NEXT-GENERATION

ENGINEERING
SOLUTION St

COMMUNICATION, PRODUCTION AND
AUTONOMOUS SYSTEMS

Te]asw1 Potlun



NEXT-GENERATION ENGINEERING SOLUTIONS:
COMMUNICATION, PRODUCTION, AND
AUTONOMOUS SYSTEMS- 2026

ISBN: 978-625-93265-1-1
DOI: 10.5281/zen0do.18670962

Edited By

Tejaswi Potluri

February / 2026
Istanbul, Tiirkiye



HALIG
YAYINEVI

Copyright © Hali¢ Yaymevi

Date: 17.02.2026

Halic Publishing House
Istanbul, Tiirkiye

www.halicyayinevi.com

All rights reserved no part of this book may be reproduced in any form, by
photocopying or by any electronic or mechanical means, including information
storage or retrieval systems, without permission in writing from both the copyright

owner and the publisher of this book.

© Halic Publishers 2026

The Member of International Association of Publishers

The digital PDF version of this title is available Open Access and distributed under
the terms of the Creative Commons Attribution-Non-Commercial 4.0 license
(http://creativecommons. org/licenses/by-nc/4.0/) which permits adaptation,
alteration, reproduction and distribution for noncommercial use, without further
permission provided the original work is attributed. The derivative works do not
need to be licensed on the same terms.
adopted by Esra KOCAK
ISBN: 978-625-93265-1-1
Copyright © 2025 by Halic Academic Publishers All rights reserved


http://www.halicyayinevi.com/

NEXT-GENERATION ENGINEERING SOLUTIONS:
COMMUNICATION, PRODUCTION, AND AUTONOMOUS
SYSTEMS

EDITOR
Tejaswi Potluri

AUTHORS

Tanimu BALA

Ibrahim Alhaji LAWAN
Emmanuel Okon WILSON
Charles O. AMGBARI
Ivan SUKIN

Anatoly TSIRLIN
Muzamal HUSSAIN



TABLE OF CONTENTS

PREFACE ... i

CHAPTER 1

DEVELOPING AN ADAPTIVE RESOURCE ALLOCATION
FRAMEWORK FOR ENERGY-EFFICIENT FIFTH
GENERATION (5-G) NETWORKS IN WEST AFRICA

Tanimu BALA

Ibrahim Alhaji LAWAN ..o 1

CHAPTER 2

BENEFITS OF INTEGRATING DESIGN FOR
MANUFACTURING AND ASSEMBLY (DFMA) IN
PRODUCTION FACILITIES

Emmanuel Okon WILSON

Charles O. AMGBARI ..o 19

CHAPTER 3

A SMART AUTONOMOUS ROBOTIC SYSTEM FOR
AUTOMATED SURVEILLANCE AND PUBLIC SPACE
PROTECTION: AN IORT APPROACH FOR ENHANCED
SECURITY

Ivan SUKIN

Anatoly TSTRLIN ...coooiiiiiiiiiiie e 27

CHAPTER 4

CONSTITUTIVE MODEL FOR AXIAL FREQUENCY WITH
STRAIN GRADIENT THEORY OF CYLINDRICAL SHELLS
Muzamal HUSSAIN .....coooiiiii e, 58



PREFACE

This volume presents a collection of advanced studies addressing
contemporary challenges in engineering, manufacturing, and intelligent
systems. The chapters collectively reflect current efforts to improve
efficiency, performance, and reliability across communication networks,
production processes, autonomous technologies, and structural mechanics.

One contribution focuses on the development of an adaptive resource
allocation framework for energy-efficient fifth-generation (5G) networks in
West Africa. This chapter highlights the importance of context-aware
optimization and sustainable network design in supporting the growing
demand for high-performance wireless communication in emerging digital
economies.

Another chapter examines the integration of Design for Manufacturing
and Assembly (DFMA) principles within production facilities. Emphasis is
placed on cost reduction, process optimization, and quality enhancement,
demonstrating how systematic design strategies contribute to improved
operational efficiency and industrial competitiveness.

The volume further explores smart autonomous robotic systems for
automated surveillance and public space protection, alongside advanced
constitutive modeling of cylindrical shells using strain gradient theory.
Together, these contributions underscore the role of innovative engineering
methodologies and theoretical rigor in addressing complex technological and
infrastructural challenges.

Editorial Team
February 17, 2026
Turkiye



NEXT-GENERATION ENGINEERING SOLUTIONS: COMMUNICATION,

PRODUCTION, AND AUTONOMOUS SYSTEMS

CHAPTER 1

DEVELOPING AN ADAPTIVE RESOURCE
ALLOCATION FRAMEWORK FOR ENERGY-
EFFICIENT FIFTH GENERATION (5-G) NETWORKS

IN WEST AFRICA

Tanimu BALA!
Ibrahim Alhaji LAWAN?

1Aliko  Dangote  University —of  Science and  Technology
tanimubala@kustwudil.edu.ng, ORCID ID: 0000-0002-7598-6316.
2Bayero University Kano-Nigeria.

Wudil-Nigeria,


mailto:tanimubala@kustwudil.edu.ng

NEXT-GENERATION ENGINEERING SOLUTIONS: COMMUNICATION,
PRODUCTION, AND AUTONOMOUS SYSTEMS

INTRODUCTION

The consequences of extremely high aerodynamic pressures, thermal
loads, and dynamic forces are applied to hypersonic aerospace structures that
travel at the speed of mach-5 and above. These conditions of high velocity,
aerodynamic heating and quick change of pressure are very challenging to
structural integrity, choice of materials and designing of mechanisms (Harish,
(2014). ). Conventional experimental methods of strategy development such
vehicles are not only costly but also time-sensitive and are typically not able to
test various design solutions with effectiveness (Eyi, Hanquist, & Boyd, 2019).
As aresult, design, analysis and optimization computational tools have become
inevitable in the aerospace engineering industry.

The combination of CAD modeling, finite element analysis (FEA) and
numerical simulation offers a high-performance design in case of assessing
hypersonic structures under complicated loading. Because of its parametric
CAD platform, SolidWorks allows accurate representation of the structural
parts of the airplane such as fuselage shells, nose cones, and surfaces that will
stabilize, and offers integrated FEA solutions to investigate stress, deformation,
and modal behavior (Ma, Xue, Jiang, Pan, & Chen, 2025; Zhang, (2021). ).
Parameters of geometry enable quick iteration and enable an engineer to
investigate the variation of thickness, the material properties, and structural
reinforcements (Roncioni).

Although SolidWorks has been successful in geometry model and edge-
in cantilever analysis, MATLAB and Simulink utilize conforming functions of
numeral displays, dynamic load examination and enhancement (Deng,
Vulimiri, & To, 2022). MATLAB also has high-order multi-objective
optimization algorithms, sensitivity analysis and parametric studies, allowing
designers to find the most optimal configurations, which result in minimal
weight and meets the structural constraint (Fu et al., 2020; Morrell, Munk, Vio,
& Verstraete, 2014). Simulink also enables dynamic simulation of the structure
when subjected to transient aerodynamic loads and interactions of its control
system which is vital to hypersonic vehicles where structural response is
generally intimately linked to flight dynamics (Bayraktar, Afshar, & Cakir,
2025; Yin, He, Li, & Zhang, 2025).
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Recent investigations note the significance of combining CAD based
FEA and MATLAB based optimization to high-speed aerospace
implementations. As an example, optimization methods of the topology used in
MATLAB have resulted in significant weight savings at mechanical integrity
(Rodriguez-Segade, Hernandez, & Diaz, 2024). Also conjugated workflows of
SolidWorks and MATLAB have demonstrated promising prospects and results
in the creation of UAV wing designs, re-entry vehicles and other high-
performance aerospace structures (Ahmed, Uddin, & Sajib, 2025; Kamat,
(1993). ). These methods allow designers to take into consideration not only the
fixed but also the moving forces, the heat domain, the behavior of materials and
offer a complete program on how to optimize a structure.

