
analysis of the influences of magnetic and thermal fields on elastic waves.
Recent advancements and applications in this domain are also discussed.

Keywords: Magneto-thermoelastic wave, magnetic fields, thermal fields,
isotropic hollow cylinder

Introduction

Magneto-thermoelasticity is a multidisciplinary field that merges
concepts from elasticity, thermodynamics, and electromagnetism to analyze
the interactions between mechanical, thermal, and magnetic fields within a
material. The significance of studying magneto-thermoelastic waves lies in
their wide range of applications in engineering fields such as aerospace,
where materials are often subjected to complex environmental conditions,
civil engineering, where structural components might experience variable
thermal and magnetic influences, and materials science, where understanding
wave propagation can lead to the development of new materials with
enhanced properties [+,

In particular, transversely isotropic materials, which have a single axis
of symmetry, present unique challenges and opportunities for researchers.
These materials exhibit different mechanical and thermal behaviors along the
axis of symmetry compared to the perpendicular directions . Such
anisotropic properties are commonly found in composites, layered geological
formations, and certain engineered materials, making the study of wave
propagation in these materials highly relevant.
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The investigation of magneto-thermoelastic waves in hollow cylinders is
essential for several reasons. Hollow cylinders are widely used in
engineering applications such as pipelines, pressure vessels, and structural
components in aerospace and mechanical systems. The ability to accurately
model and predict the behavior of these structures under the influence of
magnetic fields and thermal gradients can lead to improved design, enhanced
performance, and greater safety.

Mathematically, the problem involves solving a complex set of coupled
partial differential equations. These equations are derived from fundamental
principles, including the equations of motion, Maxwell’s equations, and the
heat conduction equation. Each of these equations captures a different aspect
of the physical phenomena: mechanical deformations, electromagnetic field
interactions, and heat transfer, respectively. The coupling of these fields
introduces additional complexity, making analytical solutions challenging
and necessitating the use of advanced numerical methods.

This paper aims to provide a comprehensive review of the fundamental
governing equations, the boundary conditions specific to hollow cylinders,
and the recent advances in analytical and numerical methods for solving
these equations. Furthermore, we discuss the impact of various factors such
as material anisotropy, initial stresses, and boundary conditions on the
propagation of magneto-thermoelastic waves. By doing so, this review
highlights the current state of research in this field and identifies areas where
further investigation is needed to fully understand and exploit the potential
of magneto-thermoelastic materials and structures.

Governing equations

The governing equations for the propagation of magneto-thermoelastic
waves in a transversely isotropic hollow cylinder can be expressed as
follows:

Equation of Motion
The equation of motion incorporating thermal and magnetic effects is
given by:
62
V-o+pf=ps

Where o is the stress tensor, p is the density, f represents body forces
per unit volume, and u is the displacement vector.
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Constitutive Relations
The constitutive relations for a transversely isotropic material are given
by:
Oij  Ciji€r — VijT + qi;Hy,
1(ou;  Ouj
o (s
where c;j, are the elastic constants, y;; are the thermal stress

coefficients, g;; are the magnetoelastic coupling coefficients, and ¢;; is the
strain tensor.

Maxwell’s Equations

Maxwell’s equations in the absence of free charges and currents are:

VXE= —a—B,
at
VxH= ],

where E is the electric field, B is the magnetic flux density, H is the
magnetic field intensity, and J is the current density.

Heat Conduction Equation

The heat conduction equation considering thermoelastic effects is:

10T 10
per — 2L _12¢

ot cot’

Where T is the temperature, « is the thermal diffusivity, and Q is the
heat source.

Boundary Conditions

The boundary conditions for a hollow cylinder with inner radius r; and
outer radius r, are:

Mechanical Boundary Conditions: Specified displacements or stresses
on the inner and outer surfaces. For example, the inner surface may be
subjected to a radial stress o,,., while the outer surface may be traction-free
or subjected to a specified load.

Thermal Boundary Conditions: Prescribed temperature or heat flux on
the boundaries. This can include constant temperature conditions, convective
heat transfer, or radiative heat exchange.

Magnetic Boundary Conditions: Continuity of the tangential
components of H and the normal components of B at the boundaries,
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ensuring the proper coupling between the magnetic field and the material.
Recent Advances

Recent studies have focused on the numerical and analytical solutions of
these coupled equations under various loading and boundary conditions 571,
Advances in computational techniques, such as finite element methods
(FEM) and boundary element methods (BEM), have enabled more accurate
modeling of complex geometries and material behaviors.

One significant advancement is the development of hybrid methods that
combine analytical and numerical approaches to improve the efficiency and
accuracy of solutions. These methods are particularly useful for dealing with
the complex boundary conditions and material anisotropy present in
transversely isotropic hollow cylinders.

Research has also explored the impact of various factors on wave
propagation, such as the influence of initial stress, the presence of
microstructural defects, and the interaction between different types of waves
(e.g., longitudinal, shear, and thermal waves). The inclusion of these factors
helps to create more realistic models that better predict the behavior of
materials under real-world conditions.

Furthermore, experimental studies have been conducted to validate the
theoretical and numerical models. These experiments often involve the use
of advanced diagnostic tools, such as laser Doppler vibrometry and
thermography, to capture the behavior of waves in materials under controlled
laboratory conditions.

Conclusion

The study of magneto-thermoelastic waves in transversely isotropic
hollow cylinders is essential for the design and analysis of advanced
materials and structures. Continued research in this area will further enhance
our understanding and capability to predict the behavior of such systems
under multi-physics loading conditions. The integration of computational
and experimental approaches is crucial for developing robust models and
improving the reliability of predictions.
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Chapter - 21

Studies of Dynamical Behaviors of Tri-tropic Food Chain
Model with Two Fear effects under Interval Uncertainty

Pramodh Bharati, Balaram Manna, Ashish Acharya, Subrata Paul, Animesh Mahata,
Subhabrata Mondal and Banamali Roy

Abstract

The lack of clarity in many parameters used in ecological models is due
to the constant changes in nature. The fundamental predator-prey model
discussed in this article takes into account several ecological parameters as
parametric-functional interval numbers. We have considered tri-tropic food
chain model where middle predator is generalized predator and top predator
is specialist. In addition, two fear effects are suggested in this paper.
Existence and uniqueness along with non-negativity and boundedness of the
model system have been investigated. We have studied the local stability at
all equilibrium points. It discusses the dynamic characteristics of the model
within the context of an uncertain environment. With the help of MATLAB,
we were able to conduct graphical demonstrations and numerical
simulations.

Keywords: Food chain model, fear effect, stability analysis, numerical
simulation

Introduction

As environmental concerns grow and technological advancements
progress, ecological research has expanded across various scales. Ecologists
studying ecosystems often emphasize nutrient recycling and energy flow. A
key focus of ecological research is the predator-prey relationship, which
governs the transfer of energy and biomass between trophic levels and
impacts population dynamics. Prey responses to predators, both directly and
indirectly, play a crucial role in shaping these interactions. Researchers 9]
have proposed various theories to explain how interacting populations
coexist in different environments. Predator-prey models, particularly those
involving two or three species, have received considerable attention. Abrams
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(291 j]lustrated the link between species’ foraging activities and their ability to

find food in natural habitats. Nath et al. [*Y] showed that tritrophic food chain
models can be stabilized by the refuge and Allee effects in prey species.
Barbier et al. [*21 described food chains combining stability and functionality
as examples of pyramids and cascades. To address uncertainty issues,
previous researchers have used stochastic and interval-based approaches [**-
20, In the interval method, unknown parameters are represented by functions
with interval values. It is important to note that Sadhukhan et al. 2! explored
optimal harvesting strategies for a food chain model in a fuzzy context,
based on fuzzy instantaneous annual discount rates. Most mathematical
modeling, particularly in bio-mathematics, is conducted in a precise and
well-defined framework. However, under such conditions, many parameters
in biological models lack accuracy. The inclusion of uncertain factors makes
these models unreliable.

Pre-requisite concept

Definition: For an interval [T,
created as

Ty, ] the interval valued function can be

1’

ki(m) = (T,,,) (T, )"for n € [0,1],which is also called parametric
form in interval figure.

Model Formulation

Let u(t), v(t) and w(t) represent the density of the prey population,
intermediate predator, and top predator, respectively, at any time t. To
formulate the model system, the following assumption is made: u (t) and
v (t) increases at growth rate of r; and r,, with two carrying capacity K; and
K,, p, and p, represents the predation rate, according to Holling Type-I1I
functional response q, and g, represents the rate of conversion, p; represent
natural date rate, m; and m, represents the fear levels, c, represent half
saturation constant. Let E; and E, be the harvesting effort and d,, d, be the
catchability coefficients of intermediate predator and top predator
respectively.

Our proposed bio-mathematical model is

du U u

—= 1——)—puv,

dt 1+mqw K1

dv v ( v) qivw

— = —— )+ puv — — Edyv L1
dt  1+myw Ky bz c1+v 1715 @

Page | 168



Interdisciplinary Research Horizons in Science and Technology

dw _ qavw
dt c1+v

— pPp3w — E2d2W.

Model in Imprecise Environment

Using imprecise environment, the suggested model (1) can be expressed
as:

du _  fu u A
7 e\ =) = puv,
t 1+maw K4
dv v v A q,vw
—=—= (1——)+p2uv—qf——E1d1v, .. (2
dat 1+mw K, é1+v
dw Govw A

dt é1+v

Now, we take I;(p;) = I;; "*I17% for p, € [0,1] for an interval [I,;, I z].

Then the above system (2) can write as follows:

1-p1_.P1

du T T u 1-
T T U (1 - _) —pir’ PLUY,
dt 1+wm ; Ttmip K1

1-p1..P1 1-p1 ,P1
v 2L TR ( v) 1-p1_p1 Gr L
—=—2—_ypll-——)+ uU__iUW_EdU, 3
dt 1+m;Lplm§§w K, P21’ Par cllRplchlﬂi 11 ( )

1-p1_pP1

aw qz1 " 92R 1-p1_p1
— = 5w — w — E,d,w.
dt CinCfR-FU p3R p3L 272

Where, p, € [0,1].
Model Analysis
Theorem 1. All solutions of (3) are positive.

Proof. From the system (3), we havedu = uy(u, v, w)dt,

1-p1._.P1

. T T. u 1-
With v, w) = [ T8 (1= ) — plepfy].

1+m1L miR
t
Taking integration, then u(t) = u(0)elo ¥@rwWat > o v,
t
Similarly,v(t) = v(0)elo PwrWt - gy

Where,

rzlL_plrszl v 1-p1_.p1 qi;pquLl
(p(u' v,w) = 1+m12pmpRW (1 - K_z) + P ParY% — clgpichlH;W — Eidy
2 2 1 1

And w(t) = w(0)elo 0@ewt 5 ¢yt
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1-p1_pP1

_ 921 43R 1-p1_p
where,0 (u, v,w) = 257525 v — p3p" ') — Ead,
L C1R+U

Thus, every solution is positive.

1-p1pP1
Theorem 2.The compact set S :{(u, v,w) ER3:0 < z(t) < %}.
L R

All solution of (3) is ultimately bounded.

pl—P1Pﬂ1 ql—ﬂ1qﬂ1
Proof. Let Z = u + =853 v + 85—k w.
P2 "P2r 4z "92R

When we differentiate the aforementioned function with regard to time,
we get

1- 1-
dz _du | pig" Pt dv | a;p"taff aw

1-p1_p1 1-p1_P1 ¢’
ac o dt - py Tpop At 4y dpp 4t
1-p1,.P1
T. T u 1—
1L 1R P1,,P1
=—4 IRy (1 - —) - uv +
Trml PPy, %) ~Pir Pi
1-p1,P1 1-p1..P1 1-p1_pP1
Pir P1L( 2L T2R v(l_i)_l_pl—ﬁhpﬂluv_ GQr AL W —
1-p1,P1 1-p1__P1 2L 2R 1-p1_P1
Py “Pyp \1+my " imypw Kz €1 GRtY
1-p1_pP1 1-p1_p1
UQr "L o 921 2R 1-p1_pP1
E1d1v> 51 o1 (Tpipr, , VW ~P3p P3LW — E>d,w)
dz1, "92Rr €1 GRTY
1-p1.P1 1-p1_P1 1-p1..P1
14 14 q q T. T.
< -0 (u+ Bty BBy ) - L )2
Ki(1+m m;aw)
P2 P2R 21 DR 1 1L 1R
1-p1_pP1,.1-P1,.P1 1-p1_pP1
Pir P11 T2R 2 UQr L
Kopl PpP (1+m1_pmp )U + clTP1cPLyy vw
2P31 P2R 2L M2rW 1L 1R

— mi 1-p1.p1 1=p1 pP1 1-p1p1 . 1=P1_.P1
Where,ﬂ—mm{ru Nr'Pir P11 P3r P3rsT2r T2r

az

< 0,700z + B BR? )

1-p1 pp1__Gar" tabt
where 1RP=—28 AL 45,
R e

Using the theory of differential inequality, from (4) we have

By P1pht _qlPigP1, _qlPigP1,
0< z(t) < m (1 —e L R )+Z(O)e L R ",

Now taking the limit of the above inequality as t — oo, we have

1-p1 pp
B, "'Bg*

0<Z(t)<m ...

From the equation (5) all the solutions are bounded in R3 .
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Stability Analysis
The model system (3) has five equilibrium points, considering as
follows:
1) Trivial equilibrium point E,, (0,0,0), which always exist.
2) Axial equilibrium point E, (K3, 0,0), which always exist.

3) Another axial point E,,, (O,Jﬁ (rzlL—plrzrk _ Eldl),O),which is
2L 2R

existif r, P10t > Eid;.

4) Planer equilibrium point Ep (u,, v,, 0) on the uv —plane where,

1-p1_p 1-p1_p 1-p1_p
u _ Koryp Prip (Kapyp P ppg—Exdi+Kary; Py v, = Eqdy
2 = i-p1, p1,1-p1_p1__1-p1_P1,1-P1_P1y ’ "~ 2 — _1-p1_p1
Ki(py, "PigPaL Por™TiR TiLT2L T2R) Py PiR

1-p1..P1 1-p1,P1_ 1-p1..pP1,.1-p1 P1_ 1-p1.pP1,1-p1_P1 1-p1,.P1_ 1-p1,.P1,1-P1,.P1
TR T2L (K1K2P1L PirKiTiR" Mo R TKITIRT TPy Pop*Erdity mipKimig Ty rzR)
1-p1_P1 1-p1_pP1.1-p1 pP1_.1-P1.P1.1-P1 P1
K1PpL PR Ka2Py," "P1rP21’ P2R™TIR TiLT2L T2R

Therefore, planer equilibrium point is exist if K,p,;”'plt +
KlrzlL_plrzl;e1 > Eqd,, pllljplpfz%pzlljplpgﬁ > rlﬁ?—P1rli1r21L—P1r2€?1,
Kopyy " piapas " Pos > 1ir i e TR

5) The interior equilibrium point is Ez (u*,v*,w”), where u*,v*,w*

obtained as follows,

w*is the positive root of the following quadratic equation, w** +
Allw* + Bll = 0,

a3, agatmyy g (Bad—pap” Pl
1-p1_pP1,.1-pP1. P1
eV AR EY- LY ) 2R

1-p1 _p1, + 1-p1, P11, «\_,1=p1, P1(,_ V"

B — (ClL CiR 1V ){(Eldl_sz Pyl U )_TZR 7oL (1_1(_2)}

11 — 1-p1 _p1.1-p1_ . P1 '
91 "91R™M2L 2R

where, A;; =
m

m

Therefore, the roots of the above quadratic equation given by,

. —Aut A%,-4By,

u = 2

So, for positive equilibrium point Ez , w*attains atleast one positive root
if the following condition satisfied as follows

6) A;;>0,B,;, <0,

7)) A1 <0,By; <0,
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8) All > 0, Bll > 0 and A%l - 4311 > 0
The positiveness of u*, v* holds as follows:
_ Ky 1-p1,.p
ut = IP1 Y {ru iR~
1 1
pir” pit sy " efR (pap” PEE +E2dy ) (1+my Pt mPRwy plw{’é)}

1-p1,P1_,1-P1,P1
dy " dyr=DP3r P53 ~E2d2

1-p1 .P1(,1-P1 P1
€L ClR(pr;R p3L+E2d2)

= J1-p1,p1__1-p1_P1
dyr "dar=P3g P3p—Ea2da

fo—

, which is exist if d3;”*d54 > d P dfr +

4

EZdZJ
1-p1,pP1 .1-p1 _.P1(41-P1 ;P1 1-p1_P1,,1-P1,P1
Tl—P1rP1>p1R P1LC1L ClR(dlL d1R+E2d1)(1+m1L MWL W1R)
1L 1R 1-p1 4p1_1-P1 P1 :
dyL’ "dyr~P3r P3~Ezd2

Theorem 3 The model (3) is locally asymptotically stable at Ep,if

P1,P1,1-P1_P1 x2
Pir%2L  92RY"

1-p1 P10«
ClL C1R+U

e
1- % 1- D
(1" PiRv” + p3g” DAL + Epdy)ys, + (4

1-p1_P1( 1-P1 P1 1-
1L iR (p3R p3L+E2d1)} (1 _ Zu*) { r PPl ( _ Zu*) "

1-p1. P1. .« 1-p1,.P1,, *
1+my ;" imipw Kq 1+my; " imipw Kq
1- 1- 1-
a4y, afgv" Yoy + TR T T T Y ( _2u*)+
1— — -
i plcf&ﬂ;* 22 (1+m1Lp1mféw*)(cliL plcféﬂ;*) Ky
1-p1_P1 %
1-p1_P1 . +(,,1=P1..P1 931, " 93RY 1-p1,.P1
P1. "P1rV (p3R paL + EZdZ)' ip1p1.. > Par PaLt
ey Prel gty
1-p1_pP1 1-p1_p1
E.d 2L 2R 1_2"* +p1—P1pP1u*+ 9, 4gVW”
242, 1-p1._P1 2L 2R 1-p1_.P1 2
1+my; " imypw* K (c1p T Cig TV
1-p1_P1, *
A1 "RrRW +E.d
cImP1 P 1%1-
1L 1R

Proof: The variational matrix VE;Iat Ep, is given by,

1-p1_P1

*
Y11 P11 "P1rV 0
Ver =\ _,17P1,,P1, %
Ep, Pir P1LU Y22 Y23
V31 V32 V33
Where,
1-p1..P1
Vg = LEVARNET: ( _ 2u*) _ pl—l’lpﬁhv* Yoy =
= 1-p1__P1 1R 1LY -
1+my; Ptmigw* K1
1-p1..P1 1-p1_p1 1-p1_p1
2L 2R ( _2_"*) +p1-P1pP1u* iR AW | di GRVW
= i- i-
1+my; Pimbiw* K, 2L 2R e PrePlavt (g PrcPh4v)?

Page | 172



Interdisciplinary Research Horizons in Science and Technology

Eydy, vy, = qlg_;:llqﬁw** B qzi,Z:qg}l%v*w*’ Jor = _mi;"lr;zférf[p"lrﬁ%u*( _
ey Plelgt (cqp Prelg+v™)? @+my; Ptmliw)?

ZL) __ rmpil ( _v_*) bty _ a4y tagivt

K/ Y32 (1+m;2p1m§éw*)2 K; cllzplcfl%ﬂi*’ REE cllljplcf}%+v*

diE“de — E,dy.
Consider &, be the eigenvalue of VE;I,then the characteristic equation

becomes,
Eé?’ + gllfez + g228e + 933 = 0, ... (6)

where, gi1 = Y11 + Y22 + ¥33,920 = —(V11 + ¥33)V22 + Y11Y33: G33 =

1-py1 p1,.1-p1, pP1 1-p1pP1
Y11Y22Y33 + D1y PigPar DParY33V U™ + Dyp " ' DarV V2331

Using Routh-Hurwitz criteria the system (3) is LAS at Ej,if g;; > 0,
922 > 0,933 > 0, 911922 > ga3 and (P;;plpr%V* + dinldfé +

—P1,P1, %2

1-p1_p1 1
E.d )y +{p1L P1r921 2RV
242 22 1-p1 _p1
CiL CiptV”

1-p1_.P1(41-P1 4P1 1-p1.p
o rlR(dlL d1R+E2d1)} AN riP1,P1 o N
1-p1,.P1,, % K 1-p1,P1,, % K
1+my,; " mipw 1 1+my, " mipw 1
1- 1- 1-
QZL"lqé’;%V*}y I VI 3.0V Y ),
1-p1 _pP1 22 1-p1,P1 1-p1_pP1
¢ el gt (1+m1L mlRw*)(clL c1R+v*) K1
1-p1_P1*
1-p1..pP1 *( 1-p1 4p1 ) dz1, "492RY 1-p1 4p1
Pi, P1rV (dy, dig + Ezdy), AP P1, dy,"dig +
1L “1R
1-p1..P1 1=p1 P11 %, *
E.d T TR 1-— 2v” + pl—ﬂlpmu* + 411, " UGRV W
242 1-p1. P1 2L 2R 1-p1_P1 2
1+m,, " imypw* K> (c1, "R V)
1-p1 P11, =
41, NGRrRW +Ed
cImP1 P s 1%
1L “1R
1-p1..P1 *
T T 2u 1— 1-
1L 1R (1 ) P1,,P1 P1,,P1, % %
- - Y22Y33 + D p p PorU VT +
1+m1Lp1mf}%W* K1 1L 1R 2L 2R
1-p1_P1,1-P1, P1, %2, * 1-p1_pP1 1-P1 _P1 % *
11 91RPz1 PRV "W > pl—P1pP1v*y Yoy + Par PaRr9z1, 2RV W V31
1-p1 P11, ,,%\2 1L 1R 33)22 1-p1_P1, % .
(clL C1R+”) ciL' TCiptY

Numerical Simulation

We numerically estimated our model's solution using Matlab (2018) and
Matcont, two mathematical tools. We examined the stability of our
suggested model at Epand simulated the model system under various
scenarios with varied model parameters.
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Table 1: Displays the parameter values used to simulate system (3)

Parameters Values (For Interior)
[y [3.051, 3.071]
[, [2.015, 2.035]
[y 2
[, 0.8
) [0.64,0.75]
[, [0.015, 0.025]
1y [0.35, 0.55]
P [0.005, 0.007]
[y [0.003, 0.005]
[, [0.04, 0.05]
[y [10, 12]

(3 [0.0015, 0.0035]
) 0.3

[, 0.015

1y 0.002

1y 0.003

To meet the conditions outlined in Theorem 7, we use the model values
for parameters from Table 1 to simulate system (3)., adjusting the parameter
‘p,’ to three different levels (p; = 0, 0.6, 1). The time series plot for system
(3) over the interval [0, 80], shown in Figure 1, illustrates the stability of the
interior equilibrium point Ep across the different values of “p;’.

/11=0

u

—

uv.w

0 10 20 30 40 50 60 70 80
time(t)
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Fig 1: At Eg , the time series solution of model (3) is displayed for several values of

the parameter ‘p,’ spanning the interval [0, 80]

Page | 175



Editors: Ranjan Kumar, Arnab Das
Conclusion

This research identifies two fear effects and explores the model's
dynamic behavior in uncertain environmental conditions. It considers
interval uncertainty as well as the impact of the population of predators on
prey anxiety. Parametric-functional intervals are used to represent ecological
characteristics such as the rate of prey growth, rate of intake, rate of
conversion from prey to predator, rate of transition from juvenile to mature
predators, and rates of death for both immature and adult predators. Starting
from any non-negative beginning circumstances, the article demonstrates the
positive aspects and boundedness of the solutions. Every equilibrium point is
used to evaluate local stability. The authors want to further investigate
ecological modelling in neutrosophic settings and propose medical research
models for future investigations using mathematical modelling
methodologies.
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Chapter - 22

General High-Order Rogue Waves and their Dynamics in
the Current Modified Nonlinear Schrodinger Equation

Tanmoy Pal

Abstract

This study investigates the observation of Peregrine solitons, a localized
solution of the nonlinear Schrédinger equation (NLSE), in the context of
gravity waves on deep water under the influence of depth-dependent
currents. Peregrine solitons are significant in understanding rogue waves,
which are extreme events with potential relevance to marine and offshore
engineering. Employing the NLSE framework, we analyze how variations in
current depth influence the dynamics of Peregrine solitons and the resulting
wave evolution. By incorporating depth-dependent current profiles into the
governing equations, the interplay between nonlinearity, dispersion, and
current-induced modulation is explored. This analytical analysis confirms
that depth-dependent currents alter soliton amplitude, propagation stability,
and localization. Notably, stronger currents at deeper levels increase
nonlinear modulation, potentially amplifying the solitons' energy and
intensity. The findings highlight a critical dependence on current gradients,
suggesting an enhanced probability of rogue wave generation under specific
hydrodynamic conditions. This work provides a foundation for predicting
extreme wave events in realistic oceanic environments and sheds light on
how environmental factors, such as subsurface currents, influence nonlinear
wave behavior. The results have implications for understanding natural
phenomena and developing mitigation strategies to manage marine hazards
linked to rogue waves.

Keywords: Nonlinear schrédinger equation, gravity waves, peregrine
soliton, depth uniform currents

1. Introduction

The Peregrine soliton, a unique solution of the NLSE, is renowned for
its pivotal role in understanding extreme wave phenomena in various
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physical systems, including deep-water gravity waves. The Peregrine soliton,
first described by Peregrine [ in 1983, has become a cornerstone in the
study of rogue waves-sudden, unpredictable, and highly localized surface
waves of exceptional amplitude. As an "amplified" localized wave structure,
the Peregrine soliton represents an important model for studying rogue
waves-extremely large and unexpected surface waves that pose significant
risks to maritime activities. Its properties, such as localization in both time
and space and a peak amplitude significantly higher than the surrounding
wave field, make it a cornerstone for exploring the dynamics of nonlinear
wave systems.

In oceanography, gravity waves on deep water surfaces provide a
critical area for such studies. The deep-water assumption implies that the
water depth is large compared to the wavelength, where the primary
restoring force is gravity. These waves are characterized by nonlinear and
dispersive properties, making the NLSE an essential mathematical model for
describing their evolution. The Peregrine soliton, as a solution of the NLSE,
captures the transient formation and decay of localized wave structures,
offering a mathematical framework to investigate the mechanisms behind
rogue waves in natural settings.

The influence of a depth-uniform current adds complexity to the
analysis of these wave systems. Depth-uniform currents, a common feature
in oceanic environments, impact wave propagation by altering the
background velocity field and introducing Doppler-like effects. These
interactions influence both the nonlinear and dispersive terms of the NLSE,
modifying the properties of the resulting wave solutions, including the
dynamics of the Peregrine soliton. There are some circumstances for which
currents are not uniform with depth (namely, they are vertically sheared) as
in the cases of currents due to wind flow and ebb stream at a river mouth
(Mei and Lo; Maciver et al.) 2 31, Furthermore, Hjelmervik and Trulsen I
have derived a current modified cubic nonlinear Schrddinger equation which
allows a small amount of vorticity and investigated the influence of
nonlinearity with respect to the variation of significant wave height, kurtosis,
and occurrence of rogue waves. They have observed that the largest number
of rogue waves on an opposing current jet is generated at the jet sides where
the significant wave height is small. Considering the importance of currents
in the water, Turpin et al. I have investigated a nonlinear Schrédinger
equation which covers the influence of currents and varying depth. From
their analysis, it is found that the following current has a stabilizing
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influence on a wave train while the opposing current has the reverse effect.
Later on, a current modified nonlinear evolution equation has been derived
by Gerber [, In that paper, he has argued that opposing currents increase the
growth rate of instability and also spread out the onset criterion. Effects
reverse to these are observed in the case of the following currents. Pal and
Dhar 1 have studied analytically the stability analysis of finite amplitude
interfacial waves in a two-layer fluid in the presence of depth uniform
current.

This study aims to extend the theoretical understanding of Peregrine
solitons in the presence of a uniform current on deep water. By incorporating
the effects of uniform current into the NLSE, the dynamics of soliton
formation, evolution, and decay can be examined in greater detail. This
analysis not only sheds light on the impact of environmental conditions on
rogue wave generation but also enhances the predictive capabilities for wave
models in practical applications, such as marine safety and offshore
engineering. A higher-order current modified NLSE for interfacial gravity-
capillary waves (GCW) has been derived by Pal and Dhar 1. In that paper
the main focus is that the new fourth-order analysis exhibits significant
derivations in the modulational instability properties than the third-order
analysis and provides better results compatible with the exact numerical
results for a particular case. Pal and Dhar ! have also developed a higher-
order NLSE for broader bandwidth GCW in deep water in the presence of
depth uniform current and on the basis of that equation they have made the
modulational instability analysis to examine the effect of depth uniform
current.

The interplay between nonlinear dynamics, dispersion, and external
influences like currents offers fertile ground for advancing the theory of
gravity waves. As a highly localized and nonlinear phenomenon, the
Peregrine soliton provides a robust lens through which we can investigate
these intricate processes.

In this context, this study aims to explore the characteristics, dynamics,
and implications of the Peregrine soliton as a solution to the NLSE for
gravity waves in the presence of depth uniform current on deep water. By
analyzing the underlying mathematical structure and physical significance of
this soliton, we seek to shed light on its role as a model for extreme wave
events. The discussion will encompass theoretical perspectives, emphasizing
the interplay between dispersion, nonlinearity, and the wave environment in
shaping the emergence of the Peregrine soliton. Through this exploration, we
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hope to contribute to the broader understanding of nonlinear wave
phenomena and their relevance in natural and engineered systems.

Derivation of Schrédinger Equation using Multiple Scale Method

We adopt the geometric setup of a Cartesian coordinate frame (Oxz),
where z axis is directed upward in the opposing direction of gravity g. In this
framework, the undisturbed free surface is represented by z = 0, while the
disturbed free surface is represented by z = a(x, t). The basic unperturbed
flow has a uniform velocity u towards x-direction. For describing the
irrotational motion of gravity waves on the surface of deep water, we take
the following governing equations into consideration:

Vip=0in—o0 < z < a(x,t) 1)
¢, —a; —ua, =d.a,atz=a 2
b+ upy + ga = —- (V) atz =«a 3)
Also ¢ — 0, at z — oo, 4)

Where ¢(x,z,t) is the velocity potential of waves, a(x,t) is the
undulating free surface, p is the density of fluid and V= (;—x,%). where k, is
some characteristic wavenumber, g is the gravitational acceleration.

The solutions of the above-mentioned equations can be expressed as
B = B + ¥4 [Byexp{(ip(k.x — a(k)D))} + c.c.], (5)

Where B indicates ¢, a; c.c. means complex conjugate and x = (x, z)
is the horizontal space vector and k = (k,l),o are the wavenumber and
frequency of the primary wave respectively are connected by the given
relation

flw kD) = (0 —uk)® —glk| =0 (6)

By a standard procedure (Pal and Dhar [8]) we obtain the fourth-order
NLSE for the free surface elevation «

(Fa, s ey P P o 0a

l(6t+Cg0x) Y1ax2+ly3ax3_“1|a| a+1(y2|a| 6x+
da* a

1302 55) + e [ 3= (Jaf?)] W)

Herein, ¢, is the dimensionless group velocity given by &, = ¢, /c.

It is convenient to choose a frame of reference moving with the
dimensionless group velocity ¢, and we introduce the variable ¢ =
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(x — &,t). Further, in order to obtain the modified NLSE correct up to

0(e%), we introduce the long-time variable T = €2t. Now using the above
transformations, the fourth-order NLSE becomes

oa o 0%a . 0%a _ 20 4 20a 20a”
e V1a§2+ly3a{3—#1|a|a+l(ﬂz|a| 6{+‘u3( 6()+

mat [z (aP)] @
Breather Dynamics

The NLSE is a good tool for studying surface wave sideband instability.
Therefore, the behavior of freak waves is typically investigated using this
equation. The Peregrine breather is a significant localized solution of the
NLSE in both space and time that was achieved by Peregrine [1]. The
Peregrine breather solution, which can be considered the prototype of freak
waves because its peak amplitude can reach three times the original value, is
found in this section. The third-order NLSE can be expressed as follows
using equation (8)

2

i% =55 = mlala ©)

Using first-order approximation, the equation for the envelope A of the
free surface can be written as

a = e[dexpi (kx —ot) + c.c.] + 0(€?)
(10)
Now Eg. (9) can be written as

.04 %4 _ «
lg—h@:#ﬂfuzx‘l , (11)

T|k|?
gap

where i; = (1 + 1)%u;, k =

To obtain dimensionless form of Eq. (11), we introduce the following
transformations

i o _lpg2c A=A
¢= 27, ao$, T = 2#1“07:14 = % 12)
Using (12) in Eq. (11), the dimensionless form of NLSE is given by
J0A | 024 o

The Peregrine breather solution of (13) is given by
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A7) = exp(2if) {M - 1} (14)

1+4J2+1672

Applying the transformations (12) in (14) the Peregrine breather
solution is expressed in dimensional form

441 (1-2im, adt) _ 1} (15)

- — P
B1—2M1 0§32 +y1 (2R a3T)

AG. ) = aexp(—imadD) |

The most important behavior of the Peregrine breather solution is that its
highest value is found at a single point in both the spatial and time domain
and decreases exponentially out of the localized region.

Conclusions

The Peregrine soliton, a hallmark of the NLSE, offers profound insight
into the dynamics of rogue waves in various physical settings. This study
examines the characteristics of the Peregrine soliton for gravity waves in the
presence of a depth-uniform current on deep water. The interplay between
the uniform current and nonlinear wave dynamics significantly impacts the
soliton's properties, including its amplitude, localization, and temporal
evolution.

The findings highlight that the depth-uniform current introduces
modifications to the soliton's structure, altering the parameters that govern
rogue wave formation and propagation. These effects emphasize the critical
role environmental factors play in shaping extreme wave phenomena.
Importantly, the analysis underscores the versatility of the NLSE in
capturing complex physical interactions in marine and coastal engineering
applications.

Through analytical investigations, this study bridges theoretical models
and practical scenarios, paving the way for improved understanding and
prediction of rogue waves. Future research could further explore the
implications of variable currents and finite depth to extend the model's
applicability. Overall, the Peregrine soliton remains a powerful tool for
elucidating the nonlinear behaviors governing gravity waves, particularly in
scenarios relevant to maritime safety and coastal dynamics.

Appendix

143k __ 2AB-xfk 1 {4—(1+x)(2—1c)

Y1 = 20‘f§(1+K)’yz - of2 ' ¥3 7 26t L T a_f,z, 1-2k N BK}
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_ 3(ax*+4x3-9x? +k-8) _ (2k%+x+8)(1-K) _1
Ha = Of2(1+K)(1-2K)2 M3 = 20f2(1+10)(1-2K)' "4 T 4
a ]
A=foB=f =32 fe=500r =5
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Chapter - 23

The Impact of Memory on Zika Virus Transmission: A
Caputo-Fractional Order Modeling

Piu Samui, Samapti Mondal and Jayanta Mondal

Abstract

Zika virus transmission or Zika fever or simply Zika is an Aedes
mosquito-borne infectious disease predominantly transmitted via a Flavi-
virus namely Zika virus. In this article, a non-linear deterministic ODE
model considering the vector transmission pathway of Zika is calibrated
through a four-compartmental ODE model. The steady states and the basic
reproduction number (R,) of the epidemic system are computed. The model
is upgraded to its fractional-order counterpart in Caputo sense. The existence
and uniqueness of the solutions of the fractional-order epidemic system are
carried out. Various numerical simulations are performed in the context of
fractional-order, i.e. memory, with the help of real epidemic data of Zika.
Simulation results indicated that increased value of memory could curtail the
transmission chain of Zika. Gained analytical results are validated
epidemiologically.

Keywords: Zika, basic reproduction number, fractional-order derivatives,
memory

Introduction

Zika, a life-threatening diurnal female Aedes mosquitoes-borne
infectious disease, is caused by Zika virus (ZIKV) belonging to the
Flaviviridae family. Zika virus was first distinguished in a monkey of Rhesus
Macaque species in Uganda’s Zika Forest and the Zika virus was named
after the forest Zika in the year 1947 [Sikka (2016)]. The first evidence of
Zika infection in humans was found in Uganda in the year 1952 [WHO
(2022]. Since the year 1950, Zika transmission has been occurring within a
narrow equatorial belt from Africa to Asia; however, from the year 2007 to
the year 2016, the transmission has spread up to the Americas causing the
severe 2015-2016 Zika epidemic [Mehrjardi (2017)]. Although epidemic
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cases of Zika transmission have declined globally from the year 2017
onward, the transmission still persists at moderate levels in several countries
of Americas including another endemic region [WHO (2022)]. According to
the World Health Organization’s report, about 89 countries and territories
have reported evidence of mosquito transmitted Zika virus infection to date
[WHO (2022)].

For the most instances, Zika transmission is asymptomatic or causes
very mild symptoms. In severe cases, fever, headache, skin rashes, joint and
muscle pain, conjunctivitis, malaise etc. might be developed. Predominant
pathways of Zika transmission are female mosquitoes of Aedes genus,
sexual practices, pregnancy, blood and blood products transfusion organ
transplantation etc. [CDC (2024)]. Zika could be vertically transmitted
causing infants to be born having microcephaly, other congenital
malformations, preterm birth and miscarriage [Agusto (1) (2017)]. Zika may
engender Guillain-Barré syndrome and other neurological disease in adults
and children [Agusto (2) (2017)]. Primary therapeutic measures of Zika
transmission are staying hydrated, rest, taking medicines like
Acetaminophen and Paracetamol etc. There is no proper vaccine (that could
be implemented to pregnant women also) available to control the Zika until
now [CDC (2024)]. Preventive measures like protection against mosquito
bites during the day time and early evening (essential for pregnant women,
women of reproductive age and young children), practice safe health
practices and practice safe sex are considered as control strategies of Zika.

Epidemiological models are one of the most powerful mathematical
tools in understanding the intricate dynamical features of an emergent
epidemic. Several mathematical models have been formulated to understand
the transmission dynamics of Zika and due the unavailability of vaccine,
mathematical models can benefit in investigating feasible control measures
[Agusto (1) (2017), Agusto (2) (2017), Bonyah (2016), Bonyah (2017),
Rezapur (2020), Suprait (2018), Terefe (2018)]. In the articles [Rezapur
(2020)] and [Alfwzan (2023)], the authors have formulated mathematical
models of Zika considering both the vector population and human population
to investigate the entire disease transmission process. We have advanced the
models proposed [Rezapur (2020)] and [Alfwzan (2023)] incorporating the
reinfection feature of Zika transmission. Furthermore, we upgrade our
proposed model into a fractional-order model using Caputo-fractional order
derivatives in order to deal with some significant epidemic characteristics
like memory, genetic profiles, hereditary properties etc. [Zafar (2024), Ali
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(2021), Khan (2021)]. Indeed, Caputo sensed fractional derivatives are being
used widely to study infectious disease dynamics in a more realistic way
[Samui (2022)].

The chapter is organized as follows: in the following Section 2, a four-
dimensional deterministic mathematical model of Zika virus transmission is
proposed via fractional-order derivatives in Caputo sense. Section 3 is
dealing with the criteria of existence and uniqueness of solutions of the
fractional-order system. In Section 4, the non-negativity and uniform
boundedness of the solutions are analyzed. In Section 5, the equilibrium
points and basic reproduction number of the system are investigated. Section
6 is related to the stability of the system around the steady states. In Section
7, some numerical simulations of the system are performed. Lastly, a
conclusion section is attached to discuss overall analysis and their biological
interpretations.

Formulation of Mathematical Model

Calibrating the complicated transmission dynamics of Zika, a four
dimensional deterministic compartmental integer order model is formulated
by upgrading the model proposed in [Rezapur (2020)] and [Alfwzan (2023)].

The model is comprising of four populations-

i) S, Representing the susceptible human populations.

ii) I, Representing the infected human population.

iii) Ry Standing for the recovered human population.

iv) I, Describing the infected Aedes mosquitoes.

Reinfection of Zika is a crucial concern due to unavailability of effective
vaccine. Our proposed mathematical model takes the following form:

- = A= BiSply = B2Suln + @Ry — 55h;% = BiSnlm + B2Snln —
uly =0l = 81y, =8 = nly — aRy — 6B, =2 = €(1 = L)ly = Sl (1)

dSp

together with non-negative and epidemiologically feasible initial
conditions

Sp(0) = Spo = 0,1,(0) = Ing = 0,R,(0) = Ryg = 0,1,,(0) = I,y = 0. (2)

Here, t, represents the initial day of infection. The term A is describing
the constant recruitment of susceptible humans in the system. The terms S,
and f, are representing the disease transmission rates via infected
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mosquitoes and infected humans respectively. The parameter a stands for
rate of reinfection due to waning of immunity. The parameter § represent the
natural death rate of all human populations. Here, u describes the Zika-
induced death rate and 7 represents the rate of recovery. The parameter e
stands for attraction rate of Aedes mosquitoes towards susceptible humans.
The parameter &,, is standing for the natural death rate of mosquitoes. All
the model parameters are positiv and their parametric value used for
numerical simulation are enlisted in Table 1.

Table 1: Descriptions and values of the parameters belong to the epidemic model [

Parameter Description Value Sources
0 Constant recruitment of susceptible 200 [Rezapur (2020),
humans Alfwzan (2023)]
0 Disease transmission rate through [0.25, 1.25] [Rezapur (2020),
! interaction with infected humans B Alfwzan (2023)]
Disease transmission rate through
2 interaction with infected mosquitoes 0.0001 Assumed
O Rate of waning of immunity 0.85 [Rezapur (2020)]
O Natural death rate of individuals 0.4 [Rezapur (2020)]
0 Dlsease-mdtj_ce_)d death rate of 08 Assumed
individuals
0 Rate of recovery 0.5 [Rezapur (2020)]
0 Attraction rate of vectors towards 0.4, 1.4] Varied
susceptible humans
Og Natural death rate of mosquitoes 0.5 [Rezapur (2020)]

Conversion into Fractional-Order Model

Our proposed integer order Zika epidemic system [ is converted into a
fractional order system using Caputo fractional derivatives. The predominant
advantage of using Caputo sensed fractional derivative is that this type is
similar to the integer-order derivative and it is different from Riemann-
Liouville derivative in time of using non-zero initial conditions. At first, we
would recall two definitions.

Definition 1: Let a function f:R* - R is piecewise continuous and
integrable on any finite subinterval of [0, o). Then for Re(8) > 0, the
Riemann- Liouville integral of fractional order is defined by, J°f(t) =

%fot (t — y)®f(y)dy, where, T'(.) is well known Gamma function.
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Definition 2: Let the function f € C*(0, ), then Caputo derivative of f
is defined by, DPf(t) = J™®f(t) = {mft (t—y)* O (y)dy,d €

(n—1,n), ddiﬁt),e =n, }where, n is an integer and D = —

Thenceforth, our proposed integer-order Zika epidemic model ! would
be converted into its Caputo fractional order form as below:

0cDfS, = A% — BPs, 1, — BES,I, + a® Ry, — 595,,,0cDP 1, =
BY Sl + B3 Splp — 181, —n°l, — 8%, 0cDY Ry = n°l, — a®Ry, —
89R,,0cDP1L, = €(1 — LI, — 881, (3)

Together with the same non-negative and epidemiologically feasible
initial conditions . Here, 0cDf is denoting the Caputo fractional order
derivative and theta is the order of the Caputo fractional derivatives with
0 < 6 < 1. The physical interpretation of 8 is memory or more precisely,
immunological memory.

Qualitative Analysis of Fractional Model

In this Section, we would analyze the basic qualitative properties of the
Caputo-fractional order system [l along with the non-negative initial
conditions . In this regard, we first reconstruct the fractional order Zika
system [l into the following vector form:

0cDfy(t) = p(t,¥),to >0,
Along with initial conditions y(t,) = y,, where 6 €, p:x @ - R™, 0 C

Rn, p(t'y) = (P1.p2,p3,p4)T, y(t) = (Sh' Ih: Rh: Im)T S Ri and Yo
(Sho» Ino» Rno» Imo) € RE.

Existence and Uniqueness

In order to study the existence and uniqueness of solutions of the
Caputo-fractional system [, let us consider the region @ X [ty, &], where

0 ={(Sp, In, Ry, Iy) € Rt 4max(isnlitnbIRRLImD <N} and & < 4o, Let us
consider a mapping K (y) = (K1 (), K. (»), K3 (), K4()), where
Ki(y) = A% — B Sply — PESnln + aPRy — 69Sp, K, (y) =
BY Syl + BS Splp — 81y — 0Pl — 8°1, K3(y) = n°l, — a®Ry
56Rh' K4(Y) = 69(1 - Im)Ih - mIm-
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Thus, for any y, ¥ € 0, it is observed that

[IKG) = K@I| = —1K:(») = Ky G| + 1K, () = K, ()| +
1K) = Ks DI + 1Ko (v) = KD, = 4% — BY Sply — BF Spln + Ry —
§%Sn — A% + PP Syl + BESply — a® R + 8%Su| + |BY Sulm + BS Snln —
Wy =Ly = 80y — BY Suly — BESpln + 1 Ip +1°I + 8°1] +
|71, — a®Ry, — 89R, —n°I, + a®Ry, + 6°R,| + |€9(1 — LI, — 881, —
€9(1 = L)l + 881,|, < (289N + 289N + 8°)|S, — Su| + (289N +
1l +2n% + 8% + €9N)|1, — I| + (2% + 69)|R, — Ry | + (2BYN +
€N +689) |1 — T,

<K Illy—7l,where K = max{K;,K,, K3, K,},

and

Ky = 289N + 29N + 69, K, = 289N + u® + 2n° + 59 +
€N, K; = 2a% +69,K, = 26PN + €N + 68,

Henceforth, the term K(y) satisfies the Local Lipschitz condition with
respect to y. Consequently, it is confirmed that there exists a unique solution

y(t) of system [3] along with initial condition ¥(0) = (Sko, Ino» Rro» Imo)-
The following Lemma is the consequence of this result.

Lemma 1: [Li (2017)] Let a continuous function Z(x) on the interval
and satisfies D®Z(x) < —cZ(x) + & Z(xo) = Zo, 1,

Where, 0 <6 <1,c,y ER, c# 0 and x, = 0 is the initial time. Then
the solution of ! takes the form Z(x) < (Zo — %) Eo[—(x — x0)8] + %

Where, Egq is the Mittag-Leffler function.
Positivity

To check the positivity of the solutions of the Caputo fractional system
[syst2], first we consider the following region @ as

@ = {y(t) € RE(t):y(t) = 0with(y(t) =
(S (), In (), R (£), I (1)}

Next, we take help of the following theorem to study the positivity of
the solutions of the fractional system [3] belonging to the region @.

Theorem 1: Let w(t) € C[m,n] and D*w(t) € C[m,n] for 0 < a < 1,
then w(t) = w(m) + @ (D*®)()(t—m)*withm < < t, Vt €.
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Using the above Theorem 1, we can state the following corollary.

Corollary 1: Suppose that w(t) € C[0,b] and D*w(t) € C for 0 < a <
1. If D%w(t) = 0vt €, then the function @ is non-decreasing and if
D“wm(t) < 0Vt €, then the function @ non-increasing for all t € (0, b).

Theorem 2: All the solutions of the Caputo fractional order Zika
epidemic system ¥ is positively oriented and belonging to ®.

Proof.

0cDPS, = A® + a®Ry, = 0,0cDP1, = BYS,I, = 0,0cDPR,, =
n°I, = 0,0cDP1,, = €°1, > 0.

Therefore, for any t € we have S,(t) =0, I,,(t) =0, R,(t) =0 and
I,(t) = 0.0

Boundedness

Theorem 3: Every solution of the fractional order Zika system [
initiating in @ is uniformly bounded.

Proof. First, we consider the total human population as N(t) = S,,(t) +
I,(t) + R, (t). Thus, summing up the first three equations of the fractional
order Zika system [3], we get

DN = A% —59(S, +1,+R,) = DN +6°N = A°.

Thus, integrating both side of the above equation, it is obtained that

0 < N(Sp, I, Ry) < ;‘—Z + N(0)e~%%,

Where, N(0) = S,(0) + 1,,(0) + R;,(0). It is notable that for t — +oo,
0<N(t) < g—z. With the help of the Corollary 1, it is obtained that

N(t) < (N(o) ——) Qo (—569t%) +— vt €.

Therefore, N(t) - 2—9, ast — oo,

Now, from the last equation of the system [3], it is seen that DI, +
881, <

m < 5959 , since I, < — Thus with the help of the Lemma 1, we get

n(©) < (1n(0) = 22) Qo (~85,69) + 2 W rVEE.
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6.6
Therefore, I,,, —» ;19%, for t — co. Consequently, it is concluded that all
m

the solutions of the Caputo fractional order Zika system Bl initiating in
{R$\0} is uniformly bounded in the attracting region 2, where

- 4, 4° 4%¢°
0= {(Sh,lh,Rh,Im) €R$:0 < Sy + 1y + Ry < 55 &0 < Iy, <—m},

for t - +o0. Hence the proof.
Equilibria and Basic Reproduction Number

In this Section, we would investigate the feasible equilibrium points and
the basic reproduction number of our Caputo fractional order Zika epidemic
system 1,

Equilibrium Points

0
i) The Zika virus-free equilibrium (ZVEF)-E, = (5,0,0,0), which
always exists in the system irrespective of any condition,
ii) The Zika virus  existing  equilibrium  (ZVEE)-E* =
Sy I Ry, L"), whose existence condition would be studied
here.

Basic Reproduction Number

The basic reproduction number is defined as the average number of
secondary infections initiated from a primary infection in a wholly
susceptible population and it plays essential role in analyzing dynamical
features of any communicable disease. Using the Next-generation matrix
method [Diekmann (1990), Mondal (2024)], we compute the basic
reproduction number of our proposed fractional order system ! as

RS = Fy-! AB1€+f28m)

T 88m(utn+6)’
Existence of ZVEE

The components of the ZVEE E™ are computed as

B9e0+p9(e01p+69) M T 01,469 " T af+59

 (u%4n%+59)(e%1,,+69) ey, n?

Sh

and I, is root of the following quadratic equation

Wil + Wol, + W5 = 0,
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Where

Wy = BIe®[(1® +n° + 69)(a® +69) — a®nl Wy = [(W® +1° +
§9)(a® +69) — a%n°][pled + LSS ] + € (al + 89) (59 (8 +1° +
§%) —A9B9), Wy = 6969 (u® +n% + 69)(1 — RY).

Consequently, it is seen that the Zika virus existing equilibrium (ZVEE)
E* = (Sp, In, Ry, L), exists if, (i). R§ > 1, (ii). (1% +n° + 69)(a? + 6°%) >
afn?, (iii). (u +n° +69)8% > 29p%.

l [t T T T T

0.9

0.8

Susceptible Human

0.7

0 10 20 30 40 50
Time

Fig 1: The figure is portraying the dynamics of susceptible human population of the
Caputo fractional epidemic system [ varying the memory 8 = 0.6,0.7,0.8,0.9

Local Stability Analysis

In this section, we investigate the local asymptotic stability of the
Caputo fractional order system ! around both the equilibrium points.

Theorem 4: The Caputo fractional order Zika epidemic model B! is
locally asymptotically stable around the Zika virus-free equilibrium (ZVEF)

[¢]
E, = (2—9,0,0,0) while RY < 1; otherwise, instability occurs.
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Fig 2: The figure is portraying the dynamics of infected human population of the
Caputo fractional epidemic system [l varying the memory 8 = 0.6,0.7,0.8,0.9
Proof. To analyze the stability of the fractional order Zika epidemic
6
model B! around the Zika virus-free equilibrium (ZVEF) E, = (2—9,0,0,0),

we first compute the Jacobian matrix of the system around the Zika virus-

0
free equilibrium (ZVEF) E, = (2—9 0,0,0) as follows:

0,0 00
Js = <—59 Tl — 0 — (0 +° +6%) +

00 00
0 S ot — (af +69)00¢%0 — 55, ).

The characteristic equation of the Jacobian matrix Jg, corresponding to
the eigenvalue A is given by

(+8%)(a+a? +8%) [12 + (85 + 10 +n° + 69 = L0E) 24

(68 +1” +1°)85(1- R)] = 0. )

It is observed that the eigenvalues obtained from the characteristic
equation 1 are 4, = —§% and 2, = —(a¥ + §%) real and negative, and
remaining eigenvalues are real, and negative if and only if R§ < 1. Now we
see that |arg(A,)| = > 2 and |arg(A,)| = m > . But larg(1)] > =
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vO € and i = 3,4. Thus, the Zika epidemic system [3] would be locally
asymptotic stable V6 € only if R§ < 1. O

0.25 T T T T -

0.2
-0 =09

01s - N

N\ 0 =0.6
N\

= 0.8
=07

0.1 -

Recovered Human

0.05

0 10 20 30 40 50
Time

Fig 3: The figure is portraying the dynamics of recovered human population of the
Caputo fractional epidemic system B3I varying the memory 8 = 0.6,0.7,0.8,0.9

Theorem 5. The fractional order Zika epidemic model B! would be
locally asymptotically stable around the Zika virus existing equilibrium
(ZVEE) E* = (S, I, Ry, I, ™) if Ry > 1; otherwise, the system would be
unstable.

Proof. To study the stability of the fractional order Zika epidemic model
Bl around the Zika virus existing equiliborium (ZVEE) E*=
(S5 15 Ry, 1y, we compute the Jacobian matrix of the system Bl as

Iz = (K11 Kip K13 Kia Ko — Koz 0 Kpa O i3y — K33 0 0Kp 0 — Ky ),

Where, Ky = BY Ly + BS 1 + 6%, Ky = —BISh, Kz =a®, K=
—BYSn, ka1 =Bl + By, Kpp = (Ile +1% + 59) —BISn, Ky3 =0,
Koq = PP Sk, k31 = 0, k3 = 1%, k33 = (0’9 + 59): K3 =0, K41 =0, K4, =
€9(1—1,), K43 = 0, kgy = €°I, + 65,

The characteristic equation of the Jacobian matrix - is computed as:

A+ DA%+ D,A%2 + D;A+ D, =0,
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Where,

Dy = Ky1 + Kyp + K3z +Kgq, Dy = Ki1kpp + Ki1K33 + Ki1Kgg +
Ka2K3z + KaaKag + K3zKas — Ki2Ka1, D3 = Ky1kop(Kas + Kay) +
K33Kaa (K1 + Kpp) + Koskap — KizKp1 (K3 + Kas) + Kisksy + Koakys, Dy =
K11K22K33K44 + K13K32K 4 + K14K24K33 — K12K21K33Kq4.

Therefore, applying the well-known Routh-Hurwitz criterion for
stability analysis, it is seen that D; > 0, D; > 0, D, > 0, and D,D,D; >
D? + DD, are satisfied if R§ > 1. Thus, it is implying the fact that Routh-
Hurwitz criterion of stability is satisfied on condition that R > 1.

Now, with the help of Proposition 1 established in [Samui (2022)], it is
seen that every eigenvalues of the Jacobian matrix is satisfying the condition
larg(g)| > "Z—B,i =1,2,34 and consequently, the criteria for local
asymptotic stability of the Caputo-fractional order system ! around the
endemic steady state is satisfied.

The discriminant of the characteristic equation ! is given by

Y(0) = D?D} — 4D3 — 4D34D, — 27D% + 18D, D, Ds.