Although the computational design has improved, there have been
difficulties in terms of multi-disciplinary interaction e.g. aerodynamic-
structural-thermal interaction and the ability of the optimized designs to meet
the real-life constraints of operation. The combination of SolidWorks and
MATLAB does not solve these challenges, but proposes a single platform of
modeling, simulation, and an iterative design optimization. In addition to
improving accuracy and reliability of mechanical designs, this methodology
lowers the time and development materials experiencing less time in
developing the concept structure, as well as detailed construction of aerospace
hypersonic, making it a useful methodology.

In this chapter, we introduce a workflow which integrates SolidWorks to
create parametric CAD geometry with FEA and MATLAB and Simulink to
create simulations and optimization to be able to design very mechanically
resilient and lightweight hypersonic structures. The design focuses on the
parametric design, structural estimation on the condition of hypersonic loads
under the conditions of representative hypersonic loads and multi-objective
optimization required to obtain the required balance of performance, safety, and

efficiency.
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1. LITERATURE REVIEW
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2. MATERIAL AND METHOD

2.1 Material

The major structural elements such as fuselage skin, nose cone and
stabilizing surfaces were made of high-strength aerospace aluminum alloys
(Al-7075). The choice of this material was because it has high yield strength
(approximately 503 Mpa), moderate density (2810 kg/m3), and is well
machinable. The alloy also has good fatigue and thermal expansion properties
that are applicable in high-speed flights (Eyi et al., 2019).

In regions that experienced maximum mechanical loads (e.g., nose cone
end and joint interfaces) titanium alloy inserts (Ti-6Al-4V) were used to
provide extra local strength without introducing a lot of total weight. The
strength to weight ratio and thermal resistance of titanium give it applications
in hypersonic environment which are very critical.
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Height (m)

O Aluminum 7075 (Fuselage Shell)
@ Titanium Ti-6Al-4V (High-Stress Inserts)

4 Length (m)

2
Width (m) -3 0
Figure 1. FEA Model Highlighting Critical Structural Zones Where High-Strength
Materials Are Applied

This number under consideration should present the visual representation
of the places where aluminum and titanium are employed in the building.

These materials are thermal protection nets designed to slow down fires
and spread in areas with numerous structures and power transformers
throughout (Firefox 2010).

Hypersonic vehicles undergo severe aerodynamic heating particularly on
the front part and leading edges. A carbon-carbon composite heat shield was
incorporated at the nose cone and front-end locations to help ensure the
structural integrity. The composite has good levels of thermal stability up to
2000degC, high stiffness and low thermal expansion that are most suitable at
hypersonic levels of flight (Ma et al., 2025; Zhang, (2021). ).

Moreover, the wing leading edges and stabilizers were coated with
ceramic-matrix composite (CMC) to stop ablation and oxidation when exposed
to high temperatures. The structural components made of aluminum alloy and
with localized titanium inserts and carbon-based thermal protection offer a
compromise solution between weight efficiency and structural performance as

well as thermal resistance.
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Height (m)

—

Figure 2. Material Layout Showing Aluminum, Titanium, and Carbon-Carbon
Composite Placement

This figure should illustrate the distribution of different materials across
the hypersonic structure.

2.2 Method

Mechanical Design and Structural Modeling

The design process starts with parametric modeling in SolidWorks where
the structural model of the hypersonic aerospace body; that is, the nose parts,
the outer shell, and the stabilizing surfaces, is organized in geometric
parameters with a high degree of precision. SolidWorks can take a more
sophisticated approach to material property assignments, which is consistent
with real aerospace material behavior, including temperature-dependent elastic
modulus and density.

After preparing the solid model, structural evaluation is done with the
SolidWorks simulator. An analysis of the finite element is done to determine
the distributions of stress, deformation under external conditions and
additionally the natural frequencies of vibration. The common hypersonic
structural loads are the combined aero loads, inertial loads caused by high-
speed flight, and the thermal load expansion caused by aerodynamic heating.
Elements in the Finite element mesh should also be refined enough to be able
to represent the stress gradient well, particularly in geometry discontinuities
like leading edges and joint interfaces.
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3
Broe High-Density Nose Mesh (Red) L

Wing Root Reinfrocement (Blue)

Figure 3: FEA Mesh of Hyphsonic Structure

Figure 3. CAD Model of Hypersonic Structure in SolidWorks with Meshing

This figure ought to represent the geometry and mesh areas of the
SolidWorks geometry that identify significant structural areas.

The results of the structural analysis give an idea of the local stress
concentration and the possible failure locations. Such outcomes cause design
changes in design (thickness changes or reinforcement) without altering
aerodynamic efficiency. The SolidWorks FEA output is utilized as the input of
the next optimization in MATLAB.

Numerical Simulation and Optimization Using MATLAB

MATLAB has some of the best libraries of numerical computations and
optimizations which are imperative in investigating design tradeoffs and
optimizing the structural parameters. After FEA results have been exported out
of SolidWorks, MATLAB runs these sets of data to analyze objective functions
including structural weight, maximum load stress, among other measures of
dynamic response. They can then be optimized using optimization algorithms
such as gradient based, genetic algorithms or surrogate based optimization- to
find design configurations that meet performance requirements that are
specified.
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Simulink, which is a MATLAB extension, offers a medium of dynamic
simulation of the structural response to time varying loads or to inputs on the
control surfaces. In the case of hypersonic vehicles, dynamic load cases like
gust disturbance or actuation of the control should be considered during design
analysis. Combining structural dynamics with control system behavior
Simulink block diagrams may be used to guarantee stability and robustness
over the anticipated flight envelope.

(6-DOF Model)
PO ‘\

Time-Dependent Tip Displacermtent

| ]

|

Figure 4. MATLAB/Simulink Block Diagram for Dynamic Load Simulation

This figure must indicate the Simulink model architecture that illustrates the
structural dynamics, input load profiles and feedback control loops. The
optimization process entails specification of design variables (e.g., thickness
distributions, material selection, geometric parameters) and constraints
(maximum permissible stress, deformation limits) and successive steps till a
cost function, usually, structural mass or weighted measure of performance is
minimized.

Interdisciplinary Integration and Optimization Strategy

Combining SolidWorks and MATLAB allows using a multidisciplinary
optimization approach which finds geometric fidelity and numerical rigor. A
common workflow consists of exporting FEA results out of SolidWorks (e.g.
stresses and deformations) into MATLAB; defining a search space; sensitivity
analysis and optimization; and updating SolidWorks with outcomes of
optimization.

10
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When there are competing requirements such as minimization of weight
and structure strength and natural frequency requirements, multi objective
optimization can be applied. MATLAB Multi objective solvers give Pareto
professional solutions, which provides engineers with the ability to choose the
design alternatives considering priority trade offs.