Again, with the help of Proposition 2 established in [Samui (2022)], we
may conclude that

Proposition 1:

i) The Caputo fractional-order system [3] would be locally
asymptotically stable around the endemic steady state if Y(0) > 0,
along with the conditions (i) D, > 0, (ii) D; > 0, and (iii) D;D, —
D; > 0.

ii) The Caputo fractional-order system [3] would be locally
asymptotically stable around the endemic steady state if Y(8) < 0
along with the conditions (i) D, = 0, (ii) D, = 0, (iii) D; > 0 and
(v)0<6<2

iii) The Caputo fractional-order system [3] would be locally
asymptotically stable around the endemic steady state if Y(0) < 0
along with the conditions (i) D, > 0, (ii) D, > 0, (iii) D;D, = D4
and0 <6 <1.

iv) The Caputo fractional-order system [3] would be unstable around
the endemic steady state if Y(0) < 0 together with the conditions

(i) D, > 0, (ii) D, > 0, and (iii) 6 > §
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Fig 4: The figure is portraying the dynamics of infected mosquitoes’ population of
the Caputo fractional epidemic system [l varying the memory 6 = 0.6,0.7,0.8,0.9

Numerical simulation

In this Section, we numerically analyze the Zika epidemic system [l
with the help of the software MATLAB and taking baseline parameter
values enlisted in Table 1. With the set of baseline parameter values, it is
found that the epidemic system [l executes two equilibrium points-

i) ZVEFE, = (1,0,0,0).

i) ZVEE E* = (0.37,0.249,0.13,0.39) and the basic reproduction
number, Ry, = 4.099 > 1.

With different values of memory, 6 = 0.6,0.7,0.8,0.9, we capture the
dynamical effects of memory in all the four populations. Figure 1, Figure 2,
and Figure 3 are indicating the effect of memory in susceptible human
population, infected human population and recovered human population
respectively. It is observed that with high value of memory, the level of
infection would be lowered gradually and attains stability quickly. Figure 4
is calibrating the effect of memory in infected mosquitoes’ population. It is
found that high value of memory would be helpful to reduce the population
of infected Aedes mosquitoes.
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Discussion and Conclusions

Calibrating the dynamical attributes of Zika fever, or Zika, a four-
dimensional deterministic integer order model is proposed. The integer order
model is upgraded into Caputo fractional order system and analyzed
mathematically. The existence, uniqueness, positivity and boundedness of
the solutions of the Caputo fractional order Zika epidemic system are
investigated. The steady states possessed by the Zika epidemic system ! are
investigated and it is seen that the system [l executes two equilibrium points-
one is Zika virus free equilibrium point and another is Zika virus endemic
equilibrium point. The basic reproduction number of the system [l is
computed. The local asymptotic stability of the Caputo fractional order
system is studied around the Zika virus free equilibrium point for R, < 1
and around the Zika virus endemic equilibrium point for Ry, > 1
respectively. Numerical simulations are performed showing the impact of
memory in different populations of the system. Researchers should focus on
the intricate transmission dynamics of Zika virus transmission so that the
global burden of the Zika would be diminished worldwide.
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Chapter - 24

Mathematical Modelling in Disease Dynamics: A
Comprehensive Review

Moumita Ghosh

Abstract

Mathematical modelling has become an indispensable tool for
understanding the spread, control, and impact of infectious diseases. This
article reviews the fundamental concepts, methodologies, and applications of
mathematical models in disease dynamics, highlighting their role in public
health decision-making. We discuss the classical models, extensions to
incorporate complex real-world factors, and their application in addressing
global health challenges such as pandemics.

Keywords: Mathematical modelling, infectious diseases, SIR model,
pandemic response, vaccination strategies, stochastic models, network
models, public health

Introduction

Infectious diseases remain a significant threat to global health, with
outbreaks and pandemics posing challenges for containment and mitigation.
Mathematical modelling provides a structured framework to study the
transmission and progression of diseases, enabling predictions and
evaluations of intervention strategies (Anderson & May, 1991; Diekmann et
al., 2012; Keeling & Rohani, 2008). By incorporating data on disease
dynamics, population behavior, and intervention measures, these models
have proven invaluable in guiding public health policies and resource
allocation. This review aims to present an overview of the key approaches in
mathematical modelling of disease dynamics and their applications in
addressing critical public health concerns.

Foundations of mathematical modelling in epidemiology

Mathematical models are simplified representations of real-world
systems that use mathematical expressions to describe the interactions
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between populations and infectious agents. The primary objective of such
models is to understand the mechanisms of disease spread and predict the
outcomes of various interventions.

Compartmental Models

Compartmental models are the most widely used approach in
epidemiology. They divide the population into compartments based on
disease status:

e SIR Model: Susceptible-Infectious-Recovered model assumes
individuals progress from being susceptible to infectious and then
recovered.

e SEIR Model: Adds an "Exposed” compartment to account for the
incubation period of the disease.

e SIS Model: Used for diseases where recovered individuals do not
gain immunity and can become susceptible again.

The dynamics are governed by differential equations representing the
flow of individuals between compartments.

Key Metrics

e Basic Reproduction Number: The average number of secondary
infections caused by one infectious individual in a fully susceptible
population.

o Effective Reproduction Number: Adjusted to account for changes
in susceptibility and intervention measures.

e Herd Immunity Threshold: The proportion of the population that
must be immune to halt disease spread.

Extensions of Classical Models

While classical models provide valuable insights, they often
oversimplify real-world complexities. Extensions of these models address
factors such as heterogeneity, stochasticity, and spatial dynamics.

Stochastic Models

Stochastic models incorporate random events and variability, making
them particularly useful for studying small populations or rare events.

Spatial Models
Spatial models account for the geographic distribution of populations
and pathogen transmission, incorporating factors like migration and
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localized outbreaks. Techniques such as cellular automata and partial
differential equations are employed to capture spatial dynamics.

Network Models

Network models represent populations as nodes connected by edges,
reflecting social interactions and contact patterns. These models provide
insights into how the structure of human interactions influences disease
spread.

Age-Structured Models

These models include age-specific parameters to account for differences
in susceptibility, contact rates, and immune responses across age groups.

Applications in Public Health

Mathematical modelling has been instrumental in addressing various
public health challenges:

Pandemic Response

Real-time models were crucial during the COVID-19 pandemic to
predict case numbers, evaluate intervention strategies, and allocate
healthcare resources.

Vaccination Strategies

Models inform vaccination campaigns by identifying priority groups
and optimizing vaccine distribution to achieve herd immunity.

Emerging Infectious Diseases

Modelling helps assess the potential impact of novel pathogens, guiding
early intervention and surveillance strategies.

Antimicrobial Resistance

Models are used to understand the spread of resistant pathogens and
evaluate the impact of antibiotic stewardship programs.

Vector-Borne Diseases

For diseases like malaria and dengue, models integrate climate, vector
ecology, and human behavior to design effective control measures.

Challenges and Future Directions
Despite their utility, mathematical models face several challenges:

e Data Quality and Availability: Reliable data is essential for
accurate model calibration and validation.
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e Parameter Uncertainty: Many models rely on assumptions or
estimated parameters, leading to potential inaccuracies.

e Complexity vs. Interpretability: While detailed models capture
more nuances, they may become too complex for practical decision-
making.

Future advancements should focus on integrating interdisciplinary

approaches, leveraging big data and machine learning, and enhancing model
transparency and accessibility.

Conclusion

Mathematical modelling has profoundly influenced our understanding
and management of infectious diseases. From guiding public health policies
to optimizing resource allocation, models are indispensable in modern
epidemiology. Continued innovation and collaboration across disciplines
will further enhance their impact in safeguarding global health.
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Chapter - 25

Summability Theory: An Overview
Sagar Chakraborty

Abstract

A subfield of mathematical analysis known as summability theory
studies how sequences or series, which are usually divergent, can be
meaningfully interpreted as somehow convergent. By offering different
summability techniques to assign finite sums to series that do not converge
in the conventional sense we make them convergent. This theory expands on
standard ideas of convergence. The basic ideas of summability, as well as its
various applications, methodologies, and links to other branches of
mathematics, are summarized in this paper. Simply said, the idea of
summability is a generalization of the idea of convergence.

Keywords: Summability, convergence, divergence
Introduction

The idea of convergence is essential to comprehending how sequences
and series behave in classical analysis. Nevertheless, some series or
sequences have intrinsic features that can be explained using extended
summation techniques even when they do not converge in the conventional
sense. In order to overcome this difficulty, summability theory offers a
number of methods for applying the idea of summing to these kinds of
divergent series. Numerous disciplines, such as number theory, functional
analysis, and quantum physics, have found use for summability theory. It has
also been useful in the study of generalized Fourier series and in the analysis
of divergent series in asymptotic analysis.

Basic Concepts

It is necessary to review certain fundamental definitions from the theory
of sequences and series before diving into particular summability techniques.
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Convergence of Series

A series )5 a, is said to converge to a limit L if the sequence of
partial sums s,, = Y5  a, approaches L as n—-co. If this condition does not
hold, the series is said to diverge.

Cauchy says that divergent series are not inside the comprehensible
realm of mathematics since they lack a sum. In a single stroke, Cauchy
eliminated all disharmonies that emerged in applications of infinite series by
removing divergent series from the realm of mathematics. The mathematical
community quickly and readily accepted Cauchy's approach for calculating
the sum of an infinite series because it was so natural in its formulism to the
idea of the sum.

Applications of Summability Theory

Summability theory has applications across several areas of mathematics
and science.

Number Theory

Dirichlet series and other infinite series that arise in analytic number
theory are studied using summability techniques in number theory. Although
summability approaches enable the assignment of finite values or the
analysis of their asymptotic behavior, these series frequently do not converge
conventionally.

Functional Analysis

Summability is important in functional analysis for studying sequences
of functions and Fourier series convergence. Fourier series that do not
converge point wise but may nevertheless be summed in a Cesaro or Abel
sense are frequently handled using Cesaro and Abel summability techniques.

Asymptotic Analysis

Divergent series that emerge in the expansion of special functions and in
perturbative methods in quantum physics are given meaning in asymptotic
analysis through the application of Borel summability and other acceleration
techniques. These methods are essential for giving otherwise divergent series
finite values.

Connections to Other Areas

Summability theory is closely related to other branches of mathematics
such as functional analysis, complex analysis, and the theory of distributions.
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In particular, the study of generalized Fourier series and analytic
continuation involves summability methods. Furthermore, summability is a
key ingredient in the development of the theory of distributions, which
generalizes the notion of functions to include objects like the Dirac delta
function.

The idea of statistical convergence goes back to the first edition
(published in Warsaw in 1935) of the monograph of Zygmund ["l. Formally
the concept of statistical convergence was introduced by Steinhaus ™! and
Fast [8 and later reintroduced by Schoenberg [,

Statistical convergence, while introduced over nearly fifty years ago, has
only recently become an area of active research. Different mathematicians
studied properties of statistical convergence and applied this concept in
various areas such as measure theory [ trigonometric series [,
approximation theory [, locally convex spaces [, finitely additive set
functions [*41, in the study of subsets of the Stone-Chech compactification of
the set of natural numbers [*31 and Banach spaces P,

However, in a general case, neither limits nor statistical limits can be
calculated or measured with absolute precision. To reflect this imprecision
and to model it by mathematical structures, several approaches in
mathematics have been developed: fuzzy set theory, fuzzy logic, interval
analysis, set valued analysis, etc. One of these approaches is the neoclassical
analysis (cf., for example, I &), In it, ordinary structures of analysis, that is,
functions, sequences, series, and operators, are studied by means of fuzzy
concepts: fuzzy limits, fuzzy continuity, and fuzzy derivatives. For example,
continuous functions, which are studied in the classical analysis, become a
part of the set of the fuzzy continuous functions studied in neoclassical
analysis. Neoclassical analysis extends methods of classical calculus to
reflect uncertainties that arise in computations and measurements.

The aim of the present paper is to extend and study the concept of
statistical convergence utilizing a fuzzy logic approach and principles of the
neoclassical analysis, which is a new branch of fuzzy mathematics and
extends possibilities provided by the classical analysis " 8. Ideas of fuzzy
logic have been used not only in many applications, such as, in bifurcation of
non-linear dynamical systems, in the control of chaos, in the computer
programming, in the quantum physics, but also in various Statistical
Convergence and Convergence in Statistics 3 branches of mathematics, such
as, theory of metric and topological spaces, studies of convergence of
sequences and functions, in the theory of linear systems, etc.
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In the second section of this paper, going after introduction, we remind
basic constructions from the theory of statistical convergence consider
relations between statistical convergence, ergodic systems, and convergence
of statistical characteristics such as the mean (average), and standard
deviation. In the third section, we introduce a new type of fuzzy
convergence, the concept of statistical fuzzy convergence, and give a useful
characterization of this type of convergence. In the fourth section, we
consider relations between statistical fuzzy convergence and fuzzy
convergence of statistical characteristics such as the mean (average) and
standard deviation. For simplicity, we consider here only sequences of real
numbers. However, in a similar way, it is possible to define statistical fuzzy
convergence for sequences of complex numbers and obtain similar
properties.
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Chapter - 26

Dynamical System Analysis of Black Holes: A Literature
Review

Soumya Chakraborty

Abstract

Black holes are among the most fascinating objects in the universe,
representing solutions to Einstein's field equations that describe regions of
spacetime where gravity is so strong that nothing, not even light, can escape.
Dynamical systems theory provides a powerful framework for analyzing the
complex behavior of black holes and their interactions with surrounding
matter and spacetime. This article explores the application of dynamical
systems analysis to black hole physics, emphasizing mathematical
techniques, stability studies, and astrophysical implications.

1. Overview of Black Hole Dynamics

Black holes are characterized by parameters such as mass, spin, and
charge. These quantities define the geometry of spacetime, governed by
specific solutions to Einstein’s equations:

e Schwarzschild Metric (static, uncharged black holes).
e Reissner-Nordstrém Metric (charged black holes).

o Kerr Metric (rotating black holes).

o Kerr-Newman Metric (charged, rotating black holes).
The dynamical behavior of a black hole is influenced by:

e External perturbations, such as infalling matter or gravitational
waves.

e  Geodesic motion of particles and light in the spacetime.

e Interaction with other astrophysical objects, such as binary
systems or accretion disks.
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2. Mathematical Framework
2.1 Phase Space and Dynamical Systems

A dynamical system is characterized by a set of differential equations
that describe the evolution of a system's state over time. For black holes:

The phase space consists of variables such as the position and
momentum of test particles, spin parameters, or spacetime curvature
components.

The equations governing the system are derived from the Einstein field
equations or the geodesic equations.

Fig 1: Structure of Black hole

2.2 Perturbation Analysis

Perturbative techniques analyze the response of a black hole to small
disturbances:

e Linear perturbation theory examines small deviations from
equilibrium states.

e Quasinormal modes (QNMs) describe oscillations of black holes
under perturbations, characterized by complex frequencies whose
imaginary parts determine stability.

2.3 Stability Analysis

Stability is assessed by analyzing the behavior of solutions to the
governing equations:

e Lyapunov Exponents quantify the divergence or convergence of
trajectories in phase space.

Page | 224



Interdisciplinary Research Horizons in Science and Technology

e Bifurcation Theory identifies qualitative changes in dynamics due
to parameter variations (e.g., mass or spin).

3. Geodesic Dynamics

The motion of particles and light around black holes is governed by
geodesic equations derived from the spacetime metric:

Where are the Christoffel symbols, is the proper time, and represents the
spacetime coordinates. Key features include:

e Stable and Unstable Circular Orbits: Determined by effective
potential analysis.

e Photon Spheres: Regions where light can orbit the black hole.
e Event Horizon Dynamics: Governing the ultimate fate of particles.
4. Nonlinear Dynamics and Chaos

Nonlinear interactions in black hole systems, such as in binary black
hole mergers or accretion disk dynamics, often exhibit chaotic behavior.
Hallmarks of chaos include:

e Sensitive Dependence on Initial Conditions: Tiny perturbations
grow exponentially.

e Fractal Structures in Phase Space: E.g., strange attractors in
systems with multiple black holes.

Numerical simulations are essential for exploring chaotic dynamics, as
analytical solutions are often intractable.

5. Astrophysical Implications
5.1 Gravitational Wave Emission

Dynamical interactions of black holes, such as mergers, produce
gravitational waves. The analysis of these waves involves:

e Inspiral Phase: Governed by gradual energy loss due to radiation

e Merger Phase: A nonlinear regime best studied through numerical
relativity.

e Ringdown Phase: Characterized by quasinormal mode oscillations.
5.2 Accretion Disk Dynamics
Accretion disks around black holes exhibit:
e Quasi-Periodic Oscillations (QPOs): Linked to the geodesic
motion of matter.
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e Instabilities: Studied through magnetohydrodynamic (MHD)
simulations.

5.3 Testing General Relativity

Precise measurements of black hole dynamics offer tests of General
Relativity (GR). Deviations from GR predictions could signal new physics,
such as quantum gravity effects.

6. Numerical Simulations

Simulations are indispensable for studying complex dynamical systems
involving black holes. Techniques include:

e Finite difference methods for solving Einstein’s equations.
e  Spectral methods for high-precision computations.
e Monte Carlo simulations for exploring stochastic effects in
accretion and binary interactions.
7. Conclusion

The dynamical system analysis of black holes bridges theoretical
physics and observational astrophysics, providing insights into the stability,
behavior, and interactions of these enigmatic objects. Advances in numerical
techniques, coupled with observational data from gravitational wave
detectors and telescopes, continue to deepen our understanding of black hole
dynamics and their role in the universe.

Future directions include:
e Enhanced models incorporating quantum effects.
e High-resolution simulations of black hole mergers.
o Exploration of black hole interactions in dense astrophysical
environments.
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Chapter - 27

The History and Development of the Decimal System

Aratrika Pal

Abstract

The decimal system, also known as the base-10 system, is one of the
most widely used numerical systems globally. Its origins can be traced back
to ancient civilizations, including the Egyptians, Indians, and Chinese, each
contributing uniquely to its development. This paper explores the historical
evolution of the decimal system, emphasizing key milestones such as the
introduction of place value and the invention of zero. Furthermore, it
discusses the system's spread across cultures and its lasting influence on
modern mathematics, science, and technology. By examining the
contributions of various civilizations, this paper highlights the decimal
System’s role as a cornerstone of numerical computation.

Introduction

The decimal system is the foundation of most contemporary numerical
and mathematical operations. Its efficiency lies in its use of ten digits (0
through 9) and the principle of place value, which simplifies calculations and
represents large numbers concisely. Understanding its historical roots
provides insights into the intellectual progress of human civilizations and the
interconnectedness of cultures.

Historical Background

Early Numeration Systems Early humans relied on simple counting
methods, such as tally marks, to record quantities. The use of the number 10
likely stems from the anatomical fact that humans have ten fingers, making it
a natural choice for counting.

Egyptian Contributions Ancient Egyptians developed a numeration
system based on powers of ten as early as 3000 BCE. However, their system
lacked place value, relying instead on distinct symbols for powers of ten,
which made computations cumbersome.
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Indian Innovations The most significant advancements in the decimal
system occurred in ancient India. Indian mathematicians, such as Aryabhata
and Brahmagupta, formalized the concept of place value and introduced zero
as a numeral around the 5th century CE. Zero’s inclusion revolutionized
mathematics, enabling the representation of large numbers and the
development of algebra.

Chinese Numeration Ancient Chinese mathematics also used a decimal-
based system, evidenced by counting rods and early texts like the Nine
Chapters on the Mathematical Art. Although their system incorporated
positional values, it was less formalized than the Indian system.

The Spread of the Decimal System

The Indian decimal system, along with the concept of zero, spread to the
Islamic world through trade and scholarship during the medieval period.
Islamic scholars, such as Al-Khwarizmi, translated Indian mathematical texts
and further developed the system. From there, it was introduced to Europe
during the 12% century, primarily through the works of Fibonacci, whose
Liber Abaci advocated for adopting the Hindu-Arabic numeral system over
Roman numerals.

Modern Implications

The decimal system’s adoption laid the groundwork for modern
mathematics, science, and technology. It is the basis of arithmetic operations,
financial systems, and digital computing, making it indispensable in
contemporary life. Its simplicity and versatility continue to support
advancements in fields ranging from engineering to artificial intelligence.

Conclusion

The decimal system’s history is a testament to humanity’s collective
ingenuity and cultural exchange. From its early use in ancient Egypt to its
refinement in India and dissemination across the world, the system has
profoundly influenced human progress. As we continue to innovate, the
decimal system remains a vital tool in unlocking new possibilities for the
future.
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Chapter - 28

Hybrid and Composite Thermoelectric Materials: Bridging
the Gap between Efficiency and Scalability

Shilpa Maity, Krishanu Chatterjee and Sudip Kumar Ghosh

Abstract

Hybrid and composite thermoelectric materials are transforming the
field of sustainable energy by addressing the long-standing trade-off between
efficiency and scalability. These materials improve thermoelectric
performance by mixing organic and inorganic components in a synergistic
manner, allowing for the adjustment of critical properties like as electrical
conductivity, thermal stability, and mechanical flexibility. Advanced
fabrication processes, including as nano structuring and additive
manufacturing, enhance device scalability and homogeneity. This chapter
delves into the design concepts, mechanisms, and wide range of applications
for hybrid and composite thermoelectric materials, with a focus on waste
heat recovery, wearable electronics, and beyond. These improvements
highlight their ability to close efficiency and scalability limitations in
thermoelectric technologies.

Keywords: Advanced fabrication processes, wearable electronics, hybrid
and composite thermoelectric materials

1. Introduction

Thermoelectric materials have emerged as a promising solution for
sustainable energy applications, particularly in converting waste heat into
usable electricity. This capability is increasingly relevant as the world seeks
to address the growing energy crisis and mitigate climate change by utilizing
waste heat generated from industrial processes, automotive exhausts, and
even human body heat. Converting waste heat into electricity improves
energy efficiency and reduces dependency on fossil fuels, contributing to a
more sustainable energy landscape [*2,

Despite significant advancements in material efficiency, large-scale
applications of thermoelectric materials remain limited due to challenges in
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scalability and cost-effectiveness [l High-performance thermoelectric
materials, such as bismuth telluride (Bi,Tes) and lead telluride (PbTe), have
shown high thermoelectric figures of merit (ZT), but are frequently
expensive and difficult to make in large quantities ™ °1. The high costs
associated with raw materials and the complex fabrication processes hinder
the widespread adoption of these technologies in commercial applications.
Furthermore, the inherent trade-offs between electrical conductivity, thermal
conductivity, and Seebeck coefficient hinder the optimization of material
performance, making it difficult to attain the requisite efficiency at scale [,

Hybrid and composite thermoelectric materials offer a compelling
pathway to address these challenges by combining the advantageous
properties of different material systems. By integrating organic and inorganic
components or utilizing multiple phases within a single material system,
researchers can enhance thermoelectric performance while improving
scalability and reducing costs. For instance, hybrid materials that incorporate
conductive polymers with inorganic nanostructures can achieve improved
flexibility and processability without compromising electrical performance.
Similarly, composite materials can be engineered to optimize phonon
scattering and charge carrier mobility through careful design of interfaces
and phase interactions -9,

This chapter aims to explore the design principles, mechanisms, and
applications of hybrid and composite thermoelectric materials. It will
emphasize their potential to bridge the gap between efficiency and scalability
in thermoelectric devices. By examining recent advancements in material
science and engineering techniques, this chapter will highlight how these
innovative approaches can lead to practical solutions for energy harvesting
from waste heat.

2. Fundamentals of Thermoelectricity

Thermoelectric materials work on three essential principles: the Seebeck
effect, the Peltier effect, and the Thomson effect. These effects are critical
for the conversion of thermal energy into electrical energy and vice versa,
enabling a range of applications in energy harvesting and cooling
technologies. The Seebeck effect illustrates how an electrical voltage is
generated when a temperature differential exists across a thermoelectric
material. When one side of the material is heated while the other remains
cool, charge carriers (either electrons or holes) migrate from the hot side to
the cold side, creating a voltage difference. This idea is used in
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thermoelectric generators (TEGS), which transform waste heat into useable
electrical energy, increasing energy efficiency in a variety of applications,
including industrial operations and automotive systems. The Peltier
effect refers to the heat absorption or release occurring at the junction of two
different conductors when an electric current passes through. Depending on
the direction of the current, heat can be either absorbed or released at this
junction, which is utilized in thermoelectric coolers (TECs). These devices
are commonly used for temperature control in electronic components and
refrigeration systems, providing efficient cooling without moving parts.
The Thomson effect is less commonly discussed but equally important. It
describes the reversible heating or cooling that occurs in a conductor when
an electric current flows through it while there is a temperature gradient.
This effect can influence the overall efficiency of thermoelectric devices,
particularly in applications where precise temperature control is necessary.
The performance of thermoelectric materials is quantitatively assessed using
the thermoelectric figure of merit, denoted as ZT. This figure of merit is
defined by the equation:

ZT = S%6Tk !

where S is the Seebeck coefficient, o is electrical conductivity, T is the
absolute temperature, and « is thermal conductivity. A greater ZT value
indicates superior thermoelectric performance, making it an important
measure when evaluating and comparing thermoelectric materials.
Achieving high ZT values is essential for practical applications in energy
conversion and refrigeration technologies. Recent advancements in material
science have focused on optimizing these properties to improve ZT [0 11,
Researchers are exploring hybrid and composite materials that combine
different material systems to enhance performance while addressing
challenges related to scalability and cost-effectiveness. By leveraging the
unique properties of various components, such as integrating conductive
polymers with inorganic nanostructures, scientists aim to develop next-
generation thermoelectric materials that can operate efficiently across a
range of temperatures and applications -,

3. Hybrid and Composite Thermoelectric Materials
3.1 Hybrid Materials

Hybrid thermoelectric materials integrate organic and inorganic
components, leveraging the complementary properties of each to enhance
overall performance. This integration allows for the optimization of
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thermoelectric  properties such as electrical conductivity, thermal
conductivity, and mechanical flexibility 12,

3.1.1 Organic Hybrid Materials

Poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT: PSS) is one of the most often utilized organic materials in hybrid
thermoelectric systems. This polymer exhibits high flexibility, low thermal
conductivity, and tunable electronic properties, making it an excellent
candidate for flexible thermoelectric devices. The ability to adjust its
electrical properties through various doping methods allows researchers to
tailor the Seebeck coefficient and improve overall device efficiency [ 41,
Additionally, other organic materials such as polyaniline and polyacetylene
have been explored for their potential in hybrid systems due to their
conductive properties and ease of processing [,

3.1.2 Inorganic Hybrid Materials

On the inorganic side, nanostructured materials like bismuth telluride
(Biz2Tes) and lead telluride (PbTe) are widely recognized for their high
electrical conductivity and robust thermoelectric performance. These
materials are typically used in bulk form but can be processed into
nanostructures such as nanowires or nanoparticles to enhance their
thermoelectric efficiency through increased surface area and reduced thermal
conductivity [*®1. Recent advancements have also introduced alternative
inorganic materials like tin selenide (SnSe) and half-Heusler alloys, which

have shown promising thermoelectric properties at elevated temperatures 17
18]

3.1.3 Inorganic-Organic Hybrid Materials

The combination of organic and inorganic components in hybrid
materials can lead to significant performance enhancements. For instance,
incorporating carbon nanotubes (CNTSs) into polymer matrices has been
shown to improve electrical conductivity while maintaining low thermal
conductivity. The inorganic-organic synergy allows for better charge
transport mechanisms within the composite material 4, Additionally, hybrid
systems that incorporate graphene have demonstrated enhanced electrical
performance due to graphene's high intrinsic conductivity. The integration of
these materials not only improves the thermoelectric figure of merit (ZT) but
also enhances the mechanical properties and processability of the resulting
composites [19],
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3.2 Composite Materials

Composite thermoelectric materials consist of two or more distinct
phases designed to improve ZT through specific mechanisms that enhance
overall thermoelectric performance [7-8l,

One of the key advantages of composite materials is their ability to
scatter phonons effectively at the interfaces between different phases. This
scattering reduces thermal conductivity without significantly affecting
electrical conductivity. For example, polymer-ceramic composites leverage
the thermal stability provided by ceramic components while allowing
polymers to contribute flexibility and lower thermal conductivity [,
Research has shown that incorporating materials such as zirconiam or
titanium dioxide into polymer matrices can significantly improve phonon
scattering, leading to enhanced ZT values 24,