380

= Pareto Optimal Front
Feasible Design Space
W Baseline Design
¥ Selected Optimized Design
B Material Yield (Al-7075)

360

Baseline Desig]
(125 kg, 320 MPa)

w
B
o

Maximum von Mises Stress (MPa)

3001
280 f

Optimized Design
2604 1109 kg, 298 MPa)

240 T T T T T
100 105 10 15 120 125 130 135

Structural Mass (kg)

Figure 5. Optimization Result Pareto Front Showing Mass vs. Maximum Stress

3. RESULTS AND DISCUSSIONS

R
e A representative hypersonic aerospace structure was designed and
gptimized in this work starting with an integrated SolidWorks-MATLAB-
;imulink model. Design variables were skin thickness, geometry of stiffener

nd the distribution of materials up and down the fuselage and stabilizing

surfaces. A systematic assessment of parametric variations was conducted to
find out how those variations affected the structural performance in the
ﬂypersonic flight regimes.4.1.1 Structural Analysis in SolidWorks

The SolidWorks Finite Element Analysis (FEA) showed that the greatest
concerns in the stress distribution were at the nose cone, the edges of the leading
area, and the joints between the stiffeners. The peak von Mises at the nose cone
tip was about 320Mpa, and at the fuselage-stiffener attachments was about
280Mpa, both below the yield point of the aerospace grade aluminum alloy (Al
7075, yield = 503Mpa).

11
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The deformation test revealed that the nose end had the highest
displacement of 3.2 mm, which implied that the material is elastically deformed
within the predicted aerodynamic forces.

: 9 Stress Concentatiol
LS &4 @ Wing Root
Critical s S \&‘& Winggkoot

—— Max Stress: 320 MPa
— Yield Stress: 503 MPa
0.10 Fortrmafnts: 503 MPa (Al-7075)

Figure 6. FEA Stress Distribution of the Hypersonic Structure in SolidWorks

< Max Displacement: 3.2 m|

Height (m)
Resultant Displacement (mm)

0
0.5 X Length (m)
Width (m) 1Ty

Figure 7. Displacement Map Showing Maximum Deformation at the Nose Cone
12
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The stress and displacement results guided the refinement of structural
parameters. Specifically, local increases in skin thickness near high-stress
zones and optimized stiffener spacing reduced peak stress levels while

minimizing additional weight.

Optimization Using MATLAB

MATLAB was employed to perform multi-objective optimization,
targeting weight reduction and stress minimization. Using the exported FEA
data, the optimization algorithm iteratively adjusted skin thickness and stiffener
dimensions. The Pareto front generated by the optimization process revealed a
12—-15% reduction in structural mass compared to the baseline design, while
keeping the maximum von Mises stress below 95% of the material yield limit.

on Mises Stress (MPa)

m v

ximun

115 120 125
Total Structural Mass (kg)

Figure 8. Pareto Front Showing Trade-Off Between Structural Mass and Maximum
Stress

MATLAB parametric studies confirmed that the height and spacing
between stiffeners could vary slightly and make a major difference in the
distribution of stresses. The best configurations obtained a more balanced load
distribution that decreased stress concentration factors to 1.12 which pointed to

better structural efficiency.

Simulink: Dynamic Simulation

The response of the structure during transient aerodynamic loads during
hypersonic flight such as gust perturbations and actuation of surfaces and
brushes were modeled by simulations in Simulink.

13
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The three lower natural frequencies were found to be 112 Hz, 184 Hz
and 256 Hz so that the structural vibrations were far higher than the excitation
frequencies in the air. Simulation results in the time domain verified that the
maximum tip displacement under the transient loading was 2.8 mm which is a
bit less than the static FEA results because of the dynamic stiffening effects.

Tip Displacement (mm)

4 I I I 1 I I I
0 005 01 0.15 02 025 03 035 04
Time (seconds)

Figure 9. Simulink Dynamic Simulation Showing Time-Dependent Tip Displacement

Mode 1: 112 Hz

Mode 2: 184 Hz

Magnitude (dB)

L L 1 1 I I L
0 50 100 150 250 300 350 400

200
Frequency (Hz)

Figure 10. Frequency Response of the Hypersonic Structure Under Aerodynamic
Excitation

Validation and Comparative Analysis
To validate the results, the optimized design was compared with a
baseline configuration without parameter tuning. Key performance

improvements include:

14
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Tablo 2. Parameter

Baseline Optimized
Parameter . . Improvement
Design Design
Maximum von Mises Stress .
320 298 7% reduction
(MPa)
. . 12.5%
Maximum Displacement (mm) |[|3.2 2.8 ducti
reduction
12.8%
Structural Mass (kg) 125 109 ducti
reduction
. 22.7%
Stress Concentration Factor 1.45 1.12 ducti
reduction
First Natural Frequency (Hz) ||105 ||1 12 H6.7% increase

350

300

250

200

150

100

50

0

1 2 3 4 5

Figure 11. Comparison of Baseline vs. Optimized Structural Performance Metrics

These results highlight that the integrated SolidWorks—MATLAB-
Simulink approach effectively improved structural efficiency, reduced mass,
and enhanced vibration performance. The optimization ensured that the design
met mechanical safety requirements while minimizing weight, which is critical
for hypersonic aerospace applications where structural mass directly impacts
flight performance and fuel efficiency.

15
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Discussion

The paper shows that parametric design and multi-objective optimization
have a vast potential to improve the behavior of hypersonic structures.
SolidWorks FEA can guarantee the location of regions of significant stress,
MATLAB optimization can be used to search a large design space of
lightweight and strong designs, and on their end, Simulink dynamic simulation
can be used to make certain that the structure will handle realistic transient
aerodynamic loads.

The methodology gives it a strong validation, and the quantitative
measures have shown an improvement in all the important parameters. The
method can be further expanded to incorporate thermal-structural interaction,
composite materials or integration of control surfaces to design the next
generation of hypersonic aerospace vehicles.

CONCLUSION

The integrated design procedure discussed in the chapter shows a sound
framework of maximizing the mechanical designs of hypersonic aerospace
structures. SolidWorks is a detailed geometric modeling and structure analysis
program including FEA and MATLAB that enables further numerical analysis
and optimization selection. Combination of these tools facilitate effective
exploration of difficult spaces in designs making it possible to produce
lightweight, high performance hypersonic structures, which can withstand
adverse flight conditions. The technique can be applied to other
multidisciplinary problems in aerospace design, including the coupled thermal
structural analysis or control affected load response and is a basis of continued
study in advanced hypersonic systems.

16
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INTRODUCTION

Design for Manufacturing and Assembly (DFMA) is a systematic
engineering approach that focuses on simplifying product design to improve
manufacturability and ease of assembly while reducing production costs and
time. In modern production facilities, increasing competition, rising material
costs, and demand for high-quality products have made DFMA an essential
strategy. This chapter examines the concept of DFMA, its principles, and the
benefits of integrating DFMA into production facilities. Emphasis is placed on
cost reduction, improved productivity, enhanced product quality, reduced time-
to-market, and improved operational efficiency. The chapter also discusses
implementation strategies, challenges, and the role of DFMA in achieving
sustainable and competitive manufacturing systems.

Production facilities today operate in a highly competitive global
environment where efficiency, quality, and cost-effectiveness are critical
determinants of success. Traditional product design approaches often treat
design, manufacturing, and assembly as separate activities, leading to increased
production costs, design rework, and inefficiencies on the shop floor. Design
for Manufacturing and Assembly (DFMA) emerged as a solution to these
challenges by promoting the integration of design considerations with
manufacturing and assembly processes at the early stages of product
development (Bao et al., 2022).