Composite materials also allow for the optimization of charge carrier
mobility by tailoring the electronic band structure through careful design of
the material interfaces. By creating heterojunctions within composite
systems, researchers can enhance charge separation and transport efficiency.
For instance, metal-ceramic composites can synergistically enhance both
electrical and thermal performance by combining metals like silver or copper
with ceramic matrices. This combination not only improves overall ZT but
also provides mechanical robustness necessary for practical applications 221,
As an example, polymer-ceramic composites use polymers to offer
flexibility and ceramics to provide heat stability. For instance, efficient
phonon scattering across the interface has demonstrated enhanced
thermoelectric performance in a composite composed of polyvinylidene
fluoride (PVDF) and barium titanate (BaTiOs) %31, In certain cases, metal-
ceramic composites exhibit increased thermoelectric capabilities as a result
of their synergistic electrical and thermal performance. A notable example
includes the use of copper selenide (Cu,Se) combined with ceramic oxides,
which has demonstrated promising results in improving ZT values while
maintaining structural integrity under operational conditions 241,

Recent developments in composite materials have also explored bio-
inspired designs that mimic natural structures to optimize both mechanical
properties and thermoelectric performance. For instance, composites that
replicate the hierarchical structure of wood or bone have been investigated
for their potential to enhance thermoelectric efficiency while providing
lightweight solutions [, Thus, hybrid and composite approaches in
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thermoelectric materials offer innovative strategies for optimizing
thermoelectric performance by leveraging the unique properties of organic
and inorganic components. These advancements pave the way for
developing efficient energy harvesting technologies that are both practical
and sustainable 21291,

4. Advances in Design and Fabrication Techniques
4.1 Nano-structuring

Nanostructured  materials  significantly —enhance thermoelectric
performance through two primary mechanisms: reducing thermal
conductivity and modifying the electronic density of states -1,

4.1.1 Reduction of Thermal Conductivity

One of the key advantages of nano-structuring is its ability to scatter
phonons effectively. At the nanoscale, the increased surface area and the
presence of interfaces disrupt phonon transport, which leads to a reduction in
thermal conductivity. This is crucial for thermoelectric applications, as lower
thermal conductivity helps maintain a temperature gradient, thereby
enhancing the efficiency of energy conversion processes -1,

4.1.2 Modification of Electronic Density of States

Nanostructuring also allows for the tuning of the electronic density of
states, which can optimize the Seebeck coefficient. By engineering materials
at the nanoscale, researchers can create quantum dots, nanowires, and
nanosheets that exhibit unique electronic properties compared to their bulk
counterparts %1, For instance, quantum dots can be designed to have
discrete energy levels that enhance charge carrier mobility and improve
thermoelectric performance. Recent studies have shown that integrating
these nanostructured materials into host matrices can lead to significant
improvements in ZT values %1, For example, incorporating bismuth telluride
nanowires into a polymer matrix has demonstrated enhanced thermoelectric
performance due to effective phonon scattering and optimized charge
transport properties [,

4.2 3D Printing and Additive Manufacturing

Emerging technologies such as 3D printing and additive manufacturing
are revolutionizing the fabrication of thermoelectric devices by enabling
precise control over material architecture. These techniques allow for
scalable production while ensuring uniformity and optimized interfaces
within thermoelectric materials 271,
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4.2.1 Layer-by-Layer Fabrication

One of the primary benefits of 3D printing is its ability to generate
complex shapes using layer-by-layer production. This method not only
facilitates the incorporation of various materials but also allows for the
optimization of interface properties, which are critical for enhancing
thermoelectric performance. For instance, researchers have successfully
fabricated thermoelectric modules with tailored architectures that maximize
surface area for heat exchange while minimizing thermal losses 221,

4.2.2 Customization and Scalability

The customization capabilities offered by additive manufacturing enable
the design of thermoelectric devices tailored for specific applications, such
as wearable electronics or compact energy harvesters for Internet of Things
(loT) devices. Moreover, these techniques can reduce production costs and
time compared to traditional manufacturing methods, making them a
promising avenue for commercializing advanced thermoelectric technologies
(29, Recent advancements in 3D printing have led to the development of
flexible thermoelectric devices that can be integrated into various substrates,
opening new possibilities for applications in energy harvesting from body
heat or waste heat recovery in industrial settings 27 281,

4.3 Interface Engineering

Materials' thermoelectric performance is heavily influenced by their
interface characteristics. The engineering of interfaces can significantly
influence thermal and electrical transport properties, which are essential for
optimizing the efficiency of thermoelectric devices. By tailoring interface
chemistry and structure, researchers can achieve a reduction in thermal

conductivity while preserving or perhaps improving electrical transmission
[30]

4.3.1 Tailoring Interface Chemistry

One effective strategy for improving thermoelectric performance is to
modify the interface chemistry between different phases in composite and
hybrid materials. This modification can lead to enhanced phonon scattering
at the interfaces, which reduces thermal conductivity without adversely
affecting electrical conductivity B% 31, For instance, functionalized carbon
nanotube (CNT) interfaces have been shown to improve interfacial bonding
and charge transfer, resulting in improved electrical performance while
effectively scattering phonons. This approach not only enhances the ZT
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value but also contributes to the mechanical stability of the thermoelectric
materials (%2,

4.3.2 Heterojunction Engineering

Another promising technique is heterojunction engineering, where two
or more different materials are combined to form a junction that optimizes
charge carrier transport. This method allows for the design of materials with
tailored band structures that can enhance charge mobility while minimizing
thermal losses. For example, creating heterojunctions between n-type and p-
type thermoelectric materials can facilitate efficient charge separation and
transport, leading to improved overall device performance %, Recent
advancements have demonstrated that carefully designed heterojunctions can
yield ZT values exceeding those of traditional bulk materials, highlighting
their potential in next-generation thermoelectric applications B3 34, Recent
studies have also explored the use of layered materials, such as transition
metal dichalcogenides (TMDs), which exhibit unique electronic properties at
their interfaces. These materials can be engineered to create van der Waals
heterostructures that leverage their intrinsic properties for enhanced
thermoelectric performance B4, The ability to fine-tune these interfaces
opens new avenues for developing high-efficiency thermoelectric devices
that are lightweight and flexible. Thus interface engineering represents a
critical area of research in the development of advanced thermoelectric
materials. By optimizing interface properties through chemical modification
and structural design, researchers can significantly enhance thermoelectric
performance, paving the way for more efficient energy harvesting
technologies [33:34],

5. Performance and Applications
5.1 Performance Optimization

Recent advancements in hybrid and composite thermoelectric materials
have led to significant improvements in their performance, making them
increasingly viable for practical applications. One notable development is the
incorporation of graphene into polymer matrices. Graphene is renowned for
its exceptional electrical conductivity, mechanical strength, and thermal
properties. When integrated into polymers such as poly (3,4-
ethylenedioxythiophene) (PEDOT: PSS), graphene enhances the overall
electrical conductivity of the composite while maintaining low thermal
conductivity. This combination is crucial for optimizing the thermoelectric
figure of merit (ZT), as it allows for efficient charge transport while
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minimizing heat loss due to thermal conduction [*°1. Another innovative
strategy involves designing core-shell structures that effectively decouple
thermal and electrical transport pathways. In these structures, the core
material can be optimized for high electrical conductivity, while the shell can
be engineered to reduce thermal conductivity. This design approach has
demonstrated substantial improvements in ZT values by allowing for better
management of heat and charge carriers simultaneously. For instance, core-
shell nanowires composed of a high-performance thermoelectric material
surrounded by a low-conductivity shell have shown improved thermoelectric
efficiency due to reduced thermal transport across the interface. Several case
studies highlight the effectiveness of these strategies, with some composite
systems achieving ZT values exceeding 2 %1, For example, a composite
material combining bismuth telluride (Bi,Tes) with graphene oxide has
shown remarkable thermoelectric performance, illustrating the potential of
hybrid materials to surpass traditional thermoelectric materials in efficiency.
These advancements not only improve performance metrics but also pave the
way for broader applications in energy conversion technologies [ 61,

5.2 Applications

Hybrid and composite thermoelectric materials are finding diverse
applications across various sectors due to their enhanced performance
characteristics.

5.2.1 Waste Heat Recovery

One of the most potential applications of thermoelectrics is waste heat
recovery systems. Industries generate significant amounts of waste heat
during production processes, automotive exhaust systems, and power plants.
Thermoelectric materials can capture this waste heat and convert it into
usable electrical energy, thereby improving overall energy efficiency and
reducing greenhouse gas emissions. Recent developments in flexible hybrid
thermoelectric materials have made it possible to integrate these systems into
existing infrastructure without significant modifications [*- 2,

5.2.2 Thermoelectric Generators (TEGS)

Compact and efficient energy harvesters are essential for powering
Internet of Things (10T) devices and sensor networks. Hybrid and composite
thermoelectric materials are particularly well-suited for TEGs due to their
lightweight nature and high efficiency. These devices can be deployed in
remote locations where traditional power sources are impractical, providing
a sustainable solution for powering sensors and other electronic devices -2,
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5.2.3 Wearable Electronics

The growing demand for wearable technology has spurred interest in
flexible and lightweight thermoelectric materials that can generate power
from body heat. Hybrid composites that combine organic polymers and
inorganic nanostructures provide the flexibility and performance required for
wearable applications. These self-powered devices can monitor health
metrics or provide energy for small electronics without relying on external
power sources [*2,

6. Challenges and Future Perspectives
6.1 Challenges

The development and implementation of hybrid and composite
thermoelectric materials face several significant challenges that must be
addressed to enhance their scalability and practical applicability.

6.1.1 Scalability

One of the primary challenges is the scalability of nanostructured
hybrids for industrial production. While nanostructured materials
demonstrate superior thermoelectric performance, translating these materials
from the laboratory to large-scale manufacturing remains cost-prohibitive.
The processes involved in synthesizing and integrating nanostructures, such
as quantum dots or nanowires, often require specialized equipment and
techniques that can be expensive and time-consuming. As a result, there is a
pressing need for scalable fabrication methods that can produce high-quality
nanostructured thermoelectric materials at a lower cost [ 61,

6.1.2 Stability

Long-term stability under operating conditions is essential for practical
applications of thermoelectric materials. Many hybrid and composite
systems may exhibit changes in their properties over time due to thermal
cycling, mechanical stress, or environmental factors. For instance, organic
components in hybrid materials can degrade under prolonged exposure to
heat or moisture, leading to reduced performance. Ensuring the durability
and reliability of these materials in real-world applications is critical for their
widespread adoption [ 61,

6.1.3 Cost

The reliance on rare or expensive elements, such as tellurium in
traditional thermoelectric materials like Bi,Tes, poses another challenge. The
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high costs associated with these elements limit the economic feasibility of
large-scale production. Researchers are actively seeking alternative materials
that can provide similar or better thermoelectric performance without the
reliance on costly components. This shift towards more abundant and cost-
effective materials is essential for making thermoelectric technologies
commercially viable 11,

6.2 Future Directions

To overcome these challenges and advance the field of thermoelectric
materials, several future directions can be explored.

6.2.1 Al and Machine Learning

The combination of artificial intelligence (Al) and machine learning
approaches shows great promise for expediting material discovery. By
leveraging data-driven approaches, researchers can predict optimal hybrid
and composite designs based on specific performance criteria. Machine
learning algorithms can analyze vast datasets to identify correlations
between material properties and performance outcomes, leading to the rapid
identification of new thermoelectric materials with enhanced efficiency. This
approach can streamline the development process, reducing the time required
for experimental validation 272,

6.2.2 Sustainable Materials

Another important direction is the utilization of sustainable and eco-
friendly materials for scalable production. Researchers are increasingly
focusing on developing thermoelectric materials from abundant resources,
such as earth-abundant elements or biodegradable polymers. This shift not
only addresses cost concerns but also aligns with global sustainability goals
by reducing reliance on rare and toxic materials. For instance, recent studies
have explored the use of non-toxic alternatives like tin selenide (SnSe) and
organic-inorganic  perovskites as promising candidates for future
thermoelectric applications 61,

6.2.3 Integration with Other Technologies

Exploring hybrid thermoelectric in tandem with other technologies, such
as solar cells or fuel cells, represents a promising avenue for enhancing
energy conversion efficiency. By integrating thermoelectric devices with
photovoltaic systems, waste heat generated during solar energy conversion
can be harvested and converted into additional electrical power [F71.
Similarly, coupling thermoelectric with fuel cells can improve overall system
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efficiency by utilizing waste heat from fuel cell operations. This integrated
approach could lead to innovative solutions for energy harvesting and
management in various applications 81,

Thus, addressing the challenges associated with scalability, stability, and
cost will be crucial for the successful commercialization of hybrid and
composite thermoelectric materials. By leveraging advancements in Al,
focusing on sustainable material development, and exploring integration
with other technologies, researchers can pave the way for more efficient and
practical thermoelectric solutions [27-29. 36-38],

7. Conclusion

Hybrid and composite thermoelectric materials represent a
transformative approach to overcoming the efficiency and scalability
challenges that have historically limited the broader application of
thermoelectric technologies. By effectively leveraging the synergistic
properties of diverse material systems, these innovative materials not only
enhance thermoelectric performance but also provide practical solutions for
energy harvesting. The integration of organic and inorganic components
allows for the optimization of key thermoelectric properties, such as
electrical conductivity and thermal management, which are essential for
maximizing the figure of merit (ZT). Advances in design and fabrication
techniques, including nano-structuring and 3D printing, further enable the
precise control of material architectures, leading to improved device
performance and manufacturability. Moreover, the potential applications of
hybrid and composite thermoelectric materials are vast, ranging from waste
heat recovery in industrial processes to powering wearable electronics. As
research continues to address existing challenges, such as scalability,
stability, and cost, these materials are poised to play a crucial role in the
transition to sustainable energy systems. In summary, hybrid and composite
thermoelectric materials not only hold promise for enhancing energy
efficiency but also pave the way for innovative solutions that contribute to a
sustainable future. Their development marks a significant step forward in
harnessing waste heat and converting it into usable energy, thereby
supporting global efforts toward energy conservation and sustainability.
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Chapter - 29

Graphene: A Revolutionary Material for Energy Storage
Devices

Subhrajyoti Dey

Abstract

Graphene's excellent physicochemical features, including as high
electrical conductivity, enormous specific surface area, and outstanding
mechanical strength, have propelled it to the forefront of energy storage.
This paper looks at the use of graphene in energy storage devices such
supercapacitors and hybrid energy systems. The capacity of graphene-based
materials to increase energy and power densities, extend cycle life, and
facilitate quick charge-discharge cycles is discussed. A short discussion on
physico-chemical properties of graphene have been discussed. The synthesis
of some useful graphene-based derivative has also been depicted.
Furthermore, this short review paper delves into the potential of graphene to
enable next-generation energy storage technologies tailored for renewable
energy system by bridging current gaps and unlocking graphene's full
potential.

Keywords: Graphene, energy storage, supercapacitor, EDLC
Introduction

For the last few years, the research in the field of energy storage
technology gathered paramount attraction to fulfill the requirements of
sustainable and renewable source of energy M. Till now most of the energy
requirements of the society relies upon the fossil fuels like coal, petroleum,
natural gases, crude oils etc. . Rapid industrialization, huge population
growth, urbanization along with infrastructural developments have
intensified the use of fossil fuel which has become a serious concern at
present day that requires immediate attention. Uncontrolled combustion of
fossil fuels produces harmful greenhouse gases as well as hazardous
particulate matters that severely affect the climate, escalates global warming
and reduces air quality which is mainly responsible for various diseases of
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respiratory system. The mining and drilling activities for the extraction and
transportation of oil, natural gas etc. can lead to contamination of water
bodies and soil which further harms the native ecosystem. To meet the
requirements of additional energy supply as well as to reduce the reliance
over the fossil fuels to mitigate the further worsening of the climate, the
present society requires to rely on sustainable and renewable energy sources
like solar energy, wind energy, hydroelectric power, biomass, ocean energy
and geothermal energy Bl In this context, the research in the field of energy
storage technology appears to be very much important from the view point
of widespread consumption of different forms of renewable energies as these
research can provide clear insight regarding the choice of proper energy
materials and fabrication of modern energy storage devices which is
necessary for fruitful storage of excess renewable energies for future use. To
facilitate the shifting towards the usage of renewable energy sources in spite
of fossil fuels, material scientists have proposed diverse types of energy
materials which can be beneficially used in energy storage devices.

It is well known that Graphene has gathered significant interest among
the material scientists because of its striking properties like large surface
area, excellent mechanical strength and chemical stability, high thermal and
electrical conductivity which are primary requirement for successful
application of energy materials in energy storage and conversion devices I,
This review aims to explore some of the unique properties and potential
applications of graphene in energy storage devices, energy conversion
devices, energy harvesting materials.

Fundamental Properties of Graphene

Graphene exhibits wide range of striking physico-chemical properties
mainly owing to its favorable structure. It is composed of single layer of
carbon atoms which are arranged in regular two-dimensional hexagonal
honeycomb lattice where each carbon atom is connected with its adjacent
carbon atoms through sp2 hybridized covalent bonding and in turn produces
an additional electron which forms a @ bond which enables the electron to
move freely in between the layers enabling easy charge transfer mechanism
in graphene 1. Graphene displays extremely high carrier mobility at ambient
temperature which makes it suitable candidate for application in electronic
and optoelectronic devices [, Graphene displays striking mechanical
properties that makes it efficient for potential application in diverse fields of
engineering and technology 1. Graphene possesses extraordinary tensile
strength, high value of Young’s modulus along with huge surface area which
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is very much necessary to improve the mechanical properties of materials (%1,
The amazingly high value of the tensile strength of Graphene increases its
durability as well as makes it potent for bearing high value of stress. Beside
these, graphene exhibits considerably superior thermal conductivity which is
a primary requirement for fabrication of different heat management systems
for electronic devices 1. The outstanding physical properties of graphene
have been beneficially utilized in the field of energy storage and conversion
by the material scientists throughout past years.

Some Derivatives of Graphene

As graphene exhibits remarkable properties like high electrical and
thermal conductivity, high surface area, excellent mechanical strength along
with flexibility, material scientists have developed more graphene-based
compounds such as graphene oxide (GO), reduced graphene oxide (rGO),
graphene-based nanocomposites and microstructures etc. to further tune the
physical properties in favor of application in different technological fields.
Graphene oxide (GO) is produced by oxygenation of graphene through
different low-cost reaction techniques [0, GO also possesses two-
dimensional structure like graphene with introduction of functional groups
like carboxyl, hydroxyl etc. which are hydrophilic in nature and thereby
makes GO easily dispersible in solvents as well as helps in strengthening
interaction with other materials 1%, GO have been widely explored in
diverse technological fields including energy storage, bio sensor, solar cell,
biomedicine, waste water treatment etc. 1212 Reduced graphene oxide
(rGO) can be easily derived through chemical and thermal reduction of GO
and properties of rGO can be tailored by controlling the order of reduction,
doping with suitable impurities, introduction of defects etc. ['* 4. Reduced
graphene oxide (rGO) and its different types of composites have been
utilized in different technological fields like photocatalysis, electrochemical
sensing etc. (15 18],

Application of Graphene in Energy Storage

Graphene exhibits extraordinarily high specific surface area which can
offer abundant sites for ion adsorption, which is essential for charge storage
in electrochemical capacitors 7. In addition, Graphene displays superior
electrical and thermal conductivity, chemical and mechanical stability which
are also important for their application in energy storage devices, remarkable
surface area along with tunable surface chemistry, graphene is essential in
the mechanisms of electrochemical double-layer capacitance (EDLC) and
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pseudo-capacitance 18, The charge storage mechanism in case of EDLC
relies on the physical adsorption of the ions from the electrolyte on the
electrode surface and thereby forming a double layer at the interface of
electrode-electrolyte %1, As there is no chemical reaction is involved, the
process is highly reversible and efficient 2%, The large surface area of
graphene enhances the possible numbers of adsorption site which
remarkably enhance the charge storage capacity 3. Due to high electrical
conductivity of graphene the electron transfer process takes place rapidly
which reduces energy loss during charging and discharging 2. Moreover,
two-dimensional planer structure of graphene provides higher capacity of
access for the electrolyte ions which improves the efficiency of the storage
1231, Graphene can easily form ultrathin sheets which reduces the diffusion
distance and lowers energy consumption [, Rapid adsorption and
desorption of ions in graphene allows faster charging and discharging which
increases power density of the graphene based EDLC.

On the other hand the process of pseudo-capacitance is basically a
faradaic process which facilitate charge storing through reversible redox
reactions and intercalation at the electrode surface 21, It is well known that
functionalization of graphene is relatively easy due to its favorable structure
and chemical properties %!, To improve active sites for faradic reactions,
graphene can be easily functionalized by oxygen containing groups and
doping of graphene with heteroatoms (like N, S, B, P etc.) can also improve
the electrochemical performance of the material #” 281, Manganese dioxide
(MnOy), ruthenium oxide (RuO,) etc. are the well-known examples of
transition metal based pseudocapacitive material °l. Graphene can be used
beneficially to form composites with these type of materials to enhance their
pseudocapacitive performance B%. One can easily tailor the physico-
chemical properties of graphene to improve its redox activity and thereby
can enhance the energy storage capacity of the pseudo-capacitor. The large
surface area of graphene is essential for optimizing performance in both
pseudocapacitive and EDLC processes. Pseudo-capacitance makes use of
graphene's hybrid compatibility and adjustable chemical characteristics,
whereas EDLC capitalizes on its inherent physical qualities. High-
performance supercapacitors with a balanced trade-off between energy
density, power density, and cycle life can be achieved by combining these
principles in graphene-based electrodes.
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Conclusion

Graphene has transformed the realm of energy storage devices owing to
its outstanding electrical conductivity, large surface area, and incredible
mechanical strength. Its unusual two-dimensional structure allows for faster
charge transmission and higher electrochemical performance, making it a
suitable material for use in supercapacitors, batteries, and hybrid energy
storage devices. Graphene-based electrodes have shown high energy and
power densities, longer cycle life, and higher rate capabilities, overcoming
significant constraints of existing energy storage materials. Furthermore,
advances in graphene production and functionalization have enabled scalable
and cost-effective solutions customized to specific applications. Despite its
disruptive potential, issues such as large-scale manufacturing, material
standardization, and integration with commercial products must be resolved.
By addressing these challenges, graphene has the potential to drive next-
generation energy storage technologies, providing sustainable and efficient
energy solutions for a variety of applications.
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Optimization of Hydrogen-Diesel Dual-Fuel Engines:
Balancing Power, Efficiency and Emissions

Ranjan Kumar and Sudipta Nath

Abstract

The worldwide focus on managing greenhouse gas emissions leads
people to explore both different fuel options and composite combustion
methods. HDDF (hydrogen-diesel dual-fuel) engines stand out as a viable
answer that combines superior output power capability with lowered
pollution outputs. This paper investigates HDDF engine optimization to
identify trade-offs between power output and efficiency alongside emission
levels. A combination of literature review and experimental analysis and
modeling practices helps this study highlight engine performance-
influencing parameters with strategies to optimize operational outcomes.

1. Introduction

Due to its clean combustion properties, hydrogen has functioned as a
long-standing clean energy carrier. Using hydrogen jointly with diesel in
dual-fuel vehicular engines makes it possible to utilize both fuels' benefits.
Diesel fuel delivers robust performance with its high amount of energy
density but hydrogen enables cleaner combustion output that decreases
emissions of carbon and creates less dust and particles. Existing solution
improvements need additional work for effective knocking prevention and
efficient mixing alongside minimizing backfire occurrences. This research
focuses on solving the technical difficulties regarding HDDF engine
parameter optimization.

2. Literature Review
2.1 Dual-Fuel Engine Fundamentals

HDDF engines receive hydrogen from either intake air streams or
directly from cylinders with diesel meeting the role of primary fuel. The
combustion properties of hydrogen control engine behavior through its broad
range of ignition conditions and fast flame propagation speed.
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2.2 Performance Optimization
Past research demonstrates that performance achievement requires

specific adjustments of hydrogen substitution levels and injection timing as
well as precise air-fuel combination control. For instance:

e Mousavi et al. (2020): Researchers determined that rising the H2
substitution level to 40% enhanced engine thermal efficiency and
produced decreased overall CO, production.

e Liuetal. (2021): Researchers studied the effects of changing pilot
injection timing and found that earlier timing principles yield better
power performance but tended to elevate NOXx emissions.

2.3 Emissions Trade-Offs

The process of hydrogen utilization in engines produces lower CO; and
particle pollution but results in elevated NOx emissions because elevated
combustion temperatures occur. Scientists use catalytic converters alongside
exhaust gas recirculation technology (EGR) to effectively reduce vehicle
pollution called NOx.

3. Methodology
3.1 Engine Configuration

A four-cylinder turbocharged diesel engine received a dual-fuel system
retrofit. The system used port injection to introduce hydrogen while relying
mainly on diesel for ignition.

3.2 Experimental Setup
The experiments varied three primary parameters:

e Hydrogen Substitution Ratio: Ranging from 0% to 50%.

e Pilot Injection Timing: The top dead center point (BTDC) served
as the reference for adjusting a pilot injection duration between 10°
and 25°.

o EGR Rates: From 0% to 20%.

3.3 Data Collection

The research team analyzed three key operational measurements: brake

thermal efficiency (BTE), power output, and specific fuel consumption

(SFC). The emission study detected levels of CO2, CO, and NOx as well as
PM emissions.
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4. Results and Discussion
4.1 Power and Efficiency

The combustion efficiency of hydrogen allowed the hydrogen
substitution ratio to boost brake thermal efficiency up to 15%. The power
system introduced additional challenges when the substitution ratio exceeded
40% because it increased the potential for knocking incidents and backfire
risks.

The power benefits from advanced pilot injection timing reached
maximal levels at 20° BTDC before power began declining as incomplete
hydrogen combustion occurred.

4.2 Emissions

e COzand PM: The substitution of hydrogen reduced CO, emissions
by 30% and aerial PM emissions by 50% when using optimized
operating conditions.

e NOx: Higher hydrogen ratios led to NOx increase but an EGR
injection rate of 15% successfully reduced NOx levels.

4.3 Optimization Strategy

Computational fluid dynamics modeling generated an optimization
approach that combined maximum body torque efficiency with minimal
emissions. Tests showed maximum performance at 35% hydrogen
substitution coupled with 18° BTDC pilot injection timing while using EGR
at 12%.

5. Conclusion

Hydrogen-diesel dual-fuel engines demonstrate potential as they deliver
high power together with efficient fuel usage alongside reduced
environmental impact. The optimum achievement of benefits depends on
proper adjustment of hydrogen substitution ratio together with optimally
timed hydrogen injections and externally recirculated gas ratios. Future
research must analyze real-world applications of HDDF as well as develop
sophisticated control systems and implement renewable hydrogen production
techniques for maximizing this technology's practical application.
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Development of an loT-Integrated High-Frequency
Ultrasound System for Precision Water Level Monitoring

Bikas Mondal, Sanghamitra Layek, Anirban Saha, Somshubhra Bose, Payel Mondal and
Bikash Panja

Abstract

Water is abundantly available everywhere and it’s free of cost to use, the
universe holds 70% of water. Recent reports say that the sudden surge in the
ocean water level increase is due to the melting of ice. The release of carbon
and other toxic gases into the atmosphere by industries raises the
temperature level of the environment leading to global warming. To observe
the fluctuation of water level in either tank, river, ocean, or well, etc. from
time-to-time various sensors and transmitters are developed. Each and every
sensor have its own principle of working, so the selection of such sensors
and transmitter will be done after a detailed study of the physical and
environmental parameters of the measurement system. We have used the
principle of the high-frequency ultrasound system to monitor and control the
water level of any tank and transmit its feedback wirelessly via the Internet
of Things (10T) system. We proposed to develop an experimental setup using
a microcontroller, ultrasonic sensor, and Wi-Fi module. The high-frequency
ultrasound sensor directly measures the distance to an object using high-
frequency ultrasonic sound waves. The measurement of tank level by
ultrasound sensor can be controlled by sensing the lower cut-off and upper
cut-off ranges, which automatically starts and stops the sump pump and
subsequently sends its feedback to the remote server by the cloud server.