DFMA emphasizes designing products that are easy to manufacture and
assemble using existing processes, equipment, and workforce capabilities. By
incorporating DFMA principles, production facilities can minimize
unnecessary complexity, reduce the number of components, and streamline
production workflows. This chapter explores the benefits of integrating DFMA
in production facilities and highlights its importance in achieving operational
excellence (Lu et al., 2020).

1. CONCEPT AND PRINCIPLES OF DFMA

Overview of Design for Manufacturing (DFM)

Design for Manufacturing (DFM) focuses on designing products that can
be produced efficiently and economically using available manufacturing
processes.

20



NEXT-GENERATION ENGINEERING SOLUTIONS: COMMUNICATION,
PRODUCTION, AND AUTONOMOUS SYSTEMS

It involves material selection, process compatibility, tolerance
optimization, and standardization to reduce production difficulty and cost
(Montazeri et al., 2022).

Overview of Design for Assembly (DFA)

Design for Assembly (DFA) concentrates on minimizing assembly time
and effort by reducing the number of parts, simplifying assembly operations,
and ensuring ease of handling and orientation of components (Odo et al., 2024).

Integrated DFMA Approach
The integration of DFM and DFA results in DFMA, a holistic approach
that considers both manufacturing and assembly constraints during the design
phase. Key principles include:
¢ Reduction in part count
e Use of standard components
e Simplification of product geometry
e Design for ease of handling and fastening
e Minimization of tight tolerances
o Early collaboration between design and production teams

Importance of DFMA in Production Facilities

Production facilities often face challenges such as high production costs,
long assembly times, frequent defects, and inefficient use of resources.
Integrating DFMA addresses these issues by aligning product design with
production realities. DFMA ensures that products are compatible with existing
machinery, tooling, and labour skills, thereby reducing the need for extensive
process modifications or additional investments (Yin et al., 2019).

Furthermore, DFMA supports concurrent engineering, enabling
designers, manufacturing engineers, and assembly technicians to work
collaboratively. This integration leads to improved decision-making and
reduced design iterations.
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2. BENEFITS OF INTEGRATING DFMA IN PRODUCTION
FACILITIES

Reduction in Production Costs

One of the most significant benefits of DFMA is cost reduction. By
minimizing part count and simplifying designs, material usage is reduced,
tooling costs are lowered, and assembly labour requirements decrease. Fewer
components also reduce inventory and logistics costs (Wuni et al., 2020).

Improved Productivity and Efficiency

DFMA streamlines manufacturing and assembly processes, leading to
faster production cycles. Simplified designs reduce setup times, assembly steps,
and machine changeovers, thereby improving overall equipment effectiveness
(OEE) and labor productivity.

Enhanced Product Quality and Reliability

Products designed using DFMA principles tend to have fewer defects
due to reduced complexity and fewer assembly errors. Improved part fit,
reduced tolerance stack-up, and standardized components enhance product
reliability and consistency.

Reduced Time-to-Market

By addressing manufacturing and assembly challenges during the design
stage, DFMA reduces the need for design modifications later in the production
cycle. This accelerates product development and enables faster market entry
(Wasim et al., 2020).

Improved Worker Safety and Ergonomics
DFMA promotes ease of handling and assembly, reducing the physical
strain on workers. Simplified assembly operations decrease the likelihood of

injuries and improve workplace safety within production facilities.
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Flexibility and Scalability of Production
Products designed with DFMA principles can be more easily adapted to
different production volumes and process changes. This flexibility allows

production facilities to respond quickly to market demand fluctuations
(Montazeri et al., 2022).

Support for Sustainable Manufacturing

DFMA contributes to sustainability by reducing material waste, energy
consumption, and rework. Efficient designs also support recycling and
disassembly at the end of the product life cycle (Soh et al., 2021).

3. IMPLEMENTATION OF DFMA IN PRODUCTION

FACILITIES

Early Design Integration

DFMA should be incorporated at the conceptual and preliminary design
stages. Early integration ensures that manufacturing and assembly constraints
are addressed before finalizing product designs (Razak, 2022).

Cross-Functional Collaboration

Successful DFMA implementation requires collaboration between
designers, manufacturing engineers, quality engineers, and production
personnel. Cross-functional teams facilitate knowledge sharing and practical
design decisions.

Use of DFMA Tools and Software
Modern DFMA software tools enable designers to analyze assembly
time, cost implications, and manufacturability metrics. These tools provide

quantitative feedback that supports informed decision-making.

Training and Organizational Support

Training engineers and technicians in DFMA principles is essential for
successful adoption. Management commitment and organizational support
further enhance DFMA integration.
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Challenges in DFMA Adoption

Despite its benefits, DFMA implementation may face challenges such as
resistance to change, lack of DFMA expertise, and limited access to appropriate
tools. In some cases, existing production constraints may limit design
flexibility. Overcoming these challenges requires organizational commitment,
continuous training, and incremental implementation strategies (Tan, 2022).

DFMA and Future Trends in Production Facilities

With the advancement of Industry 4.0, DFMA is increasingly integrated
with digital manufacturing technologies such as computer-aided design (CAD),
simulation, and additive manufacturing. The use of digital twins and data
analytics enhances DFMA effectiveness by enabling real-time evaluation of
design decisions. As production facilities move toward smart manufacturing
systems, DFMA will continue to play a vital role in optimizing efficiency and
competitiveness (Rankohi et al., 2022).

CONCLUSION

Integrating Design for Manufacturing and Assembly (DFMA) in
production facilities offers significant benefits, including cost reduction,
improved productivity, enhanced quality, reduced time-to-market, and
sustainable manufacturing practices. By aligning product design with
manufacturing and assembly capabilities, DFMA enables production facilities
to achieve operational excellence and maintain competitiveness in an evolving
industrial landscape. The successful implementation of DFMA requires early
design integration, cross-functional collaboration, and organizational
commitment, making it a strategic tool for modern production systems.
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INTRODUCTION

Conceptual design of heat exchanger networks is often reduced to the
MILP kind of problem, which is computationally very hard. To solve such a
problem, one must introduce various simplifying assumptions and this often
leads to solutions that are only suboptimal. Besides, parameters such as prices
are often a subject of a rapid change. For a broad class of thermodynamic
processes: heat engines, refrigerators, separation systems are among them, — it
is fruitful to use the thermodynamic estimates of efficiency (in the class of
irreversible processes, i.e., when the fluxes are infinitesimal). For processes of
the heat transfer these estimates make no sense, as the concept of the heat
transfer with zero fluxes makes no sense.

It is impossible to estimate the thermodynamic perfection of heat transfer
systems without taking into account the boundedness of a contact surface area
— the integral heat transfer coefficient and the given heat load — the total amount
of heat transferred from hot streams to the cold ones per unit time. The notion
of exergy is often used to estimate the thermodynamic perfection of such
systems (\cite {Brodjnskiy, Boshnjkovish} etc.). In this case systems are
compared by the total losses of available energy (exergy).