Keywords: Internet of things, microcontroller, ultrasonic level sensor
Introduction

The l0T-based water level controls can monitor and control the pump
operation and efficiently maintain the level of the water as per the ultrasonic
level set point. The use of high-frequency ultrasound sensors restricts the
pump motor against dry runs and so maintains durability. In many of the
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biggest online and offline businesses, there is a wide range of water level
control devices available. The controlling power varies when the motor is
‘ON’ is one of the key advantages of the system for water level control. One
can configure automatic equipment to pump the water once the target to
distance is acknowledged and it requires no human intervention, that’s why
it is in great demand M. The level control device also includes specially
designed sensors controlling to monitor the water level in the tanks. The
popularity and usage of this device have skyrocketed as it helps to save the
power, water, and restrict aging of the pumps.

We evaluate the water level using ultrasonic sensors in this Arduino
automatic water level predictor and touch screen project. Echo is the basic
principle for the measurement of high frequency ultrasonic distance. If sound
waves are reflected in the surrounding section, they come back to their origin
after striking any obstacles Echo 1. So we only have to calculate their time
of flight for both sounds after hitting any obstacle which helps to calculate
the travel distance. When the level of water is below the set value, the pump
will automatically turned on without any delay. The overall water tank
length will now can be determined. As we know the length of the storage
tank, we can measure the water level by deducting the corresponding
distance from the overall length of the tank from the ultrasonic readouts. The
various components used in this proposed experiment is depicted below
figures. (1), (2), (3) and (4).

System Design

An Arduino is an AT mega 328P-based integrated microcontroller setup
board. It contains 14 programmed input and output pins which contain 6 pins
for PWM (pulse width modulation), 6 analog inputs, 16 MHz quartz crystal,
an ICSP (in-circuit serial programming) header, a USB port, and a system
readjust switch. The system has an ICSP header. Post a connection to a USB
cable for powering it to scan and start up with a 5V DC adaptor or lithium-
ion battery I,
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Fig 2: Ultrasonic Sensor of Water Level Monitoring System

The high-frequency ultrasonic sensor is a highly accurate device that
makes use of high-frequency ultrasonic sound waves to determine the
distance from a target object. An ultrasonic sensor uses a piezoelectric
transducer for transmitting and receiving hi frequency ultrasonic waves that

transmit a signal to the target object [,

Single Phase

Mot |

Arduino Uno

Ultrasonic
Sensor

Discharge

Fig 3: Sump pump of Water Level Monitoring System
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A sump pump is a device that is used to drain water from a water
collection basin, usually located in homeowners’ cellars. Suppose the
basement is below the water table level. In that case, the water can reach
through the perimeter drains of a waterproofing system for underground,
funnelling in the basin, or through rain or natural groundwater ©1.

Fig 4: Buzzer of Water Level Monitoring System

An audio signalling device [ may be an electronic, electromechanical,
piezoelectric buzzer. The use of warnings, clocks, and user confirmations,
including mouse clicks or keystrokes, requires the common use of buggies
and beepers.

Block Diagram

The generalized block diagram of the proposed experiment is shown in
the figure. 5, when the ultrasonic senor reads the distance between the tank
bottom and the available water surface it displays the distance on the LCD
screen with the water empty space is at tank (61,

[
e

ULTRASONIC MICROPROCESSOR UNIT
SENSOR

LOCAL DISPLAY

L 3

RELAY

Fig 5: Circuit diagram of Water Level Monitoring System

This implies that instead of water level, we display empty spaces of
distance. This system can be used in any water tank where the ripple in the
tank is minimum. Arduino turns on the water pump through a relay when the
emptied water level is about 30 cm down, LCD will display “Motor ON”,
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“Low Water Level”, and LED relay status is beginning to shine [}, When
space is about 12 cm down, the microprocessor turns the relay off, and the
LCD indicates, “The tank is full”. For some time, the buzzer often beeps and
the LED relay status turns off. A functional flow chart of the system is
shown in the figure 6.

START

SENSOR
INITIALIZING

PUMP ON

1}

WATERFILLING

I

TANK LEVEL FULL

1

> PUMP OFF

Fig 6: Flowchart of Water Level Monitoring System
Circuit Diagram

The trigger and echo pins of ultrasonic sensors are attached directly to
the pins 10 and 11 of Arduino as seen in the water level controller system in
figure 7. In 4-bit mode, Arduino is attached to a 16x2 LCD. The Arduino pin
7, ground, and pin 6 are related directly to the control pin RS, RW, and EN,
and the D4-D7 data pin is related to pins 5, 4, 3, and 2, and the buzzer to 12.
For switching the water motor pump on or off, the 6 Volt relief is also
attached to pin 8 of Arduino via ULN2003. For 5 volts to the relay and the
rest, a voltage controller IC 7805 is often used (€1,
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Level- 210 mm

Maotor -ON

220K

Fig 7: Circuit diagram of Water Level Monitoring System
Working Principle

The operation of the closed-loop feedback system relies on the operation
of the sensing system that activates the ON/OFF of the pump switch with a
relay. It follows a closed-loop response system. The sensor has an echo pin
and click. The sensor has a transmitter and receiver on the top of the tank
(above) facing the bottom of the tank. The high-frequency ultrasound-wave
of reads the distance of the target object from the bottom of the tank by using
the mathematical expression [°1,

D=(VxT)/2

Where, D is the distance in mm, V is the velocity of sound in air in m/s,
and T is the time delay in seconds.

The overall length of the tank must be estimated to calculate the water
level in the storeroom tank. The pump will be automatically shut off when
the level is above the high set point by receiving a low-level signal pulse
from the microcontroller unit, which in turn excites a relay to put the pump
off and when the level is below the low set level it generates an alarm to the
controller and starts the pump to refill the tank [ automatically. The vacant
area in the tank will be displayed on the LCD. If the difference between the
bottom of the tank and the module is the planned low or high distance, the
engine turns off. For industrial water management schemes, this continuous
water source is assured. By considering calibrated level scale, we can resolve
the complete water level in terms of percentages.
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Result and Discussion

From this paper, we observed that the water flows from the bottom tank
through a 1-inch pipe to the top tank through a sump pump, to maintain the
water level. The water level is measured in a 4-20 mA process value ratio
with an ultrasonic level transmitter ranging from 0-600mm. This 4-20mA is
further transmitted by loT communication to the remote server. The process
installation for the ultrasonic sensor with 10T communication is depicted in
figure 8. When the high-frequency ultrasonic waves hit and return back from
the reflecting surface to the sensor face is directly proportional to the
distance between the sensor and the fluid inside the tank. The time leading to
a higher level of water: A low warning could activate the triggering of the
LED light and send a signal for an auto-pump to recharge the water up to the
pre-scheduled water level 2, It is linked electronically to an engine that
activates for a certain duration. The lowest water level is caused by high
length: Whenever the water level comes down a certain level, automatic
controls turn on the engine and shut off the motor when the waterfalls well
above a fixed level. When the tank is drained, the sump pump will shut off
until the overhead tank is filled or the pump runs dry and the voltage
fluctuations are sustained. Three sets of readings are taken for process level
and its corresponding output current was measured, showing a linear
relationship. The static characteristics, percentage deviation, and standard
deviation are show figure 9, figure 10, and figure 11 respectively.

Blocking HF Ultrasonic Transmitter -
Distance / e

Ultrasound
Waves

| 0%, 4mA

A=Total Distance, B= Sensor Distance -
from water level, C= Actual Water Level,
D =Measurement Span

Eemote Server

Fig 8: 10T communication diagram for the ultrasonic system
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Fig 10: Percentage deviation graph for tank level
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Fig 11: Standard deviation graph for tank level
Conclusion

Industrial Automation with loT system of the various components
around us has been widely improved to reduce human arbitration and save
time. The misuse of water management can have worse outcome on both the
system and the environment. This proposed project can be very useful on a
large-scale basis due to its minimum requirement of manpower and highly
accurate measurement technique. Another point is that we are designing the
automation method we need to implement in all fields of the current
generation. The device is ideal for areas where sound rays are generated with
an ultrasonic sensor at the same frequency. This loT-based communication
system is very much advantageous, and reliable due to its easy-to-configure
characteristics, low cost, no interference delay, no pressure effect, no
ambient temperature effect, suitable for hazardous areas, and low
maintenance.
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Chapter - 32

Tool Wear Monitoring Technology using Acoustic Signal: A
Review

Arnab Das

Abstract

Tool wear monitoring is vital for improving machining efficiency,
reducing downtime, and ensuring product quality in manufacturing
industries. Among various monitoring techniques, acoustic emission (AE)
has gained attention due to its ability to detect early signs of tool wear in real
time. This review presents the advancements in AE technology for tool wear
monitoring, discusses key methods of signal analysis, applications in
machining processes, and challenges faced in practical implementations.
Furthermore, it outlines the future directions of AE-based tool wear
monitoring systems, emphasizing integration with modern technologies like
loT and machine learning.

Keywords: Tool wear, acoustic emission, monitoring technology,
machining, signal processing, predictive maintenance

1. Introduction

Tool wear is one of the most significant factors affecting the
performance, accuracy, and lifespan of cutting tools in manufacturing
processes. Traditional methods of monitoring tool wear include visual
inspection, direct measurements, and force-based sensors (Chen et al., 2017).
However, these methods are time-consuming, require human intervention,
and are often not feasible for continuous monitoring in industrial settings. In
contrast, acoustic emission (AE) offers a non-invasive, real-time solution for
monitoring tool wear by detecting high-frequency stress waves generated by
the cutting process (Zhai & Choi, 2017).

AE-based tool wear monitoring involves capturing the sound generated
during machining processes, which provides insights into changes in tool
condition. AE signals are influenced by factors such as cutting force, tool-
material interaction, and chip formation, all of which are affected by tool

Page | 283



Editors: Ranjan Kumar, Arnab Das

wear (Ming et al., 2018). This paper reviews various methods of AE signal
processing, discusses their applications in tool wear monitoring, and
highlights the challenges and future trends in the field.

2. Principles of Acoustic Emission for Tool Wear Monitoring
2.1 Mechanisms of AE Generation in Machining

AE signals are generated by the rapid release of energy during
machining processes, typically due to changes in material structure, crack
propagation, or frictional forces. As the tool wears, several mechanisms lead
to the generation of AE signals:

e Cutting Forces: As the tool wears, the cutting forces increase,
leading to greater stress and strain in the material, which generates
AE signals (Kuo & Li, 2018).

e Tool-Material Interaction: Tool wear alters the contact between
the tool and workpiece. For instance, as the cutting edge becomes
dull, friction increases, producing more distinct AE signals
(Sadeghzadeh & Sadeghi, 2020).

e Chip Formation: AE signals also arise from the deformation and
removal of material. The shape and nature of the chip change as the
tool wears, which affects the frequency and characteristics of the
AE signals (Duflou et al., 2016).

These AE signals contain valuable information about the tool wear
process and can be used to estimate the wear rate and predict tool failure
(Sadeghzadeh et al., 2020).

2.2 Characteristics of Acoustic Signals

The key parameters that characterize AE signals in tool wear monitoring
include:

e Amplitude: The amplitude of AE signals is indicative of the
intensity of the events occurring within the cutting zone. Higher
amplitude signals are often associated with more significant wear or
catastrophic events such as tool fracture (Sadeghzadeh & Sadeghi,
2020).

e Frequency: AE frequency is influenced by the rate of deformation
and the mechanical properties of the material. As tool wear
progresses, frequency patterns may shift, making it a useful
indicator of tool condition (Zhai & Choi, 2017).
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e Energy: The total energy of the AE signal, which is a function of
the amplitude and duration, provides a measure of the overall level
of activity during machining (Ming et al., 2018).

e Duration: The duration of an AE signal can reflect the type of wear
or damage occurring. Longer signals may be indicative of more
gradual wear, while short, high-amplitude signals may be associated
with rapid, localized events like tool breakage (Kuo & Li, 2018).

These characteristics are analyzed to detect changes in the machining
process due to tool wear.

3. Methods for Acoustic Signal Processing

Acoustic signals collected during machining processes are often noisy
and require advanced processing techniques to extract useful information.
Various signal processing methods are employed to analyze AE signals and
correlate them with tool wear:

3.1 Time-Domain Analysis

Time-domain analysis involves studying the raw AE signal to identify
features such as amplitude, energy, and duration. Statistical methods, such as
root mean square (RMS) and peak-to-peak amplitude, are often used to
quantify the characteristics of the signal (Sadeghzadeh et al., 2020). These
methods are simple but can be effective for detecting significant changes in
tool condition when combined with other techniques.

3.2 Frequency-Domain Analysis

Frequency-domain analysis involves converting the AE signal into the
frequency domain using techniques like Fast Fourier Transform (FFT). This
allows the identification of characteristic frequencies associated with wear
processes (Chen et al., 2017). Frequency shifts in the AE spectrum can
indicate changes in cutting conditions or tool wear. This method is
particularly useful for identifying subtle wear patterns that may not be
apparent in the time domain.

3.3 Wavelet Transform

Wavelet transform is a powerful tool that decomposes the AE signal into
both time and frequency components. It is particularly effective in detecting
transient events and non-stationary signals (Ming et al., 2018). Wavelet-
based methods provide higher resolution for short-duration events, making
them useful for detecting early-stage tool wear or damage before it becomes
detectable by other methods.

Page | 285



Editors: Ranjan Kumar, Arnab Das
3.4 Machine Learning Techniques

Recent advancements in machine learning (ML) have significantly
enhanced the ability to classify tool wear states based on AE signals.
Techniques such as support vector machines (SVM), artificial neural
networks (ANN), and k-nearest neighbors (KNN) are commonly used to
classify AE data into different wear categories (Zhai & Choi, 2017). ML
algorithms can be trained to recognize patterns in the AE data, improving the
accuracy and robustness of wear detection.

Data Acquisition
Acoustic emission (AE) signals are
captured from the machining process
using sensors (e.g., piezoelectric
transducers)

y

Pre-Processing

Noise Filtering: Signal Normalization:
Removes interference Standardizes the
from external amplitude levels of the
sources. signals.

)

Feature Extraction

Time-Domain
Features: Mean,
standard deviation,

Frequency-Domain
Features: Spectral
density, dominant

Time-Frequency
Features: Wavelet
transforms or Short-Time

skewness, etc. frequencies, etc.
[

[}

Feature Selection
Feature selection algorithms can be
applied to identify the most informative
features.

)

Machine Learning Classification
Classification results indicating the level
of tool wear (e.g., "no wear," "moderate

wear," "severe wear").

!}

Actionable Information
Alerts or recommendations for tool
replacement or adjustment.

Fourier Transform (STFT).
]

Fig 1: Flowchart of Acoustic Signal Processing for Tool Wear Monitoring
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4. Applications of Acoustic Signal-Based Tool Wear Monitoring

AE-based tool wear monitoring has been successfully applied across a
wide range of machining processes, including turning, milling, and drilling.
Some of the key applications include:

4.1 Real-time Tool Condition Monitoring

One of the most significant advantages of AE-based monitoring is its
ability to provide real-time data on tool wear, allowing for early detection of
potential failures. This continuous monitoring can reduce the need for costly
downtime associated with tool failure (Ming et al., 2018). By tracking AE
signals, operators can adjust machining parameters to optimize cutting
conditions and reduce wear (Sadeghzadeh & Sadeghi, 2020).

4.2 Predictive Maintenance

Predictive maintenance relies on monitoring the condition of tools and
predicting their failure before it occurs. By analyzing the trend of AE signals
over time, it is possible to estimate the remaining useful life of a tool and
schedule maintenance activities accordingly (Kuo & Li, 2018). This reduces
the need for unnecessary tool changes and ensures tools are replaced only
when necessary.

4.3 Adaptive Control Systems

In some advanced machining systems, AE signals are used in closed-
loop feedback control to adjust process parameters, such as cutting speed,
feed rate, or tool path, based on the real-time wear status of the tool (Zhai &
Choi, 2017). Adaptive control systems that incorporate AE data can optimize
machining efficiency while minimizing tool wear.
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Fig 2: Experimental Setup for Tool Wear Monitoring Using Acoustic Emission

5. Challenges and Limitations

Despite the advantages, the application of AE for tool wear monitoring
faces several challenges:

Noise Interference: AE signals are often contaminated by machine
noise, vibrations, and environmental factors, which can reduce the
accuracy of tool wear detection. Advanced filtering techniques are
necessary to isolate relevant AE signals (Duflou et al., 2016).

Sensor Placement: Proper placement of AE sensors is critical to
obtaining reliable signals. In some machining setups, finding an
optimal location for the sensors can be challenging (Chen et al.,
2017).

Data Interpretation: AE signals are complex and require advanced
processing techniques to extract useful features. Interpreting the
signals requires both expertise and computational resources, making
real-time processing difficult in some cases (Ming et al., 2018).
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6. Future Directions

The future of AE-based tool wear monitoring holds significant promise.
Key advancements include:

6.1 Integration with 10T and Industry 4.0

The advent of the Internet of Things (IoT) has revolutionized
manufacturing environments by providing a platform for the seamless
exchange of data between devices, sensors, and systems. Acoustic emission
(AE) sensors, when integrated with 10T platforms, enable remote monitoring
and real-time data analysis of tool wear during machining processes. This
integration allows manufacturers to collect AE data from multiple sensors
across different machines in a centralized cloud-based system, enabling
continuous and real-time monitoring (Sadeghzadeh & Sadeghi, 2020).

One significant advantage of integrating AE sensors with 10T systems is
the ability to perform predictive maintenance. By continuously analyzing
AE data streams, machine learning algorithms can predict potential tool
failures and suggest optimal maintenance schedules, thus reducing
unplanned downtimes and increasing operational efficiency. Additionally,
data collected from AE sensors can be cross-referenced with other process
data (such as vibration, force, and temperature sensors), providing a holistic
view of the machining process and tool health. This makes it possible to
adjust process parameters dynamically, improving overall performance.

Industry 4.0, characterized by the interconnection of physical and
digital systems, opens up new possibilities for smart manufacturing. By
embedding AE sensors into the broader Industry 4.0 ecosystem, the process
can be fully automated and optimized. For instance, the AE signals collected
from a tool can be processed and analyzed in real time, and the machining
parameters (e.g., cutting speed, feed rate) can be adjusted automatically
through an intelligent feedback loop. Such automation enhances the overall
flexibility of production systems and minimizes human intervention, leading
to enhanced productivity and better resource management (Sadeghzadeh &
Sadeghi, 2020).

6.2 Advancements in Sensor Technology

The reliability and accuracy of AE-based tool wear monitoring systems
heavily depend on the performance of the acoustic emission sensors
themselves. Significant advancements in sensor technology are expected to
improve the sensitivity, durability, and cost-effectiveness of AE sensors,
making them more accessible for widespread industrial use.
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Modern AE sensors are becoming increasingly sensitive, capable of
detecting even the smallest changes in the acoustic emissions generated by
tool wear. For instance, piezoelectric sensors, which are commonly used for
AE applications, are continuously being refined to provide higher precision
and sensitivity across a wider frequency range (Zhai & Choi, 2017). These
improvements in sensor sensitivity are critical for early-stage wear detection,
enabling timely interventions and more accurate wear predictions.

Another critical advancement is the miniaturization of AE sensors. As
sensor components become smaller and more compact, they can be
integrated directly into the machine tool or cutting tool itself. This allows for
direct, localized monitoring of the tool condition, providing more granular
and accurate data on wear progression. Miniaturized sensors also reduce the
need for external sensors, making them ideal for setups with limited space
(Zhai & Choi, 2017).

In addition to sensitivity and miniaturization, sensor durability is also
improving. AE sensors are increasingly designed to withstand harsh
machining environments, including high temperatures, vibrations, and
exposure to coolant or lubricants. These improvements in durability extend
the lifespan of AE sensors and reduce the frequency of sensor maintenance,
making them more cost-effective for long-term monitoring in industrial
applications.

Furthermore, the wireless transmission of AE signals is another area of
advancement. Wireless AE sensors can now transmit data in real time to
centralized monitoring systems without the need for complex wiring setups.
This technology simplifies sensor installation and reduces system
complexity, making it more feasible for use in flexible or mobile production
environments (Zhai & Choi, 2017).

In summary, these advancements in AE sensor technology, including
increased sensitivity, miniaturization, durability, and wireless capabilities,
are expected to enhance the overall performance and adoption of AE-based
tool wear monitoring systems across industries. These improvements will
enable more accurate, reliable, and cost-effective wear detection, driving
further efficiency and productivity in machining operations.

6.3 Hybrid Approaches

Combining AE signals with other sensor data, such as vibration, force,
or temperature, could provide a more comprehensive and accurate
assessment of tool wear. These multi-sensor approaches, often referred to as
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sensor fusion, can overcome the limitations of each individual sensor type by
leveraging the strengths of various technologies. For instance, combining AE
signals with force measurements could improve the detection of subtle wear
patterns that might be missed when using AE signals alone (Duflou et al.,
2016).

6.4 Advancements in Data Analytics and Machine Learning:

The continuous development of machine learning techniques and deep
learning models offers new opportunities to enhance the accuracy and
reliability of AE-based tool wear monitoring systems. By employing
techniques such as convolutional neural networks (CNNSs) or recurrent
neural networks (RNNSs), it is possible to model complex relationships
between AE signal features and tool wear progression, allowing for more
accurate predictions and classifications (Zhai & Choi, 2017).

6.5 Integration with Smart Manufacturing Systems

As part of the industry 4.0 revolution, AE-based tool wear monitoring
systems are likely to be integrated into smart manufacturing environments
where data from multiple sources is analyzed in real time. This would allow
for automated decision-making, adaptive process control, and optimization
of machining operations, all based on continuous feedback from tool wear
sensors (Sadeghzadeh et al., 2020). For instance, Al-powered systems could
adjust cutting parameters dynamically to reduce wear and extend tool life
based on real-time AE data.

6.6 Miniaturization and Cost Reduction:

To make AE monitoring more accessible to a broader range of
manufacturing environments, future developments will focus on the
miniaturization of AE sensors and the reduction of associated costs.
Advances in sensor materials, signal processing hardware, and wireless
communication will enable more widespread deployment, even in small-
scale or high-volume production settings (Ming et al., 2018).

7. Conclusion

In conclusion, acoustic emission (AE) has proven to be a promising
technology for monitoring tool wear in machining operations. It offers
numerous advantages, including real-time, non-invasive monitoring of tool
condition, which is critical for improving efficiency, reducing downtime, and
optimizing production processes. While challenges such as noise
interference, sensor placement, and complex data interpretation remain,
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advancements in signal processing techniques, machine learning, and sensor
technology are rapidly overcoming these obstacles.

The application of AE-based tool wear monitoring has demonstrated its
potential in real-time tool condition monitoring, predictive maintenance, and
adaptive control systems, making it a valuable tool for the future of
manufacturing. As sensor technology becomes more sensitive, cost-effective,
and integrated into smart manufacturing platforms, the widespread adoption
of AE-based monitoring systems will become increasingly feasible.

With ongoing research and technological advancements, AE-based tool
wear monitoring is poised to play a critical role in the development of next-
generation manufacturing systems, contributing to more sustainable,
efficient, and intelligent production environments.
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Chapter - 33

High-Entropy Alloy-based Nanocomposites for Extreme
Environmental Conditions
Md. Ershad

Abstract

High-entropy alloys (HEAS) have revolutionized materials science with
their unique multi-principal element compositions, offering exceptional
mechanical strength, thermal stability, and corrosion resistance. When
combined with nanoscale reinforcements, HEA-based nanocomposites
emerge as a superior material class for extreme environmental conditions,
such as high temperatures, aggressive chemical environments, and heavy
wear scenarios. This manuscript explores the design, fabrication,
characterization, and applications of HEA-based nanocomposites,
highlighting their potential to meet the stringent demands of advanced
engineering systems.

1. Introduction

The discovery of high-entropy alloys has opened new frontiers in
materials engineering. Unlike conventional alloys, HEAs consist of five or
more principal elements in near-equiatomic proportions, resulting in a
unigue combination of properties derived from their configurational entropy
(3, The addition of nanoscopic reinforcements, such as carbides, oxides, or
borides, further enhances their mechanical, thermal, and functional
performance. This synergy positions HEA-based nanocomposites as ideal
candidates for applications in aerospace, energy, and chemical industries [21.

2. Material Design
2.1 High-Entropy Alloy Matrices

Popular HEA systems include CoCrFeNiMn, AICoCrFeNi, and
refractory HEAs like HfNbTaTiZr. These alloys are chosen based on their
specific mechanical or thermal requirements I,
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2.2 Nano Reinforcements

Nanoparticles such as TiC, ZrO,, SiC and Al,O3 are incorporated into
HEA matrices to enhance properties like wear resistance, thermal
conductivity and mechanical strength.

2.3 Interface Engineering

Strong bonding between the HEA matrix and nanofillers is critical.
Surface modification techniques like coating the nanoparticles with metallic
layers or functionalizing them chemically improve interfacial adhesion.

3. Fabrication Techniques
3.1 Powder Metallurgy

HEA powders mixed with nano reinforcements are compacted and
sintered to form dense composites. Advanced sintering techniques, such as
spark plasma sintering (SPS), ensure minimal grain growth and high
densification.

3.2 Mechanical Alloying

High-energy ball milling creates a uniform distribution of
reinforcements within the HEA matrix, followed by consolidation through
hot pressing or extrusion.

3.3 Additive Manufacturing

Techniques like selective laser melting (SLM) and electron beam
melting (EBM) allow the fabrication of complex geometries while
embedding nano reinforcements uniformly.

3.4 In-situ Synthesis

Nanoparticles are generated within the HEA matrix during processing,
ensuring uniform dispersion and reducing agglomeration issues.

4. Characterization Techniques
4.1 Microstructural Analysis

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) provide insights into particle distribution, grain
boundaries, and phase compositions.

4.2 Mechanical Testing

Tensile, compression and nanoindentation tests evaluate the strength,
ductility, and hardness of the composites.
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4.3 Thermal Analysis

Techniques such as thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) determine thermal stability and heat capacity.

4.4 Wear and Corrosion Testing

Pin-on-disk and electrochemical tests assess wear resistance and
corrosion behavior in extreme environments.

5. Applications
5.1 Aerospace Components

HEA-based nanocomposites are used in turbine blades, combustion
chambers, and high-temperature seals due to their exceptional thermal
resistance.

5.2 Energy Systems

These materials serve in nuclear reactors, heat exchangers, and thermal
barrier coatings, where they withstand radiation and thermal cycling.

5.3 Chemical Processing Equipment

The composites’ corrosion resistance makes them ideal for chemical
reactors, pipelines, and storage tanks handling aggressive substances.

5.4 Advanced Wear-Resistant Coatings

HEA-based nanocomposites are applied as coatings to enhance the
longevity of cutting tools and mechanical components in harsh conditions.

6. Challenges and Future Directions

Challenges such as the cost of raw materials, scalability of production,
and limited understanding of long-term performance need addressing. Future
research should focus on:

e Developing cost-effective synthesis routes.

o Exploring novel HEA compositions tailored for specific
applications.

o Investigating self-healing and multi-functional properties.
7. Conclusion

High-entropy alloy-based nanocomposites combine the unique
properties of HEAs with the reinforcing effects of nanomaterials, delivering
a new class of materials capable of thriving in extreme conditions. With
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continued research and development, these composites are poised to
transform industries requiring high-performance materials.
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Chapter - 34

Complete Productive Maintenance: A Comprehensive
Analysis with an Emphasis on Equipment Effectiveness
Overall

Debashis Majumdar

Abstract

Total Productive Maintenance (TPM) has emerged as a comprehensive
approach to improving productivity and reducing downtime in
manufacturing industries. This research paper offers an in-depth review of
TPM, with a particular focus on its key metric: Overall Equipment
Effectiveness (OEE). TPM aims to maximize the effectiveness of equipment
through proactive maintenance, involving all employees in the process, from
operators to management. The paper explores the components of TPM,
including autonomous maintenance, planned maintenance, and training, and
how they contribute to improving OEE. A detailed analysis of OEE is
provided, discussing its three main components-availability, performance,
and quality and how they can be optimized through effective TPM practices.
The paper also discusses real-world applications and case studies,
highlighting the benefits, challenges, and limitations of TPM. The findings
emphasize the significance of aligning TPM with modern manufacturing
strategies, such as Industry 4.0 and digitalization, to enhance equipment
reliability and productivity. This paper concludes by proposing future
research directions in TPM and OEE optimization.

Keywords: Total Productive Maintenance (TPM), Overall Equipment
Effectiveness (OEE), Equipment Effectiveness, Maintenance Management,
Preventive Maintenance, Predictive Maintenance, Autonomous Maintenance

Introduction

e Background on TPM: Overview of TPM, its origin in Japan, and
its rise as a comprehensive strategy for improving operational
performance.
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Relevance to Modern Manufacturing: Discussion of TPM's
applicability to current manufacturing practices and its alignment
with concepts such as Lean Manufacturing and Six Sigma.

Focus on OEE: Introduction to Overall Equipment Effectiveness
(OEE) as a critical performance indicator in TPM.

Total Productive Maintenance (TPM): Core Concepts and Components

TPM Framework: Explanation of TPM’s main pillars:
Autonomous Maintenance.

Planned Maintenance.

Quality Maintenance.

Focused Improvement.

Early Equipment Management.

Training and Education.

Roles and Responsibilities: Overview of the roles of operators,
maintenance teams, and management in implementing TPM.

Overall Equipment Effectiveness (OEE)

Definition and Importance: In-depth explanation of OEE as a
performance metric and its role in TPM.

Components of OEE:

Availability: Reducing unplanned downtime.
Performance: Minimizing speed losses and idle time.
Quality: Reducing defects and ensuring high-quality output.

Formula and Calculation of OEE: How OEE is calculated and
interpreted in practice.

TPM Implementation and OEE Optimization

Implementation Steps: A detailed guide to implementing TPM in
manufacturing environments.

Assessment of current equipment effectiveness.
Identifying and eliminating equipment-related losses.

Employee involvement and continuous improvement culture.

Linking TPM to OEE: How TPM practices directly influence
OEE components and overall performance.
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e Case Studies: Real-world examples of organizations that
successfully implemented TPM and saw improvements in OEE.

Benefits of TPM in Enhancing OEE

e Reduction in Downtime: The role of TPM in reducing both
planned and unplanned downtime.

e Improved Performance and Efficiency: How TPM helps in
maintaining equipment at optimal performance levels.

e Higher Product Quality: The connection between TPM activities
and the reduction of defects.

e Cost Savings and Increased Profitability: How improvements in
OEE lead to significant cost savings, more efficient resource
utilization, and higher profitability.

Challenges and Limitations of TPM

e Cultural Resistance: The potential resistance from employees or
management in adopting TPM practices.

e Initial Investment and Resources: Discussion of the costs and
resource commitments required for effective TPM implementation.

e Continuous Monitoring and Adaptation: The need for ongoing
evaluation and refinement of TPM practices to sustain
improvements.

e Integration with Other Manufacturing Strategies: Potential
conflicts or synergies with Lean or Six Sigma approaches.

The Role of Industry 4.0 and Digitalization in TPM

e Digital Tools for TPM: The integration of sensors, 10T, and Al in
improving equipment monitoring and maintenance.

e Data-Driven OEE Optimization: How digital technologies
provide real-time data to optimize OEE.

e Predictive Maintenance: The shift from reactive to predictive
maintenance through digital solutions.

e Case Study on Industry 4.0 Integration: Example of a company
integrating digital technologies into TPM for enhanced OEE.

Future Directions in TPM and OEE Optimization

e Advancements in Predictive Analytics: Exploring the future of
predictive analytics in TPM and OEE.
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e Al and Machine Learning in Maintenance: How Al can
transform maintenance processes, from detecting anomalies to
forecasting failures.

e Sustainability in TPM: The growing importance of sustainability
and environmental considerations in maintenance practices.

e Evolution of Employee Roles: How the roles of operators and
technicians are evolving in response to new technologies.

To generate data for a paper on "Total Productive Maintenance: An In-
Depth Review with a Focus on Overall Equipment Effectiveness," it's
essential to understand what types of data would be most relevant for
evaluating TPM practices and their impact on OEE. Below is a simulated
dataset that can be used to demonstrate how TPM activities influence OEE.

Simulated Data

Equipment Availability Data (Before and After TPM Implementation)

Equipment Pre-TEM Post-TPM Reductic_)n in Availability
) Downtime Downtime Downtime Increase (%)
(hrs/month) (hrs/month) (hrs/month)
EQ-01 15 8 7 46.67%
EQ-02 20 12 8 40%
EQ-03 18 9 9 50%
EQ-04 25 18 7 28%
EQ-05 10 5 5 50%
Average 17.6 104 7.2 42.67%

Performance (Speed Loss) Data

Performance is the ratio of the actual output to the expected output,

accounting for speed losses.

Pre-TPM | Pre-TPM | Post-TPM Post-TPM
Equipment| Actual Expected Actual Expected |Performance
ID Output Output Output Output | Increase (%)
(units/hr) | (units/hr) (units/hr) (units/hr)
EQ-01 90 100 98 100 8.89%
EQ-02 75 85 82 85 9.33%
EQ-03 80 90 88 90 10%
EQ-04 60 80 75 80 25%
EQ-05 50 60 60 60 20%
Average 71 83 80.6 83 14.04%
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Quality (Defects) Data

Equipment ID Pre-TPM Defects Post-TPM Defects |Defect Reduction
(units/month) (units/month) (%)
EQ-01 40 30 25%
EQ-02 50 35 30%
EQ-03 60 45 25%
EQ-04 30 20 33.33%
EQ-05 20 15 25%
Average 40 29 27.33%

Overall Equipment Effectiveness (OEE) Data

OEE = Availability * Performance * Quality.

OEE Improvement

Equipment ID | Pre-TPM OEE (%) | Post-TPM OEE (%) (%)
EQ-01 65% 85% 30.77%
EQ-02 60% 80% 33.33%
EQ-03 55% 76% 38.18%
EQ-04 48% 72% 50%
EQ-05 60% 80% 33.33%

Average 57.6% 78.6% 36.38%

Analysis of Data

Equipment Availability

e The data shows that after the implementation of TPM, downtime for
the equipment decreased on average by 7.2 hours per month,
leading to a 42.67% improvement in availability. This suggests that
TPM’s proactive maintenance approach effectively minimized
unscheduled downtime.

Performance Improvement

e The average performance increase was 14.04%, with the most
significant improvement seen in EQ-04 (25%). The optimization of
equipment speeds and reducing idle time through TPM practices
contributed significantly to this improvement.

Defect Reduction (Quality)

e The defect reduction across the equipment ranged from 25% to
33.33%, with an average reduction of 27.33%. TPM's focus on
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quality maintenance and operator training helped in reducing
defects and improving product quality.

Overall Equipment Effectiveness (OEE)

e The average OEE improvement was 36.38%. This significant
improvement reflects the combined effect of reduced downtime,
improved performance, and better product quality. Equipment like
EQ-04 had the highest OEE improvement at 50%, showcasing the
potential of TPM to optimize equipment performance
comprehensively.

Conclusion

The data demonstrates that Total Productive Maintenance (TPM) can
substantially enhance Overall Equipment Effectiveness (OEE) by improving
equipment availability, performance, and quality. The improvements in OEE
across the equipment types indicate that TPM is a highly effective strategy
for maximizing equipment reliability and productivity. However, the degree
of improvement depends on factors such as the type of equipment, initial
conditions and the extent of TPM implementation.
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Chapter - 35

Mechanical Behaviour of Nanostructured Alloys and Metals

Joydip Roy

Abstract

The mechanical properties of nanostructured alloys and metals have
garnered significant attention due to their potential to outperform
conventional materials in terms of strength, toughness, and wear resistance.
This paper investigates the mechanical behaviour of these materials at the
nanoscale, emphasizing the influence of microstructural features such as
grain size, phase composition, and particle distribution. Through
experimental and computational approaches, the relationship between
nanoscale modifications and macroscopic mechanical performance is
explored, with a focus on strength enhancement, fatigue resistance, and
deformation mechanisms. The role of dislocation dynamics, grain boundary
strengthening, and the Hall-Petch effect in nanostructured metals and alloys
is critically analysed. Furthermore, the challenges associated with
processing, scalability, and stability of nanostructured materials under
varying environmental conditions are discussed. The findings highlight the
promise of nanostructured alloys and metals for advanced engineering
applications, while also underscoring the need for further research to
optimize their mechanical performance and practical implementation in
industrial settings.

Keywords: Nanostructured alloys, mechanical properties, grain boundary
strengthening, hall-petch effect, fatigue resistance, dislocation dynamics,
nanoscale materials

Introduction

Nanostructured alloys and metals, characterized by their ultrafine grains,
high surface-to-volume ratio, and unique microstructures, have emerged as
key materials for next-generation engineering applications. These materials
exhibit remarkable mechanical properties, such as exceptional strength,
improved toughness, enhanced wear resistance, and superior fatigue
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performance, making them suitable for a wide range of industries, including
aerospace, automotive, and manufacturing. The mechanical behaviour of
nanostructured alloys and metals differs significantly from their conventional
counterparts due to the influence of nanoscale features, such as grain size
refinement, phase transitions, and the presence of nanoparticles or other
reinforcements.

At the nanoscale, mechanical properties such as yield strength, ductility,
and hardness are governed by complex interactions between dislocations,
grain boundaries, and other structural defects. The Hall-Petch relationship,
which suggests an inverse correlation between grain size and material
strength, is often modified in nanostructured materials, leading to significant
deviations from traditional material behaviour. Moreover, the nanoscale
properties also result in unique deformation mechanisms, such as grain
boundary sliding, dislocation pile-up, and the movement of twin boundaries,
which are essential to understanding their mechanical performance.

Despite their promising potential, the processing and practical use of
nanostructured alloys and metals present several challenges. Issues such as
maintaining material stability at high temperatures, managing grain growth
during fabrication, and ensuring consistent mechanical properties over time
need to be addressed. Additionally, the scalability of nanostructured
materials for mass production and their performance under real-world
loading conditions remain key areas of ongoing research.

This paper aims to explore the mechanical behaviour of nanostructured
alloys and metals, focusing on their unique strength-enhancement
mechanisms, the role of microstructure in their mechanical performance, and
the challenges associated with their application in engineering systems. By
understanding the underlying mechanisms that govern their mechanical
properties, we can pave the way for more efficient and reliable materials for
demanding industrial applications.

Literature survey

Nanostructured [ alloys and metals have attracted considerable
attention due to their enhanced mechanical properties, such as improved
strength, wear resistance and fatigue [ performance, compared to
conventional materials. Several studies have highlighted the role of grain
size reduction in increasing material strength, with the Hall-Petch
relationship ! being a key principle in this enhancement, although it breaks
down at very small grain sizes due to mechanisms like grain boundary [
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sliding (Zhu et al., 2004; Liu et al., 2011). Deformation mechanisms in
nanostructured materials are distinct from bulk materials, where dislocation
11 motion is restricted and grain boundaries play a dominant role (Cai et al.,
2006). Furthermore, research into nanoparticle-reinforced alloys, including
those with carbon nanotubes ! or graphene, has demonstrated improvements
in strength and thermal stability (Zhang et al., 2015) [l. However, these
materials often face challenges such as nanoparticle agglomeration and
difficulty in achieving uniform dispersion. Additionally, while
nanostructured alloys show enhanced toughness [ and fatigue resistance
(Wang et al., 2004), trade-offs between strength and ductility at extremely
fine grain sizes remain a concern. Despite these advances, challenges such as
scalability, processing-induced defects, and maintaining stability at high
temperatures [ (Rooks et al., 2013) continue to hinder widespread industrial
application. The ongoing research aims to address these issues through
improved processing techniques and a better understanding of the
fundamental nanoscale deformation mechanisms %, ultimately paving the
way for the practical use of nanostructured alloys in demanding engineering
applications.

Methodology

The methodology for investigating the mechanical behaviour of
nanostructured alloys and metals is structured into key phases: material
synthesis, characterization, mechanical testing, and analysis of results. This
process aims to understand how the microstructure influences the
mechanical properties and to explore the underlying deformation
mechanisms in nanostructured alloys. The methodology is outlined as
follows:

1. Material Synthesis

The first step involves the synthesis or fabrication of nanostructured
alloys and metals. Techniques such as severe plastic deformation (SPD),
high-energy ball milling, spark plasma sintering (SPS), or chemical vapor
deposition (CVD) are employed to refine the grain size and introduce
nanostructures. This process can be performed on a range of metals like
aluminium, copper, titanium, and steel, with the incorporation of
nanoparticles (e.g., carbon nanotubes or graphene) to further enhance
mechanical properties.
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2. Microstructural Characterization

Once the nanostructured materials are prepared, they undergo detailed
microstructural characterization. This is achieved through advanced
techniques such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray diffraction (XRD), which provide
insight into the grain size, phase composition, particle distribution, and
overall microstructure. The grain size and the dispersion of nanoparticles are
key parameters that affect the mechanical properties.

3. Mechanical Testing

The synthesized materials are subjected to a series of mechanical tests to
evaluate their performance. Key tests include:

e Tensile testing to determine yield strength, ultimate tensile strength,
and elongation.

e Hardness testing to assess material hardness.
e Fatigue testing to determine the fatigue life and endurance limit.

e Impact testing (Charpy or Izod) to measure toughness and energy
absorption.

e Creep testing to understand material behaviour at elevated
temperatures and long-term loading.

4. Data Analysis and Modelling

The experimental data collected from mechanical testing is analysed to
understand the relationship between microstructure and mechanical
properties. Analytical and computational models, such as the Hall-Petch
relationship, dislocation dynamics, and finite element modelling (FEM), are
used to predict material behaviour and understand the contribution of grain
boundaries, nanoparticles, and other features to the mechanical performance.

5. Comparison and Optimization

Finally, the results of the nanostructured alloys are compared to
conventional materials to assess the improvements in mechanical properties.
The aim is to optimize the synthesis parameters (e.g., processing
temperature, time, and pressure) for maximizing strength, toughness, and
fatigue resistance while minimizing drawbacks such as brittleness or
instability at high temperatures.
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Fig 1: Process flow chart of Methodology for Nanostructured Alloys and Metals

Explanation of the Block Diagram:

1.

Material Synthesis: The process of fabricating the nanostructured
alloy using methods like SPD, ball milling, or SPS.

Microstructural Characterization: Analysis of the material's
structure using techniques like SEM, TEM, and XRD to understand
the grain size and dispersion of nanoparticles.

Mechanical Testing: Subjecting the material to various mechanical
tests (tensile, hardness, fatigue, impact, and creep) to assess its
properties.

Data Analysis & Modelling: Using computational methods and
analytical models to correlate the mechanical behaviour with
microstructural features and predict future performance.
Comparison & Optimization: Comparing the nanostructured
materials' performance with conventional alloys and optimizing
processing parameters for better mechanical properties.
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Result and Discussion

Table 1: Comparison Table Proposed Research Work and Existing Methods

Proposed Methodology

Existing

Aspect (Current Approach) Methods References
SPD and SPS are
Severe Plastic Casting, advanced techniques that
Material Deformation (SPD), Powder provide finer grain
Fabrication High-Energy Ball Metallurgy, structures and better
Milling, Spark Plasma | Conventional | mechanical properties.
Sintering (SPS), CVD Rolling (Zhu et al., 2004; Mishra
etal., 2012)
Optical TEM provides finer
Microscopy, | resolution for nanoscale
Microstructural Scanning features, allowing for
Characterization SEM, TEM, XRD Electron detailed analysis of grain
Microscopy | boundaries and phases
(SEM) (Maetal., 2011).
Tensile, Comprehensive testing in
. proposed method helps
. Tensile, Hardness, Hardness . .
Mechanical . . provide a multi-faceted
- Fatigue, Impact, Creep Testing, . .
Testing - view of material
Testing Charpy f |
Impact Test performance (Wang et al.,
2004).
FEM and dislocation
Hall-Petch, Dislocation Empirical models are more precise
. ! o Strength in predicting nanoscale
Data Analysis & Dynamics, Finite del . ial behavi
Modeling Element Modelling | V10dels, Strain| - material behaviour
(FEM) Hardening | compared to traditional
Models empirical models (Cai et
al., 2006).
Casting or Scalability remains an
Focus on scalable Powder issue in traditional
Scalability & | processing techniques Metallurgy methods, where finer
Processing such as SPS and ball with larger- | control of grain size is
milling scale challenging (Zhao et al.,
processes 2010).
Nanoparticle
Incorporation of CNTs, | Traditional reinforcement offers a
Nanoparticle | Graphene, or Ceramic Alloys significant increase in
Reinforcement Nanoparticles for without strength and wear

property enhancement

Nanoparticles

resistance (Li et al.,
2018).

Fatigue &
Toughness

Evaluation of both
strength and toughness
(trade-offs), enhanced by

Fatigue
testing, but
less focus on

Nanostructured alloys
tend to outperform
conventional materials in
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nanoscale modification nanoscale | fatigue resistance (Liu et
effects on al., 2010; Wang et al.,
toughness and 2004).
fatigue
Limited focus | Grain stability at high
Focus on temperature hiah :
stability, grain on high- temperatures is an area
Long-Term coarsenin ’revention temperature | where advanced methods
Stability nng p ' | stabilityin | like SPS provide a better
and high-temperature .
erformance nanostructured| solution (Rooks et al.,
P alloys 2013).
Combination of Single-focus Comprehensive
synthesis optimization, studies optimization leads to
Obtimizati advanced (strength, more well-rounded
ptimization N . L
characterization, and hardness, or | materials for engineering
multi-faceted mechanical wear applications (Chook et al.,
testing resistance) 2012).

1. Aerospace and Defense

Nanostructured alloys are widely used in aerospace and defense
industries for components like aircraft fuselages, turbine blades, and military
armor. Their high strength-to-weight ratio and resistance to extreme
conditions make them ideal for improving performance, fuel efficiency, and
protection in aviation, space exploration, and defense applications.

2. Energy Storage and Conversion

In energy storage and conversion, nanostructured materials play a
pivotal role in enhancing the performance of batteries, supercapacitors, and
fuel cells. These materials help achieve higher energy density, faster
charging, and greater cycle stability, driving advancements in renewable
energy systems and electric vehicles.

3. Biomedical Applications

Nanostructured alloys are increasingly used in biomedical implants,
drug delivery systems, and medical devices due to their biocompatibility,
strength, and corrosion resistance. They improve the performance of
orthopedic implants, dental materials, and even targeted therapies for disease
treatment, offering significant advantages in healthcare.

4. Electronics and Semiconductor Industry

In electronics, nanostructured alloys are integral to the production of
microprocessors, sensors, and flexible electronic components. They enable
the miniaturization of devices, enhance thermal management, and improve
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the overall efficiency of high-performance computing systems, helping to
drive innovation in consumer electronics and computing.

Conclusion

In conclusion, nanostructured alloys and metals are at the forefront of
transforming modern technology, offering significant advancements in
various fields. Their exceptional mechanical, electrical, and thermal
properties make them indispensable in aerospace, energy storage, biomedical
applications, and electronics. As the demand for high-performance,
lightweight, and durable materials continues to grow, these materials will
play an increasingly critical role in driving innovation and meeting the
challenges of future technological advancements. The continued research
and development in nanotechnology hold the potential to unlock even more
applications, enabling the creation of smarter, more efficient, and sustainable
solutions across industries.
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Soumak Bose

Abstract

The development and application of composite materials have
revolutionized mechanical engineering by offering superior strength-to-
weight ratios, enhanced durability and increased design flexibility. This
paper reviews the latest advancements in composite materials, including
carbon fiber-reinforced polymers (CFRPs), hybrid composites, bio-
composites, and smart materials. The applications of these materials across
various industries such as automotive, aerospace, and renewable energy are
examined. The paper also addresses challenges such as cost,
manufacturability, and environmental sustainability, alongside emerging
trends such as the integration of additive manufacturing and nanocomposites.
Future perspectives include the potential of bio-inspired materials and the
role of composites in cutting-edge technologies like electric vehicles,
robotics, and advanced infrastructure systems.

Keywords: Composite materials, carbon fiber, hybrid composites, bio-
composites, smart composites, nanocomposites, additive manufacturing,
mechanical engineering

Introduction

Composite materials, which combine two or more distinct materials to
create a new material with enhanced properties, have become essential in
modern mechanical engineering. Their unique ability to achieve strength-to-
weight ratios, durability, and design flexibility unattainable by individual
components has made them indispensable across various industries,
including aerospace, automotive, and renewable energy. Composites enable
engineers to meet rigorous performance and sustainability goals, driving
innovation in product design and manufacturing processes.
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Over recent years, advancements in composite technologies, particularly
in carbon fiber-reinforced polymers (CFRPs), hybrid composites, and bio-
composites, have expanded their potential applications. As engineering
continues to push toward next-generation technologies like electric vehicles,
autonomous systems, and sustainable construction, composite materials are
playing a critical role in achieving the desired performance attributes. This
paper explores recent advancements, applications, challenges, and future
opportunities within the field of composite materials, while addressing how
emerging technologies, such as nanocomposites and smart materials, are
shaping the next era of engineering solutions.

Recent Advancements in Composite Materials
Carbon Fiber-Reinforced Polymers (CFRPS)

Carbon fiber-reinforced polymers (CFRPs) are one of the most widely
used composite materials due to their exceptional strength-to-weight ratios
and high durability. In recent years, advancements in manufacturing
processes, such as automated fiber placement (AFP) and out-of-autoclave
curing, have significantly reduced production costs and enhanced the
efficiency of CFRP manufacturing (Smith & Brown, 2021). These
innovations have made CFRPs more accessible for high-performance
applications in aerospace, automotive, and renewable energy sectors.

For instance, CFRPs are used in the fuselages of commercial aircraft,
lightweight chassis in sports cars, and structural components in wind
turbines, where strength, weight reduction, and durability are critical factors.
Furthermore, advances in hybridization and recycling methods are helping
improve the sustainability of CFRPs, which traditionally face challenges in
terms of recyclability.

Hybrid Composites

Hybrid composites, which combine different fibers such as carbon,
glass, and aramid, are tailored to optimize material properties for specific
applications. These materials offer a balance between performance and cost,
making them attractive for a wide range of applications, particularly where
both mechanical performance and affordability are necessary (Chen et al.,
2022). Hybrid composites are used in industries such as sports, marine
structures, and protective equipment.

In aerospace, for example, hybrid laminates are used for aircraft
interiors, providing the desired combination of strength, lightness, and
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impact resistance. Additionally, automotive manufacturers are increasingly
incorporating hybrid composites in body panels designed to withstand
impact and fatigue, thus enhancing safety and vehicle performance.

Bio-Composites

As the demand for sustainable materials grows, bio-composites, made
from natural fibers like jute, flax, and hemp, are gaining traction in various
industries. These materials offer environmentally friendly alternatives to
conventional composites, and bio-resins derived from renewable sources,
such as plant oils, are increasingly replacing petrochemical-based resins
(Brown & Gupta, 2020).

Bio-composites are particularly well-suited for applications where
biodegradability and lightweight properties are needed. Examples include
biodegradable packaging, lightweight panels for electric vehicles (EVs), and
components for building insulation. The use of bio-composites helps reduce
environmental impact and dependence on non-renewable resources.

Smart Composites

The integration of smart materials into composites is enabling the
development of structures that can monitor and respond to changes in their
environment. Smart composites, which incorporate sensors, actuators, and
self-healing capabilities, are particularly valuable in applications where
reliability and safety are paramount. These materials can be used in
aerospace, defense, and infrastructure monitoring systems to detect damage
and enable real-time response (Adams et al., 2023).

Innovations in smart composites include piezoelectric composites for
structural health monitoring, which can detect changes in vibration patterns
to predict potential failure, and self-healing polymer matrices that can repair
minor damage autonomously. These technologies significantly extend the
lifespan of composite structures and enhance their overall performance.

Additive Manufacturing of Composites

The integration of additive manufacturing, or 3D printing, with
composite materials has opened up new possibilities for fabricating complex,
lightweight, and high-strength structures. Techniques like continuous fiber
reinforcement and multi-material 3D printing enable the creation of
customized parts with optimized material usage and mechanical properties
(Nelson & Taylor, 2021).
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Additive manufacturing of composites is particularly useful for
producing aerospace parts, medical prosthetics, and sports equipment, where
customization and lightweight properties are crucial. This technology allows
for rapid prototyping, reducing material waste and enabling the creation of
intricate geometries that would be difficult or impossible to achieve with
traditional manufacturing methods.

Nanocomposites

Nanocomposites, which incorporate nanoparticles such as carbon
nanotubes, graphene, or nanoclays into polymer matrices, offer enhanced
mechanical, electrical, and thermal properties compared to traditional
composites. These materials exhibit superior strength, electrical
conductivity, and thermal stability, making them ideal for advanced
applications in electronics, energy storage, and coatings (Chen et al., 2022).

Current research in nanocomposites is focused on scaling production
processes and making these materials commercially viable for widespread
use. Innovations in nanocomposite manufacturing could lead to
breakthroughs in energy-efficient systems, lightweight electronic
components, and durable protective coatings.

Bio-Inspired Materials

Drawing inspiration from natural structures, such as nacre (mother of
pearl), spider silk, and bone, bio-inspired composites are being developed to
achieve extraordinary mechanical properties, including enhanced toughness
and strength. These materials are designed to mimic the efficient, self-
organizing structures found in nature (Smith & Brown, 2021).

Applications of bio-inspired composites include impact-resistant
helmets, lightweight armor, and advanced building materials. These
materials not only offer superior mechanical performance but also present
opportunities for sustainable engineering by mimicking nature’s efficient and
environmentally-friendly designs.

Challenges and Opportunities
Challenges

Cost: The high production costs of advanced composites, especially
CFRPs, remain a significant barrier to their widespread adoption,
particularly in industries where cost efficiency is crucial.
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Recyclability: Many composite materials, especially those made from
thermoset resins, pose challenges in terms of recyclability, contributing to
environmental concerns.

Manufacturability: Complex manufacturing processes for advanced
composites require specialized equipment and significant expertise, which
can be a barrier for smaller manufacturers.

Material Variability: The inherent heterogeneity of composite
materials can lead to variability in their performance, making large-scale
production and quality control more challenging.

Opportunities

Cost-Effective Manufacturing: Advances in automated manufacturing
processes and additive techniques offer opportunities to reduce production
costs and improve scalability.

Sustainability: Continued research into bio-composites and the
development of eco-friendly manufacturing practices offer pathways to meet
environmental sustainability goals.

Smart Technologies Integration: The incorporation of sensors and
self-healing capabilities into composites could enhance the functionality and
lifecycle of materials.

Collaboration and Innovation: Increased collaboration between
academia, industry and government can accelerate research and development
efforts to overcome the technical challenges associated with composite
materials.