Using the exergy analysis framework, one calculates the entropy
generation within the system as a function of known heat capacities of streams
and their respective temperatures at inlets and outlets of the apparatus. The
problem of conceptual design is not existing in this case, so questions like
“What are conditions of the minimum entropy generation within the system
under some given constraints?” remain unanswered. Current chapter presents
answers to these questions. Heat transfer processes are very diverse; they may
include streams with various hydrodynamics and different kinetics may govern
the process of exchanging of energy between these streams. The matter
involved may be presented in various states or phases and even be a subject of
a phase transition. Our work shows that the entropy generation of a two-flow
heat exchanger has the minimum value for given values of the heat transfer
coefficient and heat load. This value is attained in a counter-current tubular heat
exchanger, when the ratio of heat capacities of the hot and the cold stream
respectively is equal to the inverse ratio of absolute temperatures of these
streams and these ratios are constant along the length of the heat exchanger.
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We show that for a given heat load (given heat transfer coefficient) the
minimum of a heat transfer coefficient (maximum of a heat load) is attained on
the curve where an entropy generation is minimal. We obtained the estimate of
the minimal entropy generation in a multi-flow heat transfer system and
conditions under which this estimate can be attained. The “ideal system” may
serve as a reference for a real system that could be driven to the ideality by the
choice of its free parameters.

The minimum value of an entropy generation:

e Shows how various parameters (temperatures, heat capacities, heat load,
heat transfer coefficient, etc.) affect capabilities of a system.

e Allows one to estimate the thermodynamic efficiency of a working heat
transfer system by comparing its actual entropy generation with the
attainable minimum value.

e Allows one to plot the boundary of the reachable set of a system. If the
design process requirements are such that the entropy generation in the
actual system should be less than the calculated minimum value, such
system cannot be physically implemented just like a heat engine that has
efficiency higher than Carnot efficiency.

We will call streams that have given temperatures and heat capacities as
“the given ones” and those whose parameters should be calculated using
conditions of minimum entropy generation as “the controlled ones”. We need,
under specific constraints laid upon the given streams, to choose parameters of
the controlled streams in a way minimizing the entropy generation. We present
the algorithm of design of a multi-flow heat transfer system with real
constraints. The algorithm allows to calculate the number of two-flow heat
exchangers to construct the system from, heat loads and heat transfer
coefficients for each of these heat exchangers and to choose the structure of the
whole system in terms of contacts between streams.

The conditions of the minimum entropy generations are true even when
heat capacities are varied, so they give a possibility to consider systems in
which some of streams are evaporating or condensing. These conditions
allowed us to transform a multi-flow heat transfer system to a

thermodynamically equivalent system with two virtual streams.
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Computations for this system are much easier and this simplification was
used for a design of multi-flow systems.

Mathematical Model of Two-Flow Heat Exchanger and Entropy
Generation Minimization
Since heat exchange systems do not transform one substance into
another, the system of thermodynamic balances does not contain material
balance equations and is reduced to energy and entropy balance equations. Let
us consider mathematical models for different interaction organizations,
limiting ourselves to steady-state heat exchange, in which the temperatures of
the contacting flows change along the contacting surface.
Ideal displacement
The temperature of the cold flow along the length of the heat exchanger
changes according to the equation [1]:
dT_ z(T,,T.) . . Q
T k(D) W T_(0) =T™, T_(L) =T" + WS TOU (1)
Here W is the heat capacity of the cold flow, equal to the product of its
flow rate g_ and the specific heat capacity c_; z is the heat transfer law that
determines the kinetics of heat exchange, k is the specific heat transfer
coefficient proportional to the contact surface, Q is the total heat load in [W].
The heat transfer law has the following properties:
0z 0z
ﬁ>0, ﬁ<0’ z(T,T.)=0T,=T_.(2)
For definiteness, here and below we will assume that the flow rates are

2(T,,T-) >0,

measured in [mol/sec], the heat capacity of substances — in [J/mol K], the heat
capacity of flows W = g in [W/K]. The units of k and z depend on the form of
kinetics, but their product has the unit [W/m)]. Thus, for kinetics linear with
respect to the temperature difference (Newtonian) z =T, —T_, and the
coefficient k has the unit [W/m K].

With constant heat capacity, the entropy production due to a change in

the temperature of a cold flow is:
out

Tin
Previous equations could be written for the hot flow similarly:

o_=W_In > 0. 3)
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dT, 2(Ty,T-) . - Q
— = —k(l , T,.(0) =T, T,(L) =T" —— =T (4
= TR0 T RO =T L) =T - e = T (8
Entropy production due to a change in the temperature of a hot flow is
negative (the total entropy production is always positive though):
out

<0 (5)

+
If a flow changes its phase state, the entropy production associated with

o, =W, 1In

this process is:
(6)

where g is the flow rate, r is the latent heat of phase transition, and T}, is
the temperature at which the phase transition occurs. The quantity o, is positive
if the flow evaporates and negative if it condenses.

The total entropy production in a two-flow heat exchanger, if no phase

transitions occur in it, is equal to:
out out

T‘" + W_1In Tin

We will denote cumulative values of the heat flow, entropy generation

c=o0,+0o_=W,In > 0. 7

and heat transfer coefficient on the interval from [ = 0 to some [ = I" as Q(1'),
o(l") and K(1") respectively. The change in these variables is characterized by

equations
d —
d—? = k() -z(T,,T.), Q) =0, QL)=0;
do 1
= k) 2(T., T )(—_ —ﬁ) 5(0) = 0; ®

Kok, k=0, KkW=F

Ideal mixmg

Let a flow (the cold one for definiteness) enter a mixing chamber, where
its temperature is uniform and equal to the temperature at the outlet of the heat
exchanger. Entropy generation due to a change in the parameters of this flow
consists of two components: mixing of the incoming flow with temperature T"
with what is in the tank and has temperature T°%*, and an increase in entropy
due to the heat received.
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Similarly, for a hot flow, the change in entropy consists of the entropy
of mixing, which is always positive, and a decrease in entropy due to heat
transfer.

Entropy production during mixing of two flows with temperatures T;,
T, and heat capacities W;, W, is equal to the sum of the entropy production
associated with each of them:

out out
om=Ww, lnTT—1 + W, In TTZ , Tout = % 9)
Ideal mixing for one of the flows corresponds to the model when it

mixes with an infinitely large recirculating flow entering the same chamber. In
this case, the heat capacity of one of the flows in the formula (9) tends to
infinity. For definiteness, let it be W,, and W; — the heat capacity of the flow
entering the mixer. Let us find the limit ™ when the heat capacity W, tends to

infinity.
Using L’Hopital’s rule, we obtain:
I I
1”=W(——1—1—). 10
0. 1 T, n T, (10)

This expression is always positive if the temperature of the incoming
flow differs from the temperature of the flow in the mixer. If the flow in the
mixing mode is cold, then its heat capacity and temperature

are equal to W_, T and taking into account the increase in its entropy
due to the receipt of heat, we obtain:

Tout - n Tout Tout ’

T Tin Q - Q
GI"ZW_< 1-1 >+ 4 T_"utZT_‘n+Wi. (11)
After replacing Q = W_(T°%t — Ti") and substituting into equality (11),

we obtain
Tout

o (12)

Therefore, the total entropy production due to the change in flow

o™ =W_In

temperature in the ideal mixing regime coincides with the entropy production
for the flow in the displacement regime.
If the hot flow is in the mixing regime, then similarly:

" " ) Q

GP:W_,_(W—l—IHW _W' T_f_)utzT_:_n—

Q
W, (13)
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After eliminating the heat load Q through the temperatures and heat
capacity of the hot flow, we obtain similarly to how this was done for the cold
flow