Conclusion

Advancements in composite materials are driving innovation across
industries, enabling the production of stronger, lighter, and more durable
components. However, challenges such as high costs, recyclability, and
complex manufacturing processes need to be addressed to facilitate broader
adoption. Future research should focus on developing cost-effective
manufacturing methods, improving the sustainability of composites, and
exploring the potential of nanocomposites and bio-inspired materials. As
composite materials continue to evolve, their integration into emerging
technologies, including renewable energy systems, autonomous vehicles, and
robotics, presents exciting opportunities for the future of mechanical
engineering.
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Abstract

Refrigerants are integral to modern cooling technologies, but the
widespread use of conventional refrigerants such as chlorofluorocarbons
(CFCs) and hydrofluorocarbons (HFCs) has contributed significantly to
ozone layer depletion and climate change. In response to global
environmental concerns, the Montreal Protocol and its subsequent
amendments have prompted the development of refrigerants that are both
eco-friendly and highly efficient. This paper reviews experimental
refrigerants, including hydrofluoroolefins (HFOs), natural refrigerants
(ammonia, carbon dioxide, hydrocarbons), and low-global-warming-
potential (LGWP) blends. Their role in reducing the carbon footprint of
cooling systems is emphasized, with specific applications in HVAC systems,
automotive cooling, industrial refrigeration, and energy storage being
thoroughly examined. The challenges associated with these refrigerants,
including flammability, toxicity, cost, and scalability, are critically analyzed.
Furthermore, the paper discusses future trends such as Al-driven refrigerant
selection, advanced leak detection technologies, and harmonized global
regulations. These advancements hold the potential to transform the cooling
industry, ensuring a sustainable and energy-efficient future for global
cooling technologies.

Introduction

The global demand for cooling technologies is on the rise due to rapid
urbanization, industrialization, and the effects of climate change.
Conventional refrigerants, while effective in achieving cooling, have a
detrimental impact on the environment due to their high global warming
potential (GWP) and ozone depletion potential (ODP). The phase-out of
these refrigerants through international frameworks like the Montreal
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Protocol has led to the development of newer, environmentally friendly
alternatives. This paper provides a comprehensive review of bleeding-edge
refrigerants, which are designed to reduce environmental harm while
maintaining the cooling efficiency required for various applications. By
focusing on hydrofluoroolefins (HFOs), natural refrigerants, and low-GWP
refrigerant blends, this paper evaluates their effectiveness in reducing
environmental impact and their challenges in adoption. The paper also
addresses the technological innovations and the evolving regulatory
landscape that supports the transition to a more sustainable cooling industry.

Innovations in Bleeding-Edge Refrigerants
Hydrofluoroolefins (HFOs)

Hydrofluoroolefins (HFOs) such as R-1234yf and R-1234ze are
considered promising alternatives to traditional hydrofluorocarbons (HFCs).
They exhibit ultra-low GWP and zero ODP, while maintaining
thermodynamic properties similar to conventional refrigerants. HFOs are
especially advantageous in automotive and HVAC applications, where
regulatory standards demand reduced environmental impact without
compromising performance (Smith & Brown, 2023). Research continues to
explore additional HFO blends to enhance compatibility across different
refrigeration systems (Zhang et al., 2022).

Natural Refrigerants

Natural refrigerants, such as ammonia (NH3), carbon dioxide (CO2), and
hydrocarbons like propane, are gaining popularity due to their negligible
GWP and ODP. Ammonia and CO», in particular, are extensively used in
industrial refrigeration applications, including cold storage and food
processing. CO: is increasingly used in transcritical refrigeration systems,
offering high efficiency in commercial refrigeration systems, such as those
used in supermarkets (Chen et al., 2024). These refrigerants are being
integrated into larger, sustainable cooling systems with rigorous safety
protocols to address potential hazards like flammability.

Low-GWP Refrigerant Blends

Low-GWP refrigerant blends that combine HFOs, HFCs, and natural
refrigerants are tailored to meet specific application needs. These blends are
designed to optimize system performance while minimizing environmental
impact. They provide a balanced solution for various refrigeration
applications, offering improved efficiency, safety and compliance with
international regulations (Brown & Gupta, 2022).
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Applications of Experimental Refrigerants
HVAC Systems

In the HVAC sector, bleeding-edge refrigerants like HFOs are
increasingly used to meet environmental standards and improve energy
efficiency. Residential and commercial HVAC systems are adopting these
refrigerants to comply with global regulations while reducing their
environmental footprint. HFOs have been particularly effective in meeting
the demands of both energy efficiency and low GWP (Johnson & Taylor,
2023).

Automotive Cooling

The automotive industry has rapidly adopted HFOs, such as R-1234yf,
to replace traditional refrigerants like R-134a. The transition is driven by the
need to comply with evolving environmental regulations, including those
outlined in the European Union's MAC Directive. This shift ensures that
automotive air-conditioning systems continue to perform efficiently while
minimizing the environmental impact (Park & Lee, 2022).

Industrial Refrigeration

Natural refrigerants like ammonia and CO2 are widely adopted in
industrial refrigeration applications due to their high efficiency and minimal
environmental impact. Ammonia, for instance, is used in large-scale
refrigeration systems for food storage and pharmaceutical applications,
where its efficiency outweighs concerns about its flammability (Smith et al.,
2023).

Challenges in Adoption
Flammability

One of the primary concerns associated with bleeding-edge refrigerants,
particularly natural refrigerants and certain HFO blends, is their
flammability. This presents safety challenges in system design, particularly
in enclosed spaces such as vehicles or buildings. To address these concerns,
researchers are working on advanced leak detection systems, fire suppression
technologies, and safer materials for refrigeration systems (Barkhordari &
Ghouleh, 2024).

Cost and Availability

The adoption of experimental refrigerants involves significant research
and infrastructure costs. Despite their environmental benefits, the higher
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initial cost of bleeding-edge refrigerants poses a barrier to widespread
adoption, particularly in developing countries with limited financial
resources (Bertolami & Salas, 2022).

Infrastructure and Scalability

Transitioning from conventional refrigerants to newer, experimental
alternatives requires substantial modifications to existing cooling systems.
Retrofitting old systems with these refrigerants can be challenging,
especially in regions with outdated infrastructure (Liu & Zhang, 2023).
Addressing this issue is key to ensuring the scalability of these refrigerants in
global applications.

Future Trends
Al-Driven Optimization

Artificial intelligence is becoming an essential tool in refrigerant
optimization. Machine learning algorithms can analyze system performance
data and optimize refrigerant blends and operating conditions to achieve
maximum efficiency (Feng et al., 2024). This technology can reduce energy
consumption and operational costs, making it a promising direction for
future refrigerant applications.

Safety Enhancements

With the flammability of certain refrigerants, ensuring safety is a top
priority. Advanced safety systems, including automated leak detection and
real-time monitoring, are being integrated into refrigeration systems to
mitigate risks associated with leaks and accidents (Yuan & Han, 2023).

Global Regulatory Alignment

International regulatory frameworks, such as the Kigali Amendment to
the Montreal Protocol, aim to phase out high-GWP refrigerants and promote
the adoption of sustainable alternatives. Continued global collaboration
among governments, industries, and researchers will be essential in fostering
the widespread adoption of bleeding-edge refrigerants (International Energy
Agency, 2022).

Material Innovations

Advances in materials science are enabling the use of natural
refrigerants like ammonia in a broader range of applications. Corrosion-
resistant materials, such as stainless steel, are enhancing the viability of

ammonia-based systems, reducing safety risks and expanding the use of
these refrigerants (Matsui & Kim, 2022).
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Conclusion

The ongoing development and implementation of bleeding-edge
refrigerants signify a pivotal step towards a sustainable and energy-efficient
cooling industry. While challenges such as flammability, cost, and scalability
remain, the potential of Al-driven optimization, enhanced safety
mechanisms, and supportive global regulatory frameworks offer promising
solutions. Through continued innovation and collaboration, bleeding-edge
refrigerants will play a crucial role in reducing the environmental impact of
cooling technologies, contributing to a more sustainable future for the
industry.
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Computational Fluid Dynamics (CFD) Applications in
Mechanical Engineering: A Review
Soumya Ghosh

Abstract

Computational Fluid Dynamics (CFD) has transformed the landscape of
mechanical engineering, offering advanced techniques for simulating and
optimizing fluid flow and heat transfer processes. This paper delves into the
recent advancements in CFD methodologies, highlighting developments in
turbulence modeling, mesh generation, and solver algorithms. It reviews the
diverse applications of CFD across industries, including aerodynamics,
energy systems, and manufacturing, with an emphasis on improving
operational efficiency, reducing costs, and enhancing design precision.
Challenges related to computational expense, model validation, and expertise
requirements are discussed, as well as opportunities arising from the
integration of Artificial Intelligence (Al) and High-Performance Computing
(HPC) to expand the capabilities of CFD simulations.

Keywords: Computational fluid dynamics, turbulence modeling, mesh
generation, solver algorithms, design optimization, Al, HPC

Introduction
Background and Evolution of CFD

Computational Fluid Dynamics (CFD) has a rich history, tracing its
roots back to the mid-20th century when engineers began to explore ways to
simulate fluid flows using digital computers. Early CFD work focused on
simple fluid models, but with the exponential growth in computational
power, it soon became possible to simulate complex fluid behaviors with
greater accuracy. Initially, CFD was limited to specialized areas such as
aerospace and defense, where fluid flow predictions were critical for aircraft
design and missile performance. Over time, advancements in numerical
methods, such as the finite volume method (FVM) and finite element method
(FEM), alongside the rapid growth in computational resources, allowed CFD
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to expand into a wide array of industries, including automotive, energy,
biomedical engineering, and manufacturing.

Role of CFD in Mechanical Engineering

In mechanical engineering, CFD has become an essential tool for the
design and optimization of systems involving fluid flow and heat transfer. It
offers the ability to model and simulate complex scenarios that would be
difficult or impossible to achieve with traditional experimental methods.
This capability has led to significant advancements in areas such as thermal
management, ventilation, combustion, and cooling systems. Additionally,
CFD has contributed to energy efficiency improvements in mechanical
systems and has played a role in the transition to more sustainable
engineering practices by optimizing designs to minimize energy
consumption.

Detailed Review of CFD Techniques
1. Turbulence Modeling

Turbulence remains one of the most difficult phenomena to simulate due
to its chaotic and complex nature. In the last few decades, researchers have
developed various models to predict turbulent flows with increasing
precision.

Reynolds-Averaged Navier-Stokes (RANS): These models have been
widely used due to their computational efficiency, but they struggle with
high-frequency turbulent fluctuations. The most common RANS models are
the k-g and k-® models, which approximate turbulent effects using statistical
averages. Despite their limitations, they are widely used in industry because
of their relative simplicity and lower computational cost.

Large Eddy Simulation (LES): Unlike RANS, LES resolves large
turbulent structures while modeling smaller, sub-grid-scale turbulence. LES
has gained popularity in research and industries requiring high-fidelity
simulations, such as aerospace and automotive industries, where flow
separation and vortex shedding are critical. However, LES s
computationally expensive due to the need for finer mesh resolution.

Detached Eddy Simulation (DES): This hybrid model combines the
advantages of both RANS and LES, providing a balance between accuracy
and computational cost. DES is ideal for simulating complex flows like those
in aircraft and turbine blade designs.
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2. Mesh Generation Techniques

Accurate mesh generation is key to obtaining reliable CFD results.
Recent innovations in mesh generation have focused on automating and
improving mesh quality, especially for complex geometries.

Structured Meshes: These meshes consist of regularly spaced grid
cells, which provide high accuracy in simple geometries. However, they are
limited in handling complex shapes without significant manual intervention.

Unstructured Meshes: These meshes are more flexible and can handle
complex geometries, though they may be less accurate and computationally
expensive. Advances in unstructured mesh algorithms, such as Delaunay
triangulation and Voronoi tessellations, have improved their efficiency.

Adaptive Mesh Refinement (AMR): This technique dynamically
refines the mesh in regions of high flow gradients, allowing for efficient
simulations. For example, in turbulent boundary layer flows, AMR can
concentrate mesh density near the wall to accurately capture flow
characteristics without unnecessary refinement in areas of uniform flow.

Hybrid Meshes: A combination of structured and unstructured meshes
can be used to optimize both accuracy and computational efficiency. Hybrid
meshing is particularly useful in multi-physics simulations, such as those
involving fluid-structure interactions.

3. Solver Algorithms

Solver algorithms are essential for numerically solving the fluid
equations that describe the behavior of the system. Over the years, advances
in solver algorithms have significantly improved CFD simulations.

Finite Volume Method (FVM): FVM remains one of the most popular
methods used in CFD due to its conservative nature. It divides the domain
into control volumes and integrates the governing equations over each
control volume. This approach ensures the conservation of mass,
momentum, and energy, which are essential in fluid simulations.

GPU-Accelerated Solvers: With the advent of Graphics Processing
Units (GPUs), CFD solvers have become much faster. Parallelization on
GPUs allows for efficient computation of large systems, particularly in
simulations of large-scale flows such as weather systems, ocean currents, or
industrial applications with millions of degrees of freedom.
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Multigrid Methods: These methods accelerate the solution process by
solving the problem on multiple levels of resolution. By correcting errors on
coarser grids and refining them on finer grids, multigrid methods minimize
computational time while maintaining accuracy.

Applications of CFD in Various Industries
1. Aerospace Engineering

CFD plays a pivotal role in the aerospace industry, especially in aircraft
design and optimization. Simulations help engineers design more
aerodynamically efficient aircraft by optimizing wing shapes, reducing drag,
and increasing fuel efficiency. Modern CFD techniques, such as LES and
hybrid turbulence models, are used to study airflow over wing surfaces and
predict phenomena like flow separation, vortex formation, and stall behavior.

Additionally, CFD is critical in the design of propulsion systems,
helping to optimize turbine blade geometries and combustion chambers in jet
engines. This ensures better fuel combustion and reduces pollutant
emissions.

2. Automotive Engineering

In the automotive industry, CFD is employed to design vehicle
aerodynamics, which significantly impacts fuel efficiency and performance.
CFD helps simulate airflow around vehicles, particularly focusing on
minimizing drag and improving cooling systems. Additionally, it is used in
the design of exhaust systems, radiators, and internal combustion engines.

For electric vehicles (EVs), CFD is instrumental in optimizing battery
cooling and thermal management systems. The use of CFD in vehicle design
ensures that automotive engineers can achieve the best possible performance
before physical prototypes are built, reducing both time and cost.

3. Energy Systems

CFD plays a crucial role in the energy sector, particularly in the design
of energy-efficient systems such as heat exchangers, turbines, and boilers.
Simulating fluid flow and heat transfer processes in these systems helps
engineers optimize their designs, resulting in improved energy efficiency and
reduced operational costs.

In renewable energy, CFD is used extensively in the design and
optimization of wind turbines. By simulating airflow around turbine blades
and analyzing wind patterns, engineers can optimize blade shapes and
turbine configurations to maximize energy generation.
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Challenges in CFD
1. Computational Expense

As the complexity of simulations increases, so do the computational
costs. High-fidelity simulations, particularly those involving transient flows,
turbulence, or multiphase flows, require significant computational power and
time. For instance, simulating a full aircraft in real-time during takeoff or
landing can take several weeks of computation using traditional methods.

To address this, researchers are turning to high-performance computing
(HPC) clusters, cloud computing platforms, and GPU acceleration to make
CFD simulations more cost-effective. By using distributed computing
resources, engineers can reduce the time required for large-scale simulations,
allowing for more design iterations and faster product development cycles.

2. Validation and Accuracy

CFD models are only as good as the assumptions and boundary
conditions used in their development. Ensuring that CFD predictions match
experimental results is a continual challenge, particularly in complex
systems where physical measurements may be difficult to obtain. As such,
validation techniques such as wind tunnel testing, flow visualization, and
PIV (Particle Image Velocimetry) are essential for confirming the accuracy
of CFD models.

Future Prospects

The future of CFD looks promising with the integration of Al, machine
learning, and HPC. Al can assist in automating the design process and
optimizing simulation parameters, reducing the number of iterations needed
for finding optimal designs. Machine learning algorithms can help to
enhance turbulence models, improve surrogate modeling for optimization,
and offer more accurate predictions from less data.

High-Performance Computing (HPC) is expected to further
revolutionize CFD by enabling simulations at unprecedented scales and
accuracy. The use of cloud-based HPC solutions will democratize access to
CFD tools, allowing smaller companies and academic researchers to perform
large-scale simulations that were previously limited to well-funded
industries.

Computational Fluid Dynamics (CFD) has revolutionized the field of
mechanical engineering by enabling engineers to model and simulate
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complex fluid flows and thermal behaviors. Initially applied to
aerodynamics, CFD has now permeated various industries, including
automotive, aerospace, energy, and biomedical engineering. The ability to
analyze and optimize fluid flow in diverse settings—from engine
components to industrial processes—has drastically improved design
efficiency, performance, and cost-effectiveness.

This paper aims to explore the recent advancements in CFD
technologies and their implications for mechanical engineering. By
reviewing emerging trends in turbulence modeling, mesh generation, solver
algorithms, and the integration of Al and HPC, this paper provides a
comprehensive look at how these developments are shaping the future of
engineering design. Moreover, it discusses the challenges of computational
expense, validation complexities, and the steep learning curve associated
with CFD tools.

Through an in-depth exploration of these topics, this review aims to
demonstrate the transformative role of CFD in modern engineering practices.

Recent Advancements in Computational Fluid Dynamics
1. Turbulence Modeling

Turbulence modeling remains one of the most critical aspects of CFD,
as it governs the simulation of chaotic, high Reynolds number flows. Recent
advancements in turbulence models, such as Large Eddy Simulation (LES)
and Reynolds-Averaged Navier-Stokes (RANS), have provided more
accurate predictions of turbulent flows. LES, which resolves large-scale
eddies while modeling the smaller scales, offers enhanced accuracy for
transient flows, making it suitable for high-fidelity simulations in
aerodynamics and noise reduction applications (Smith et al., 2020). RANS
models, on the other hand, remain widely used due to their lower
computational cost, offering a good balance between accuracy and efficiency
for steady-state flow simulations.

Applications of these models in vehicle aerodynamics have led to
significant improvements in fuel efficiency and noise reduction. For
instance, LES has been successfully applied to optimize the design of vehicle
body shapes, leading to reductions in drag and noise levels, which are critical
factors in automotive design.

2. Mesh Generation Techniques

Accurate mesh generation is essential for resolving complex geometries
in CFD simulations. One significant advancement has been the adoption of
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Adaptive Mesh Refinement (AMR) techniques, which refine the mesh
locally in areas of high flow gradients, improving simulation accuracy
without a disproportionate increase in computational cost (Chen et al.,
2021). Additionally, hybrid meshing techniques that combine structured and
unstructured meshes are increasingly employed to balance computational
efficiency and precision, particularly in multi-physics simulations involving
fluid-structure interactions.

These developments in mesh generation have paved the way for more
accurate simulations in challenging applications such as combustion
modeling, turbine blade design, and fluid-structure interaction problems.

3. Solver Algorithms

With the growing complexity of simulations, the need for faster solvers
has driven significant innovations in solver algorithms. The implementation
of parallel computing and GPU-accelerated solvers has dramatically reduced
simulation times, enabling engineers to explore more design iterations in less
time (Brown & Gupta, 2020). These advances have allowed for the handling
of large-scale simulations, such as those encountered in weather forecasting
or simulations of entire industrial systems.

Moreover, specialized algorithms have been developed for handling
multiphase flows and fluid-structure interactions, which are crucial for
simulations in industries like oil and gas, chemical processing, and
biomedical engineering. These innovations have expanded the range of
problems that can be tackled with CFD, providing insights into previously
inaccessible phenomena.

4. CFD in Design Optimization

The integration of CFD with optimization tools has enabled automated
design exploration and performance enhancement. By coupling CFD
simulations with optimization algorithms, engineers can perform iterative
design modifications to achieve optimal solutions in terms of efficiency,
cost, and performance (Adams et al., 2022). This has been particularly
beneficial in industries such as automotive and aerospace, where design
space exploration is vast, and traditional trial-and-error methods are both
costly and time-consuming.

Additionally, the emergence of digital twin technologies has allowed for
real-time monitoring and predictive analysis, further enhancing the
application of CFD in manufacturing and industrial operations.
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5. Al and HPC Integration

The integration of Artificial Intelligence (Al) with CFD holds immense
potential for improving simulation accuracy and decision-making. Machine
learning algorithms have been employed to create surrogate models, which
approximate the results of expensive CFD simulations, enabling rapid
evaluations of design alternatives (Nelson & Taylor, 2021). Al-driven
optimizations can provide more accurate predictions of fluid behaviors,
particularly in highly nonlinear systems where traditional models may
struggle.

High-Performance Computing (HPC) has also played a pivotal role in
advancing CFD capabilities. With the availability of powerful computing
clusters and cloud-based platforms, engineers can now perform large-scale
simulations with complex physics, such as multiphase flows and turbulence,
in a fraction of the time it would have taken with traditional computational
resources (Miller & Davis, 2021).

Challenges and Opportunities

Despite the numerous advancements, CFD faces several challenges that
must be addressed to fully realize its potential in mechanical engineering.

e Computational Expense: The high computational costs associated
with large-scale simulations can limit the accessibility of CFD,
particularly for small- and medium-sized enterprises. However,
ongoing advancements in HPC and cloud computing platforms are
helping to make CFD more affordable and accessible.

e Validation Complexities: Ensuring the accuracy of CFD results
through experimental validation remains a major hurdle. While
CFD offers high predictive power, discrepancies between
simulation and experimental results can arise due to limitations in
modeling assumptions and numerical methods.

e Steep Learning Curve: Mastery of CFD tools requires significant
expertise in fluid dynamics, numerical methods, and software
packages. To overcome this challenge, there is a growing push
towards developing more user-friendly interfaces and automated
workflows for engineers.

However, these challenges are balanced by significant opportunities in
the field of CFD. The development of cloud-based CFD platforms, the rise
of Industry 4.0 technologies, and advancements in Al and machine learning
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present exciting prospects for enhancing the scalability, accuracy, and
efficiency of CFD simulations.

Conclusion

CFD continues to play a transformative role in mechanical engineering
by enabling engineers to analyze and optimize fluid systems with
unprecedented accuracy. While challenges remain, particularly concerning
computational costs and validation, the continued integration of Al, HPC,
and cloud computing holds the potential to address these issues and unlock
new possibilities for CFD applications. As these technologies evolve, CFD
will undoubtedly remain a cornerstone of modern engineering design,
driving innovation across a wide range of industries.
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Chapter - 39

A Mathematical Study for Exploring Risk Factors in Zika
Virus Transmission

Piu Samui and Biswajit Pal

Abstract

Zika, a vertically transmitted severe Aedes mosquitoes-borne illness, is
emerged by the Zika virus causing several complications during pregnancy
viz. microcephaly, congenital malformations, preterm birth, fetal loss and
stillbirth. In this present article, a four-dimensional compartmental and
deterministic ODE model to study the Zika virus transmission dynamics
portraying the role of both the Aedes mosquitoes (vector) population and
human population. Reinfection of Zika arising as a grave concern due to
unavailability of vaccine. Our proposed model is endowed with one disease-
free equilibrium point and one endemic equilibrium point. Basic
reproduction number (R,) of the system is computed. Stability of the system
around the equilibrium points is analyzed in respect to the basic reproduction
number of the system. Various numerical simulations are carried out to
investigate the feasible prevention and control of Zika virus transmission.
Overall analytical results are validated biologically.

Keywords: Zika, vertical transmission, basic reproduction number, stability
Introduction

Infectious diseases are imposing severe threat to socio-economic growth
of the human civilization. In the year 1947, a new virus namely Zika was
first identified in a monkey of Rhesus Macaque species in Uganda’s Zika
Forest and the Zika virus was named after the forest Zika. Zika virus disease,
or Zika fever, or simply Zika is a zoonosis spread by the Zika virus
belonging to Flaviviridae family having positive-sense RNA genome and the
predominant vector of the Zika virus mosquitoes allied to the Aedes
(Stegomyia) genus, mainly Aedes aegypti. Though the bite of pathogen
infected Aedes mosquitoes, Zika virus plunge into the human bodies. The
first evidence of Zika infection in human was found in Uganda in the year
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1952 [WHO (1) (2022)]. Another transmission pathways of Zika are sexual
partners, vertical root (from pregnant mother to baby), blood and blood
products transfusion, organ transplantation etc. [CDC (2024)]. Substantially,
Zika infection is asymptomatic and in symptomatic cases red rashes, fever,
joint and muscle pain, conjunctivitis, headache and malaise may occur
persisting for less than seven days [WHO (1) (2022)]. Zika could be
vertically transmitted causing infants to be born having microcephaly, other
congenital malformations, preterm birth and miscarriage [Agusto (1)
(2017)]. Zika may engender Guillain-Barré syndrome and other neurological
disease in adults and children [Agusto (2) (2017)]. According to World
Health Organization (WHO) report, peak of Zika transmission declined from
the year 2017 onward; however, it is persisting in several countries up to the
present time [WHO (2024)]. There is no proper vaccine available to control
the Zika until now. Preventive measures like protection against mosquito
bites during the day time and early evening (essential for pregnant women,
women of reproductive age and young children), practice of safe health
practices and practice of safe sex are considered as control strategies of Zika.

Epidemiological models are one of the most powerful mathematical
tools in understanding the intricate dynamical features of an emergent
epidemic. Several mathematical models have been formulated to understand
the transmission dynamics of Zika and due the unavailability of vaccine,
mathematical models can benefit in investigating feasible control measures
[Agusto (1) (2017), Agusto (2) (2017), Bonyah (2016), Bonyah (2017),
Rezapur 2020, Suprait 2018, Goswami 2018, Terefe (2018)]. In the articles
[Rezapur (2020)] and [Alfwzan (2023)], the authors have formulated
mathematical models of Zika considering both the vector population and
human population to investigate the entire disease transmission process. We
have advanced the models proposed in [Rezapur (2020)] and [Alfwzan
(2023)], incorporating the reinfection feature of Zika transmission.

The article is organized as follows: in the following Section 2, a
deterministic mathematical model of Zika virus transmission is proposed.
The Section 3 is dealing with the general characteristics, viz. positivity and
boundedness of the model. In Section 4, the steady states and the basic
reproduction number of the epidemic system are analyzed. In Section 5, the
stability of the system around the steady states are studied with respect to the
basic reproduction number. Section 6 is concerning with the numerical
simulations of the system. Finally, we discuss about the overall results and
attach conclusions.
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The Mathematical Model

Upgrading the model proposed in [Rezapur (2020)] and [Alfwzan
(2023)], a deterministic compartmental mathematical model calibrating the
disease prevalence, disease progression and reinfection of Zika is formulated
here. The model is comprising of four populations-

i) S, Representing the susceptible human populations.

ii) I, Representing the infected human population.

iii) Ry, Standing for the recovered human population.

iv) I, Describing the infected Aedes mosquitoes.

Reinfection of Zika is a crucial concern due to unavailability of effective
vaccine. Our proposed mathematical model takes the following form:

ds di
d_? = A= B1Splm — B2Sp I + aRy _65}1,(1_: = P1SpIm +

dR dl
B2SnIn — ulp —1ly _Slh'd_: = nlp —aRy _5Rh:d_;n =
€1 — Il — Sl 1)
Together with non-negative and epidemiologically feasible initial
conditions
Sh (0) = ShO > O,Ih (0) = IhO > O,Rh (0) = RhO = 0, Im(O) = Imo >
0. 2

— ¥ — ==
‘ Im + 821, 7 !
A | s, I Bilm+ B2ly | I J | Ry |

T, T

Fig 1: Schematic diagram of the epidemic system [ portraying the dynamics of Zika
virus transmission

Here, t, represents the initial day of infection. The term A is describing
the constant recruitment of susceptible humans in the system. The terms f;
and f, are representing the disease transmission rates via infected
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mosquitoes and infected humans respectively. The parameter a stands for
rate of reinfection due to waning of immunity. The parameter § represent the
natural death rate of all human populations. Here, u describes the Zika-
induced death rate and 7 represents the rate of recovery. The parameter e
stands for attraction rate of Aedes mosquitoes towards susceptible humans.
The parameter &,, is standing for the natural death rate of mosquitoes. All
the parameters are positive and their values are enlisted in Table [1]. The
Figure 1 is depicting the dynamical attributes of the proposed system [1,

General characteristics of the system

In this Section, the basic characteristics of the epidemic system [, viz.
positivity and boundedness of the system are investigated since the
population could not be unbounded and negative any time.

Positivity
Theorem 1. All the solutions of the epidemic system ™ along with the
initial values @ are positively invariant in the interior of R *.