(14)

which coincides with the result obtained for the displacement mode.
Statement: Entropy production is determined by the expression (7). It
depends only on the heat capacities of the flows, their temperatures at the inlet
and outlet of the heat exchanger, associated with the heat load, and does not
depend on the kinetics of heat exchange and the hydrodynamics of the flows.
In this case, the heat transfer coefficient K depends on the
hydrodynamics
of the flows and the kinetics of heat exchange.
Simplification of the model using transition to the new independent
variable
The presented model with ideal displacement can be simplified
significantly by transitioning to a new independent variable that monotonously
depends on . The most suitable variable for this is the heat load Q(l). After
replacing [ with Q, taking into account the equations (8), we obtain the system

U(Zz =-way O=Th (@)= 19)
“;_7("2— _ ﬁ T=Tr" T(Q) =T  (16)
s_g - %Q) _ ﬁ a(0) = 0. 17)
For constant heat capacities
T_(Q) =T + %_, T.(Q) =T - W%-

The entropy production in a heat exchanger for any flow hydrodynamics,

including displacement with co-current flow, is equal to

T_(Q) r.(Q)
Tin + W,ln i

For the heat transfer coefficient, we obtain

a(Q) = W.In (18)
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dK _ 1
dQ  z(T,(Q),T-(Q))’

Note that the temperature dependences on the heat load are determined

k() =0, K(Q)=K. (19)

only by the heat capacities of the flows. To derive the above-mentioned
dependences, we need to know these heat capacities and take into account one
of the boundary conditions for each temperature. For constant heat capacities
of the flows, the temperatures are affine functions of Q. The kinetics
(temperature multiplier z) is included only in the equation for the heat transfer
coefficient. Dependencies (15)—(18) are valid for any heat exchange kinetics.

Countercurrent flow

With a counter-current flow arrangement of a heat exchanger, one of the
flows (hot, to be specific) enters the heat exchanger in section L and exits in
section zero. This leads to a change in the sign of dl and dQ. As a result,
equation (15) takes the form

ar, 1

= ,  T.(Q)=Ti,  T,(0) =T, (20)
dQ W+ (T+) +(Q) + + +
For a constant heat capacity, we have
m Q-0
T,(Q) =Ty — W, 21)

Since heat capacities of the flows are always positive, in the case of
counterflow, the slopes of the dependences between temperatures and the heat
load will be positive for both flows.

Phase State Change

If a hot flow enters a heat exchanger in the form of steam and partially
or completely condenses within it, then for calculations it is convenient to
represent this flow as two flows, one of which is completely condensed, and
the second is a liquid flow with a given heat capacity. Similarly, for a partially
evaporating liquid, it is necessary to distinguish the flow of completely
evaporating and the flow of heated liquid. Therefore, we will give formulas for
the flow of completely condensing steam and completely evaporating liquid. It
is necessary to know their boiling temperatures T} in [K], flow rate in g
[kg/sec], heat of vaporization/condensation r in [J/kg].
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The entropy production associated with the condensation of a hot flow
or the boiling of a cold flow is
gr gr
Okn = — 7 Okp = E

When the phase state changes, the heat capacity of the flow tends to
infinity, so the slope of the dependence T(Q) at the value of Q equal to the heat
flux released during the phase transition is zero. It is also zero when the flow
passes through an ideal mixing heat exchanger, but in this case the dependence
of its temperature on Q experiences a jump to the temperature at the outlet of
the mixing chamber and remains constant at the value of Q equal to the heat
load of this heat exchanger (Fig. 1).

T.
T

0

Figure 1. Difference Between Dependences of Flow Temperatures on Heat Load
(For A Cold Flow (A) Is the Ideal Mixing Zone, (B) Is the Boiling Zone)

Ideal Heat Transfer System

Reachable set of two-flow heat exchange

The thermodynamic indicators characterizing the heat exchange process
are 6, o, K. In the works [2, 3] it is shown that for given values of 6 and K the
value of o in any two-flow heat exchanger is bounded from below. This
limitation isolates the reachable set in the space of thermodynamic indicators.
The shape of the boundary of the reachable set depends on the type of the
kinetic equation and is determined by the solution of the problem:
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e/ 1 1 _
7= fo <T_(Q) B T+(Q)) Q= BM e (22)
given the constraint:
Q dQ _
=K. 23
.L 2(T:.(Q), T-(Q)) @

Let us present the solution of this problem. The optimality condition

(minimum dissipation condition) has the form:

(T, (Q),T- 179 d
( +(Q) (Q)) = —f —Q = const. (24)
T_(Q) ° (@
Since 2= = 2 , then, knowing this dependence, we can find the law
Q w-(Q)

of change of the heat capacity of the corresponding cold flow.

If the law of change in the temperature of the cold flow is given, then for
the temperature of the hot flow, minimizing irreversibility, we obtain a similar
equation:

z(T,.(Q), T (Q)) _f = const. (25)

T+ (Q) 57: ° 1,.(Q) aT

For most types of kinetics, these equations can only be solved
numerically.
Let us concretize the condition (24) for the case, when the temperature
factor has the form
z= (T} -TH).
We obtain:

Th—T" 19 d
M = f ¢ = const. (26)
0

JTF Ko Tt
Newtonian kinetics (n=1), counter-current thermodynamically
consistent heat exchanger
Forn = 1, equation (24) may be solved analytically, and this leads to the
requirement of constancy of the flow temperature ratio for any value of Q,
which allows constructing the boundaries of heat exchange feasibility in the
space of thermodynamic indicators.

In the minimum dissipation mode for counter-current heat exchange:
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Here 0, (Q) = W,In is a monotonic function of Q, which is the

change in entropy associated with the hot flow (it is negative). The unit of this
quantity is [W/K]. The heat capacities of the flows are assumed to be constant.

The conditions of minimum dissipation (27) are satisfied in a
countercurrent flow heat exchanger if each flow is in the ideal displacement
mode, and the ratio of the heat capacities of the flows is inverse to the ratio of
their temperatures in any cross-section (the heat capacity of the hot flow is as
many times less than the heat capacity of the cold flow as the temperature of
the hot flow is greater than the temperature of the cold flow). They are called
the conditions of thermodynamic consistency of heat transfer.

The value of the minimum dissipation in accordance with (22) is

i 1 Tout 1 —
ot =-W, (E — 1) In T =T (E - 1) a,(Q). (28)
From conditions (20), (27) it follows that
2
o o
m=1+—, o'==——. (29)
K K+o,

For a fixed heat load Q, the expression (28) defines the boundary of the
reachable set of two-flow heat exchange in the plane “heat transfer coefficient
“— “entropy generation”. The greater the heat load, the further this boundary
moves from the origin. The heat transfer coefficient K reaches its minimum on
this boundary.

Relations (27) allow us to find the dependence of the minimum possible
heat transfer coefficient of a two-flow heat exchanger on the heat load. This
dependence has the form:

in in - n
K(@Q)=-—" = el 30)
T =T+ g i
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Thus, the problem of minimum irreversibility for a given heat load and
heat transfer coefficient and the problem of minimum heat transfer coefficient
for given temperatures of inlet flows, their heat capacities and the heat load
(i.e., given some entropy generation value) are dual to each other and have the

same solution.

If for some heat exchanger K and Q are such that the point A
corresponding to them is inside the reachable set, then by organizing the process
close to thermodynamically consistent counter-current heat exchange, it is
possible to either increase the heat load or decrease the heat transfer coefficient,
reaching the feasibility boundary.

Formulas for two-flow heat exchangers with different hydrodynamic
modes

The expression (18) for calculating the irreversibility factor in a two-flow
heat exchanger was obtained above. It defines the relationship between an
entropy generation and a heat load for any combination of hydrodynamic
modes of the contacting flows:

e Mixing-mixing.
e Mixing-displacement.
e Displacement-displacement (cocurrent, countercurrent).

The dependence of the heat transfer coefficient on the heat load is
different for each type of kinetics and each combination of flow
hydrodynamics. Sometimes the heat load is specified, in other cases it must be
found for a given heat transfer coefficient. In Table. 1 for Newtonian kinetics,
expressions are given for the heat transfer coefficient depending on the thermal

load and the thermal load depending on K and the heat capacities of the flows
for various combinations of their hydrodynamic types.
In the Table 1 it is designated:
W_ - W+ W_ + W+
A=—7———, B=——
W, W_ W, Ww_
If in a counter-current heat exchanger the displacement heat capacities

of the flows are the same W_ = W, = W, the heat transfer coefficient

ra Q o= W (T — TiMK
, o Q wW+K
T;ﬂ—T_m—%
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Table 1. Thermodynamic Indicators of Two-Flow Heat Exchangers.

Hydrodynamic mode

Q

Mixing-mixing

K(Tgut — Tout)

ki
0

Tfut — Tout

T —Ti" > BQ
Displacement- 1 (Tin — Timy(1 1 Tin —Tin
displacement BYt - B nTin Tin — BO
_ Wt —=T" —BQ
(cocurrent) — e KB)
Mixing (cold) — W, (T — To%) (1 Tin — Tout
displacement (hot) K Wiln =2 out _
e T — Tow —Q/W,
Mixing (hot) — W_(To¥ — Ty (1 | Tout —Tin
. = In ——
displacement (cold) B e_%) ToUut — Tin — Q/W.
Displacement- 1 inr FA 1 T —Tin 4 AQ
displacement A (T2 = T)(e —In—= Tout _in
(countercurrent) - 1) * -

The ratio of entropy production & for an ideal heat exchanger to entropy
production ¢ = 0, + 0_ in a heat exchanger with the same heat transfer
coefficient and heat load can serve as an indicator of the thermodynamic
efficiency of the process 0 <n < 1.

To go from the heat transfer coefficient to the heat exchange surface, it
is necessary to know the specific heat transfer coefficient per unit contact area.
It should also be taken into account that when the phase state changes, the
specific heat transfer coefficient increases sharply (by 4-5 times) and depends
on the boiling mode (nucleate or film).

Flow Evaporation/Condensation

Next, we consider the problem of estimating the entropy generation and
the relationship between the heat transfer coefficient and the heat load for the
case where one or both contacting flows change their phase state. In this case,
we assume that the heat load is Q [W], the boiling/condensation temperature is
Ty [K], the flow rate is g [kg/sec], the specific heat capacities of the liquid and
steamare Cy, C,, [J/kg-K], the heat of vaporization/condensation is 7 [J/kg], the

mass fraction of liquid in wet steam 0 < d < 1 are known.
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We will initially consider the case where the hot flow enters the heat
exchanger in the form of superheated steam with a temperature T* > T,. It
goes through three stages:

e Cooling to the boiling point.
e Partial or complete condensation.
e Cooling of the condensate, if the heat load is large enough.

Let us write down the expression for the entropy generation associated
with the change in the state of the hot flow for each of these stages (it is always
negative):

1. Steam cooling stage
T, .
Or = Weilngr, Q= W,p (T4 = Tp).
Here Wyp = g4+Cp.
2. Condensation stage
g+7

O+ = _T_b’ Qi = g+7.
3. Liquid cooling stage
T, - —];3;:;
O = Winln T .
b

Here Wy = g,+Cr, Qi =Q — Q1 — Qpr-
The total entropy production associated with the hot flow, o, = a,; +
O4rr + Oy
For a cold flow receiving heat Q and entering the heat exchanger with
temperature T < Ty, the entropy production by stages is equal to:
1. Liquid heating stage

Ty .
a_; = W_flnﬁ, QI = W—f(Tb - T_Ln)
Here W_¢ = g_Cs.
2. Boiling stage
_T
o = T—b’ Qu =g-r.

3. Steam superheating stage
Ty + Qi /W-yp
b
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Here W_, = g_Cp, Q=0 —Q; —CQur-

All terms of entropy production associated with the change in the state
of the cold flow o_ = o_; + 0_j; + o_;;; are positive and their sum in absolute
value exceeds a,.

In the case when the hot flow enters the system at the boiling temperature
in the form of wet steam, the proportion of liquid in which is equal to d, it goes
through only two stages of condensation and cooling of the steam. In this case,
at the condensation stage

Qnr
Q=9+ —-dyr,o4yy = T
b
The same applies to the case when the cold flow enters in the form of
wet steam. It goes through only the stages of evaporation of the liquid and

heating of the steam. At the evaporation stage

Qu
Qy=g-dr,o_ = T_
b

Calculation of the heat transfer coefficient

To calculate the heat transfer coefficient when the phase state of the flow
changes, it is necessary to know the kinetics of heat exchange and the
hydrodynamics of the contacting flow. For Newtonian kinetics, you can use the
formulas contained in Table 1. Initially, the heat transfer coefficients are
calculated for each of the three/two stages of changing the parameters of the
flow changing the phase state, taking into account the heat load at each of the
stages. At the boiling/condensation stages, the temperature of this flow is
uniform and its hydrodynamics can be considered identical to the
hydrodynamics of ideal mixing, substituting the boiling/condensation
temperature T, into the formulas for calculating K instead of the outlet
temperature of the flow. The total heat transfer coefficient is equal to the sum
of the coefficients calculated for each stage.

Constant heat flow direction condition

For any value of the heat load @Q, the condition of constant heat flow sign
must be satisfied. Due to the properties of the kinetic function, it comes down
to the fact that the difference A(Q) = T, (Q) — T-(Q) must be positive for 0 <

Q< a We will write these conditions first for constant and then for variable
heat capacities of flows.
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For constant heat capacities
Q

AQ) =T4(Q) —T_(Q) = Tin —Tin — % +Q( >0.  (31)

w— W )
This expression is linearly dependent on Q, therefore, in order for it to be
satisfied for any thermal load, it is sufficient that it be satisfied for that of its
extreme values at which the term dependent on @ is minimal. This minimum is
Q°=0,ifW,<W.; Q°=Q if W,>W. (32)
Thus, the condition of constancy of the sign of g imposes a limitation on

the heat load of the heat exchanger
Q < (T — T™)min(W,, W.). (33)

For varied heat capacities
AQ) = T+(Q) T_(Q) =
Tm Tm) \f ¢ dQ > 0. (34)
W@ 0o W-(Q

In this expression, only the term enclosed in square brackets depends on
Q. Let us denote it by F(Q). For the sign constancy condition to be satisfied,

the inequality maxo F (Q) < (T — T™™) must be satisfied. The maximum of

this function can be achieved either at the extreme points Q = 0,Q = 6, or at
the stationary point F(Q). It is easy to show that the stationary point is the root
of the equation W, (Q) — W_(Q) = 0.

If one of the flows evaporates or condenses, then its heat capacity
changes abruptly, and the function F(Q) experiences a kink. Its maximum can
be achieved at the kink point if the heat capacity of the flow before this point is
less than after. For a cold flow, this is the point of the onset of boiling, and for
a hot flow, this is the point of the onset of condensation.