Proof. Let us consider the relation I1 = min{S,,I,,, Ry, I,,}, for all t >
0 and it is clearly seen that I71(0) > 0. Next, it is considered that there exists
at>0suchthatII(t) = 0and II(t) > 0, forall t €.

Therefore, When 11(t) = S, (t), then S, (0) =0, I,, (0) = 0, R, (0) =
0, L,(0) = 0forall t € [0,7].

Now, from the first equation of Zika epidemic system [1], it is obtained
that

as
=% = A= BiSylm — BoSpln + @Ry — 88y, == (Bl + Boln +

Where W = B,1,,, + B,1;, + 6. Thus, it is seen that

0=S5,(t)=S,(0)e o Wit

Which leads to the contradiction of our assumption. Consequently,
S, (t) >0, for all t >0. In a similar fashion, it could be proved that
I, (0) >0, R, (0) > 0,and [,,,(0) > 0inR s, forallt > 0.
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Table 1: Descriptions and values of the parameters belong to the epidemic model M

Parameter Description Value Sources
0 Constant recruitment of susceptible 200 [Rezapur (2020),
humans Alfwzan (2023)]
0 I_Disease _transr_nisgion rate through [0.25, | [Rezapur (2020),
! interaction with infected humans 1.25] | Alfwzan (2023)]

| e auran | 00001 | Asumed
O Rate of waning of immunity 0.85 [Rezapur (2020)]
O Natural death rate of individuals 0.4 [Rezapur (2020)]

O Disease-induced death rate of individuals 0.8 Assumed
O Rate of recovery 0.5 [Rezapur (2020)]

€ Attraction rate_of vectors towards [0.4,1.4] Varied
susceptible humans
Og Natural death rate of mosquitoes 0.5 [Rezapur (2020)]
Boundedness

In this section, the boundedness of the Zika epidemic system [1] along
with non-negative initial conditions [2] since population cannot grow
unboundedly or exponentially real world.

Theorem 2. All the solutions of Zika epidemic system [1] with non-
negative initial conditions [2] originated in R+ are uniformly bounded in the
region () defined as

A A
0 ={(Sh,1h,Rh,1m)15n +1In + Ry S(g_h’o <In Ssh;m}'

Proof. Let us consider the total human population N(t) at any instant ¢
as N =S, + I, + R;,. With the help of the positivity of solutions, summing
up the first three equations of Zika epidemic system [1], we obtain

S = A= 58Sy + Iy + Ry) — Sy

= A -6,N,

Where &, = min{6, u + §}. Thus, it is seen that
0<N-= Eih + N(0)e%nt,

Where N(0) is the initial size of the total population at time ¢t.
Consequently, we have
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: N
<
lim sup N(t)_6 .

t—o h

Now, from the last equation of the Zika epidemic system [1], we get

dlm

= (1= L)l = Sl < 5= = Sl

=5,

Taking limsup on both sides we get,

. Ne
m <
li tﬁs“gp I,(t)s 55

Consequently, all the feasible solutions of Zika epidemic system [1] will
enter into the attracting and positively bounded region

A A
0 ={(Sh,1h,Rh,1m)15n +1In + Ry 35_,1'0 <In Sshgm}'

Hence, all the solutions of the Zika epidemic system [1] are uniformly
bounded in the region 22 € R 4.
Steady States and Basic Reproduction Number
Steady States

Our proposed Zika epidemic system [1] is executing two equilibrium
points-

1. The Zika virus-free equilibrium (ZVEF) E, = (%,0,0,0), which
always exists.
2. The Zika virus existing equilibrium (ZVEE) E*=
(S5 L7, Ry, Ly, whose existence condition would be studied.
Basic Reproduction Number

We compute the basic reproduction number of the Zika epidemic system
(41 following the Next-generation matrix method [Diekmann (1990), Mondal
(2024)]. The basic reproduction number is the spectral radius of the Next-
generation matrix FV ™1, where F stands for the matrix denoting the flow of
Zika transmission and V represents the matrix for the transmission of Zika
infection computed at the Zika virus-free equilibrium (ZVEF) E,. Thus,

A A
F:(%%OO),V:(,u+n+5O —€5,).
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Consequently, the spectral radius of FV~! is computed as R, =

—1y _ A(B1€+B20m)
SPCEV™) = S smuenee)

Existence Conditions of ZVEE
The components of the ZVEE E* are computed as

_ (pn+8)(elp " +6m) * elp” * n

= ¢ px
1€+B2 (el +8) 1™ el +6, 1 a+s
h h

Sy"
and I,,* would be computed from the following quadratic equation
Wil + Wol," + W5 = 0,

Where

W, = Brel(u+n+8)(a+8)—an],W, = [(u+n+38)(a+d) -
an][Bi€ + B20m] + e(a + ) (G(u+n +6) —AB), W3 = 86, (u+n+
6)(1 —Ry).

Consequently, the Zika virus existing equilibrium (ZVEE) E* =
S5 5 Ry 1Ly, exists if, (i). Ry > 1, (ii). (w+n+8)(a+6)>an,
(iii). (u+n+6)6 > Ap,.

Stability Analysis

Theorem 3. The Zika epidemic system [1] is locally asymptotically
stable around the Zika virus-free equilibrium (ZVEF) E, = (%,0,0,0) on
condition that R, < 1; otherwise, the system would be unstable.

0.8

e
Y

Population

Population
s
—

10 20 30 0 0 20 30
Time Time

Fig 2: The figure is portraying the time series solution of the Zika epidemic system
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Proof. To analyze the stability of the epidemic system [1] around the
Zika virus-free equilibrium (ZVEF) E, = (g,0,0,0), we compute the
Jacobian matrix of the system around the Zika virus-free equilibrium
(ZVER)E, = (/El 0,0,0) as follows:

JEO=(—5 _ATfZa —Aaﬁo —(u+n+6)+’laﬁo%ﬁlon -
(@+8)00€0 —5m).

The characteristic equation of the Jacobian matrix Jg, corresponding to
the eigenvalue A is given by

Rt (S +u+n+6—"22) 1+ G +u+mMEn(1—R)=0. (3)

It is observed that the eigenvalues of the characteristic equation [3]
would be real, negative or have negative real parts only if R, < 1. Thus, the
Zika epidemic system [3] would be locally asymptotic stable only if Ry < 1.
Otherwise, the system would be unstable.

Theorem 4. The Zika epidemic system [1] would be locally
asymptotically stable around the Zika virus existing equilibrium (ZVEE)
E* = (Sy, Iy, Ry, Iy) if Ry > 1; otherwise, the system would be unstable.

Proof. To study the stability of the Zika epidemic system [1] around the
Zika virus existing equilibrium (ZVEE) E* = (Sy, I, Ry, I,,,), We compute
the Jacobian matrix of the system [1] as

Jpr = (a11 Q12 Q13 Q14 A1 Az 0ap4 0 A35 33 00 ayp 0 agy ),

Where ayy = —film — Bolp — 6, @13 = —f25h, @13 = @, ay4 = —P15p,

Az1 = Pilin + Boln, Ao = —(W+n+8) + oS, a3 =0, azs =p1Sh,
a31 = 0, a32 = 77, a33 = _(a + 6), a34 = 0, a4_1 = 0, a42 = 6(1 - Im),
Ay =0, a4, = —€l, — 6.

The characteristic equation of the Jacobian matrix J- is computed as
A+ 0,23 + 0,42 + 934 + 0, = 0,

Where
01= Pl + (Bt O+ (utn+a+35+68,) —BSh,

0,= (W+n+a+28+el," +6,)Bily" + By +6) +
(e, +6p)(u+n+a+28)+e(l— L)w+n+8)+@+8)pu+n+
8) — afySp” — 6B2Sk" — B2€Sp Iy — B26mSn” — €82Sk Iy,
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03 = —(Bily" + Boly” + O)[B2Sy —(u +n + 8)](a +68) — (Bl +
Boly™ + &)[B2Sy™ — (w+n+ (el + 8p) — (Bily” + Boli” + 8)(a +
8)(el" + 8m) — [B2Sh" — (+ 1+ ) (a+ 8)(ely” + 8p) — an(Bulim” +
Boln Vel = Iy") — (Bily” + Boln” + 8)[B2Sn" — (u+n +8)]e(1 -

L") = [B2Sn” — (w+n+8)](a+8)e(l — L) + 250" (Bulm” +
B2Sp ) + 8) = B1Sp" (Bily” + 251" ) (el + 6yn),

0s = (Bilm” + Bolp” + 8)[B2Sn" — (u+n + 8(a + &) (el + 6p) —
an(Bulm” + B2Sp ) (el," + 8) + €B1Sn" (Bily™ + B25,7) (a +
&1 - L.

Therefore, using the well-known Routh-Hurwitz criterion, that is, o, >
0, 035>0, g, >0, and ;0,03 > 03 + 0?0, are satisfied here. Thus, the
epidemic system [1] is locally asymptotically stable around the Zika virus
existing equilibrium (ZVEE) E* = (Sy, I, Ry, Iy,) only if Ry > 1.

Numerical Simulations

In this section, we numerically analyze the Zika epidemic system [1]
with the help of the software MATLAB and taking baseline parameter
values enlisted in Table 1. With the set of baseline parameter values, it is
found that the epidemic system [1] executes two equilibrium points-

i) ZVEFE, = (1,0,0,0).

i) ZVEE E* =(0.37,0.249,0.13,0.39) and the basic reproduction
number, Ry, = 4.099 > 1.

In Figure 2, the time series solutions of the Zika epidemic system [1] are
portrayed for R, <1 (in the left panel) and for R, > 1 (right panel)
respectively. From the figure, it is observed that preventive measures
recommended by WHO should be maintained as long as there is no vaccine
available for treatment. Figure 3 is calibrating the global stable dynamics of
the epidemic system [1] for R, < 1 (left panel) and for R, > 1 (right panel).
It is noticeable that irrespective of any initial condition, the epidemic system
would be globally stable around the steady states.

Page | 359



Editors: Ranjan Kumar, Arnab Das

0.25 0.25
0.2
= M_—
& 0.1
0.15 ZVEE
(0.37,0.24,0.13) >1
0.

0.6

Fig 3: The figure is depicting the global dynamic behavior of the epidemic system [1]
irrespective of initial conditions

Discussion and Conclusions

Calibrating the transmission dynamics of Zika fever, or Zika, a four-
dimensional deterministic ODE model is proposed and analyzed. The
positivity and boundedness of the solutions of the epidemic system are
studied. The steady states possessed by the Zika epidemic system [1] are
investigated and it is seen that the system [1] executes two equilibrium
points-one is Zika virus free equilibrium point and another is Zika virus
endemic equilibrium point. The basic reproduction number of the system [1]
is computed. The local dynamics of the epidemic system [1] is investigated
around both the steady states. It is notable that the system is locally
asymptotically stable around the Zika virus free equilibrium point for Ry, < 1
and around the Zika virus endemic equilibrium point for R, >1
respectively. Numerical simulations are performed showing the biological
validation of the analytical results. Researchers should focus on the intricate
transmission dynamics of Zika virus transmission so that the global burden
of the Zika would be diminished worldwide.
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Polyaniline-Based Hybrid Nanocomposites: Synthesis
Techniques and Emerging Applications

Kazi Hasibur Rahman

Abstract

This review examines the synthesis, characterization, and wide range of
applications of polyaniline (PANI)-based nanocomposites. PANI is
renowned for its adjustable electrical conductivity, environmental stability,
and affordability, making it a highly sought-after material in advanced
technologies. The study explores various preparation methods, including
chemical oxidative polymerization, electrochemical polymerization, and
vapor phase polymerization, emphasizing their distinct features and effects
on the performance of nanocomposites. Key applications of PANI
nanocomposites are discussed, such as their use in supercapacitors, sensors,
solar cells, anticorrosion devices, water purification, and catalysis. The
integration of PANI with metals, metal oxides, graphene, and carbon
nanostructures further enhances its functionality, establishing it as a versatile
material for innovative technological advancements. The review also
highlights the challenges in commercializing PANI nanocomposites and
suggests potential future research directions to address these issues.

Introduction

Polyaniline (PANI) is a conducting polymer that has drawn significant
attention in the fields of materials science, engineering, and nanotechnology
due to its unique combination of properties, including high electrical
conductivity, environmental stability, ease of synthesis, and cost-
effectiveness. As a member of the polyelectrolyte family, PANI exhibits the
ability to undergo reversible doping and dedoping, which enables it to be
tailored for various applications. This versatility makes PANI an attractive
material for a range of technological solutions, particularly when integrated
with nanomaterials, giving rise to polyaniline-based hybrid nanocomposites
[
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Hybrid nanocomposites are a class of materials that incorporate PANI
with other materials, such as metals, metal oxides, carbon-based
nanostructures, or polymers, to improve or enhance its properties. These
materials often exhibit synergistic behaviors, where the composite material's
overall performance surpasses that of the individual components. This
enhancement occurs due to the unique interactions between PANI and the
nanomaterials, leading to better conductivity, mechanical strength, thermal
stability, and more specialized functionalities. The formation of these
nanocomposites also allows the development of materials that can cater to
emerging technological demands across diverse sectors [,

In terms of synthesis, several techniques are employed to prepare PANI-
based hybrid nanocomposites. The most common methods include chemical
oxidative polymerization, electrochemical polymerization, and vapor
phase polymerization. These methods are utilized to control the
morphology, particle size, and dispersion of the nanomaterials within the
PANI matrix, influencing the final performance of the nanocomposite.
Chemical oxidative polymerization is widely used due to its simplicity and
the ability to produce PANI with a high degree of conductivity [,
Electrochemical polymerization allows for precise control of the
polymerization process by applying an external voltage, which can produce
films or coatings of PANI. Vapor phase polymerization is another method
that can produce PANI thin films with excellent uniformity and is suitable
for large-scale applications [,

The emerging applications of PANI-based hybrid nanocomposites are
vast and diverse. In energy storage, PANI nanocomposites are being
explored for their potential in supercapacitors and batteries [, due to their
high surface area and excellent charge/discharge cycling stability.
Additionally, these nanocomposites have demonstrated significant promise
in sensor technology, where they can be used for detecting various chemical
species or environmental pollutants. In the field of solar cells [, the
integration of PANI with semiconducting materials offers a pathway for
improving device performance and energy conversion efficiency 1.

Polyaniline nanocomposites are also gaining attention in anticorrosion
technologies, where they can be used as protective coatings to prevent the
degradation of metal surfaces. The incorporation of PANI with nanoparticles
such as metal oxides enhances the corrosion resistance and mechanical
properties of the coatings. Moreover, PANI-based nanocomposites have
shown promise in water purification applications, where they can
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effectively remove heavy metals, organic contaminants, and other pollutants
from water. Additionally, PANI nanocomposites are being studied for their
catalytic properties, offering potential solutions for energy production and
environmental remediation €,

Despite the wide range of applications, several challenges remain in the
commercialization of PANI-based hybrid nanocomposites. Issues related to
their scalability, stability under harsh conditions, and reproducibility of
synthesis methods need to be addressed for these materials to realize their
full potential in industrial applications. Moreover, further research is needed
to explore the compatibility of PANI with various nanomaterials, optimize
synthesis techniques, and develop cost-effective solutions for large-scale
production.

Synthesis of Polyaniline

Polyaniline (PANI) is a conductive polymer renowned for its ability to
transition between a basic form and a salt form upon the addition of a base
(OH-) or an acid (H+). This flexibility makes PANI highly useful across a
wide range of applications. PANI can be synthesized using various
techniques, such as chemical oxidation-induced polymerization,
electrochemical synthesis, vapor phase polymerization (VPP), enzyme-
catalyzed polymerization, and photochemical polymerization. Each of these
methods provides distinct advantages, enabling precise control over the
properties of the resulting polymer.

Chemical Oxidative Polymerization

Chemical oxidative polymerization is one of the most commonly used
methods for synthesizing polyaniline (PANI) due to its simplicity,
efficiency, and ability to produce PANI with high conductivity. This
technique involves the polymerization of aniline monomers in the presence
of an oxidizing agent, typically ammonium persulfate (APS), potassium
dichromate, or other similar agents. The process results in the formation of
PANI by the oxidation of aniline in an acidic medium, leading to the
polymerization of the monomers and the creation of a conductive polymer
chain, which is illustrated in figure 1.
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Fig 1: Steps of Chemical oxidative polymerization

Initiation: The oxidation agent (e.g., ammonium persulfate) reacts with
aniline, generating free radicals or cationic species. These species initiate the
polymerization reaction by attacking the aniline monomers.

Propagation: The initiated aniline monomers bond together, forming a
growing polymer chain. As the polymerization proceeds, the monomers
continue to add to the growing chain.

Termination: The polymerization eventually terminates when the
reactive sites on the polymer chains are quenched, either by the consumption
of the oxidizing agent or through the formation of stable structures that no
longer react.

e Control Over Conductivity: By adjusting the concentration of the
oxidizing agent, pH, and other reaction conditions, it is possible to
control the degree of polymerization and the electrical conductivity
of the resulting PANI.
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Simplicity: Chemical oxidative polymerization is relatively
straightforward, requiring minimal equipment and typically
performed in a simple laboratory setting.

Scalability: This method is suitable for scaling up to larger
quantities, making it a popular choice for both laboratory and
industrial synthesis of PANI.

Tunability: By modifying factors such as the type of solvent,
oxidizing agent, and reaction time, the size, shape, and morphology
of the PANI can be tailored for specific applications.

The challenges take on chemical oxidative polymerization is discussed

here:

Control Over Molecular Weight: Achieving precise control over
the molecular weight and polydispersity of PANI can be
challenging in chemical oxidative polymerization.

Environmental Conditions: The polymerization is often
performed in an acidic environment, and maintaining a stable
reaction can be difficult if not carefully controlled.

Solubility: PANI in its intrinsic form is poorly soluble in many
common solvents, which can make processing the material for
certain applications more difficult.

Electrochemical Polymerization of Polyaniline (PANI)

Electrochemical polymerization is another widely employed method for
synthesizing polyaniline (PANI), where the polymerization reaction is driven
by an external electrical current or voltage applied to an electrode in an
electrolyte solution. This technique offers the advantage of precise control
over the thickness, morphology, and uniformity of the PANI films, making it
particularly useful for applications that require thin coatings or films, such as
in sensors, flexible electronics, and energy storage devices, which is
illustrated in figure 2.
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Fig 2: Steps of Electrochemical Polymerization of Polyaniline

Mechanism

The electrochemical polymerization of PANI involves the oxidation of
aniline monomers at the electrode surface, which leads to the formation of
PANI. The general steps are as follows:

Electrochemical Oxidation: When a potential is applied to the
working electrode (usually platinum, gold, or conductive glass),
aniline monomers are oxidized at the electrode surface. This
oxidation generates cation radicals of aniline, which are highly
reactive and initiate polymerization.

Polymer Growth: The cation radicals polymerize and form PANI
chains. The polymer chains grow in a linear fashion, adhering to the
electrode surface.

Formation of a Conductive Film: As the polymerization
continues, the growing polymer chains accumulate on the electrode,
forming a solid conductive film. The film's properties, such as
conductivity and morphology, can be controlled by adjusting the
applied potential, electrolyte concentration, and pH of the solution.
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e Doping and Dedoping: One of the key characteristics of
electrochemically polymerized PANI is its ability to undergo
doping and dedoping in the presence of external ions (such as H+ or
metal cations). The doping process involves the incorporation of
ions into the polymer structure, which influences its electrical
conductivity and optical properties.

Features

Precise Control: Electrochemical polymerization allows for precise
control over the thickness, morphology, and electrochemical properties of
the PANI film. This is particularly important for applications such as
sensors, batteries, and capacitors, where film thickness can significantly
impact performance.

Energy-Efficient: The process is energy-efficient since it uses an
electric current to drive the reaction, eliminating the need for high
temperatures or toxic chemicals often used in other polymerization methods.

Versatility: Electrochemical polymerization can be performed in
various solvents and electrolytes, providing flexibility in tailoring the
properties of the resulting PANI.

Surface-Specific Growth: This method allows for the deposition of
PANI films directly onto electrodes, which is beneficial for creating devices
like supercapacitors, sensors, and electrochromic displays.

The challenges taken are listed below:

Electrode Deposition: The process may be limited by the
characteristics of the electrode material, as the deposition of PANI can
sometimes lead to non-uniform or poorly adhered films, especially on non-
conductive surfaces.

Stability of PANI Films: While electrochemical polymerization can
create high-quality films, the long-term stability of the films, especially
under repeated cycling (such as in batteries or supercapacitors), can be a
concern.

Control of Polymerization Rate: Controlling the rate of
polymerization can sometimes be difficult, especially at higher current
densities, where the growth of the polymer film may become irregular or
unstable.
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Vapour Phase Polymerization

Vapour phase polymerization (VPP) is a type of polymerization process
in which monomers are polymerized in the vapor phase, typically in the
presence of a catalyst. This process allows for the deposition of polymer
films, coatings, or even bulk polymers on various surfaces, such as
substrates, illustrated in figure 3.
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Fig 3: Steps of Vapour phase polymerization
Key Aspects of Vapour Phase Polymerization:

Monomer Vapourization: In VPP, the monomer or monomers used for
polymerization are converted into a gas or vapor, often by heating or using a
carrier gas. The vaporized monomers are then introduced into the reactor.

Catalyst: A catalyst, typically a solid material or a gas-phase initiator, is
required for initiating and controlling the polymerization. The catalyst can be
surface-bound, such as on a substrate, or it can be in the gaseous phase, as in
the case of some reactions like plasma-enhanced polymerization.

Polymerization: Once the monomer vapor comes into contact with the
catalyst, polymerization occurs. This can be initiated by heat, light, or
chemical reactions, depending on the type of polymerization process used.

Film Deposition: Vapour phase polymerization is often used for
depositing thin polymer films or coatings. The process is commonly
employed in applications like the production of electronic devices, sensors,
or protective coatings.
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Advantages:

Thin Films and Coatings: VPP is ideal for producing uniform and
precise thin films with high adhesion to substrates.

Energy Efficiency: It often requires lower temperatures than
traditional bulk polymerization methods.

Controlled Film Thickness: The thickness of the polymer film can
be precisely controlled by adjusting reaction parameters such as
monomer concentration, temperature, and pressure.

Enzyme-Catalysed Polymerization

Enzyme-catalyzed polymerization is a process in which enzymes, which
are biological catalysts, are used to initiate or accelerate the polymerization
of monomers into polymers. This method has gained attention due to its
environmentally friendly nature and its ability to produce polymers with
specific structures and properties. Enzymes are highly selective and can
facilitate polymerization under mild conditions (e.g., at room temperature,
neutral pH), making it an attractive alternative to traditional polymerization
methods that often require harsh chemicals or high temperatures.

Key Features of Enzyme-Catalyzed Polymerization

1. Enzyme as a Catalyst

Biocatalysts: Enzymes used in polymerization are proteins that
catalyze the reaction without being consumed in the process.

Selective Polymerization: Enzymes can specifically catalyze the
polymerization of certain monomers, leading to polymers with
precise chemical structures and functionalities.

Mild Conditions: Enzyme-catalyzed polymerizations typically
occur at ambient temperatures and neutral pH, making the process
environmentally benign and reducing energy consumption.

2. Types of Enzyme-Catalyzed Polymerization

Ring-Opening Polymerization (ROP): Some enzymes catalyze
the ring-opening polymerization of cyclic monomers (e.g., lactones,
lactams, cyclic ethers) to form linear polymers. For example,
lipases and proteases can be used for the polymerization of cyclic
monomers like lactones.
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Polycondensation: In this process, enzymes can catalyze the
condensation reaction between two or more monomers, releasing
small molecules such as water or alcohol. Enzymes like
transesterases or lipases are often involved in this type of reaction.

Chain Growth Polymerization: Some enzymes, such as lipases,
can initiate chain growth polymerizations, similar to free-radical
polymerizations but under much milder conditions.

Polymerization of Natural Monomers: Enzymes are commonly
used to polymerize naturally occurring monomers, such as sugars,
amino acids, or fatty acids, to form biopolymers like
polysaccharides (e.g., cellulose, chitosan) or polypeptides.

3. Mechanisms of Enzyme-Catalyzed Polymerization

Catalysis through Active Sites: Enzymes have specific active sites
that recognize and bind the monomers. The polymerization occurs
at these sites, where the enzyme facilitates the formation of bonds
between monomers.

Co-factors: Some enzymes may require additional co-factors
(metal ions or small molecules) to facilitate the polymerization
process.

4. Advantages of Enzyme-Catalyzed Polymerization

Eco-Friendly: Enzyme catalysis is typically a greener alternative to
chemical catalysis, with fewer byproducts, lower energy
consumption, and no need for harsh solvents or toxic reagents.

Selectivity and Specificity: Enzymes can provide high control over
polymer structure, leading to polymers with specific functional
groups or stereochemistry.

Biodegradable Polymers: Enzyme-catalyzed processes are often
used to produce biopolymers that are biodegradable, making them
suitable for applications in packaging, medical devices, and other
environmentally sensitive areas.

Mild Reaction Conditions: Enzyme polymerization often occurs at
room temperature and neutral pH, making it suitable for
applications where traditional methods might not be feasible.
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Conclusion

Polyaniline-based hybrid nanocomposites are highly promising
materials due to their exceptional electrical conductivity, environmental
stability, and versatility, enhanced further by their integration with various
nanomaterials. The synthesis methods-chemical oxidative polymerization,
electrochemical polymerization, vapor phase polymerization, and enzyme-
catalyzed polymerization-offer diverse approaches to tailoring these
materials for specific applications, from energy storage and sensors to
anticorrosion coatings and water purification. Despite their potential,
challenges such as scalability, stability, and reproducibility remain barriers
to widespread commercialization. Future research should focus on
optimizing synthesis techniques, improving material compatibility, and
developing cost-effective processes to unlock their full industrial potential.

References

1. Majeed, A. H., Mohammed, L. A., Hammoodi, O. G., Sehgal, S.,
Alheety, M. A., Saxena, K. K., ... & Salmaan, N. U. (2022). A review on
polyaniline: synthesis, properties, nanocompaosites, and electrochemical
applications. International Journal of Polymer Science, 2022(1),
9047554,

2. N.K. Jangid, S. Jadoun, N. Kaur, A review on high-throughput
Synthesis, deposition of thin films, and properties of Polyaniline, Eur.
Polym. J. 125 (2020) 109485

3. M.K. Yazdi, H. Saeidi, P. Zarrintaj, M.R. Saeb, M. Mozafari, PANI-
CNT nanocomposites, in: Fundamentals and emerging applications of
Polyaniline, Elsevier, 2019, pp. 143-163.

4. Sharma, S., Sudhakara, P., Omran, A. A. B., Singh, J., & llyas, R. A.
(2021). Recent trends and developments in conducting polymer
nanocomposites for multifunctional applications. Polymers, 13(17),
2898.

5. Eskandari, E., Kosari, M., Farahani, M. H. D. A., Khiavi, N. D.,
Saeedikhani, M., Katal, R., & Zarinejad, M. (2020). A review on
polyaniline-based materials applications in heavy metals removal and
catalytic processes. Separation and Purification Technology, 231,
115901.

6. M. Beygisangchin, S. Abdul Rashid, S. Shafie, A.R. Sadrolhosseini,
H.N. Lim, Preparations, properties, and applications of polyaniline and
polyaniline thin films-A review, Polymers 13 (12) (2021) 2003

Page | 375



Editors: Ranjan Kumar, Arnab Das

7. Girses, A., Ejder-Korucu, M., & Dogar, C. (2015). Introduction to
polymer-clay nanocomposites.

8. G. Mandal, J. Bauri, D. Nayak, S. Kumar, S. Ansari, R.B. Choudhary,
Synthesis, Structural Study and Various Applications of Polyaniline and
its Nanocomposites, in: Trends and Developments in Modern
Applications of Polyaniline, 2023

Page | 376



	sample cover page - preview
	Page 1

	Book (5)