Since the function F(Q) consists of two terms, the first of which
decreases monotonically with the growth of @, and the second monotonically
increases, then the stationarity point Q° is unique.

Therefore, we have the constraint

max (F(0); F(Q); F(Q®)) < (Ti" — Tim). (35)
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Conceptual Design of Multiflow Heat Transfer Systems
Reachability limits of a heat exchange system, we will first consider a

multi-flow heat exchange system with minimal constraints. We will assume

that only the system heat load Q, the total heat transfer coefficient K, which
indirectly characterizes the total contact surface, the input temperatures, and the
heat capacities of hot or cold flows, are given. Further, for definiteness, we will
assume that the parameters of hot flows are given.

We the problem of the limiting capabilities of such a system (“ideal”
multiflow heat exchange). There the minimum possible entropy generation ¢*
was found, it was shown that for the case when the heat flux is proportional to
the temperature difference (Newtonian kinetics), the entropy production is
bounded from below and this bound can be reached if:

. . T_
e At each contact point, the ratio of absolute temperatures of the flows ==
+

m is the same for all heat exchangers in the system.
e The temperatures of the flows at the outlet of the system are the same for
all hot and all cold flows.
e Each two-flow cell must be a counter-current, thermodynamically
consistent displacement heat exchanger.
When these requirements are met, the minimum possible entropy
generation at fixed temperatures and heat capacities W; of the hot flows are
related to their temperatures at the inlet T;™ and the total heat transfer

coefficient K as:

(36)
. =(1-m)?
5 —gdTm”
m
The temperature of the hot flows at the outlet, as follows from the energy

n
1 . \
m=1- :Z Wy (InTH — InTg¥), |
K & $
=1
|

balance conditions, is equal to:
k in n
T_'c_)ut _ &i=1 T}:—i Ia//-l-i - Q’ (37)
i=1 " +i

It is not advisable to use hot flows with initial temperatures lower than

T2"t in the heat exchange system.
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If part of the hot flows condenses during the heat exchange process, then
in the expression (36) for m the heat capacity of the corresponding term tends
to infinity. Let us assign the index “k” to the condensing flow and find the limit

W, (nT — InTZ¥) = W, (lnT,E” — In(T{" — M?—kk)) as W, tends to
+

infinity. Using L Hopital’s rule to resolve uncertainties, we find that
Qx )) _ Ok _ gk

lim W. (lnTi“—ln Tin — =t 2t E

Wig—

Here we have taken into account that the temperature T,i" is equal to the
condensation temperature Ty, and the heat load is equal to the product of the
flow rate and the latent heat of vaporization.

Thus, the expression for m in the presence of condensing flows is

rewritten in the form:

1 . 7
m=1-= z W,; (InT{" — InT2%t) + z 9Tk ). (38)
K Ty

izk k
The dependence of the minimum possible irreversibility on the heat

transfer coefficient (the limit of thermodynamic feasibility of the heat exchange
system) at a fixed heat load has the same form (28) as for two-flow heat
exchange, with the difference that
o, = z W, (InT™ — InTg¥t) + z Tk (39)
izk 7 ok
We will call flows for which input temperatures and heat capacities are
specified fixed ones. In the case where cold flows are fixed, expressions (37)
and (38) will take the form

L TORW. +Q

Tout = , (40)
i'(=1 W_;
1 . T
m=1-= Z W_; (InT°%t —InT™) + Z il ). (41)
K\& 3 Tok

In a more general case, a part of hot and a part of cold flows can be fixed.
In this case, the system can be divided into two subsystems, the thermal
conductivity coefficient and entropy production will be equal to the sum of
these indicators found for each. The heat load between the subsystems must be
distributed so that the ratio m of the cold temperature to the hot is the same for

both subsystems.
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For any deviation from the conditions of minimum dissipation, the point

corresponding to the parameters of the heat exchange system K, Q deviates
upward from the boundary of the reachable set.

Implementation of an Ideal System. Equivalent Two-Flow Heat

Exchanger

An ideal system with fixed hot flows can be implemented as a system of
parallel two-flow heat exchangers with displacement-displacement counter-
current flow hydrodynamics, the number of which is equal to the number of hot
flows. The conditions of minimum dissipation determine the parameters of the
cold flows. They must have the same temperature at the inlet T:* = mT2%¢, the
heat capacity of each flow must be equal to W_; = W,;/m. The heat load of

each of these heat exchangers Q; = %, which together with the heat
capacity determines the temperature of the cold flow at the outlet. If a hot flow
condenses, then the cold flow in contact with it must evaporate at a boiling
temperature of T, = mTy,.

Statement: There is a two-flow heat exchanger, each of the flows in
which changes its heat capacity with a change in temperature, such that its
thermodynamic parameters: heat load, heat transfer coefficient, entropy
production are the same as those of a multi-flow system. We will call this heat
exchanger equivalent to the system.

In such a heat exchanger, equivalent hot and cold flows contact in a
counter-flow mode with displacement. We will construct the dependence of the
temperatures of these flows on the heat load in the counter-current flow regime,
and then for a more general case we will show that its thermodynamic
parameters are the same as those of a multi-flow system. We will denote by Q

the heat flow transferred to the cold flow when it is heated to T_(Q). Then, with
counter-current flow, the heat given off by the hot flow is equal to Q; = Q —
Q.

e Hot flow. We require that for any current heat load 0 < Q < Q and the
corresponding temperature T, (Q) of the equivalent hot flow, the heat
capacity of the equivalent flow is equal to the sum of the heat capacities
of the hot flow of the system having this temperature.
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This means that for Q = Q and temperature T2%¢, the heat capacity of
the equivalent flow is equal to the total heat capacity of all hot flow W, =
Y.i W,;. The slope of the dependence T, (Q) is minimal. We arrange the
hot flows by their inlet temperatures so that T > Ti’(li +1)- Then the
slope of the equivalent temperature will be minimal until it reaches the
lowest of the inlet temperatures of the hot flows T%. At this point, the
number of hot flows participating in heat exchange decreases and the

1
slope becomes equal to ST The next break occurs at a temperature
i=1 +i

equal to the temperature at the inlet of the (k — 1)-th flow, etc. At Q =
0, the slope of the T, (Q) dependence is equal to 1/W, ;.

e Cold flow. We require that for any current heat load 0 < Q < Q and the
corresponding temperature T_(Q) of the equivalent cold flow, the heat
capacity of the equivalent flow is equal to the sum of the heat capacities
of the cold flows of the system that have this temperature.

The dependence T_(Q) is constructed in the same way as for the hot flow,

with the difference that in the counter-current flow, the value Q = Q for the hot
one corresponds to Q = 0 for the cold one. Since for each of the cold flows the
heat capacity is equal to the heat capacity of the corresponding hot one, divided
by m, and their values at the output are m times less than the input temperatures
of the hot flows, then T_(Q) = mT, (Q), which corresponds to the condition of
minimum dissipation. The curves of equivalent temperatures are monotonic and
convex downwards (Fig. 2).

0 Q @
Figure 2. Dependence of Equivalent Flow Temperatures on Heat Load For an Ideal

System
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If the fixed flows are cold, then the construction of T_(Q) and then
T, (Q) is completely analogous.

In real heat exchange systems, the restrictions on the flow parameters
usually differ from those listed above for an ideal system. The flow temperature
can be fixed at the inlet and outlet of the system, the heat capacities can be
determined not exactly, but in a certain range, it is usually not possible to ensure
contact between the evaporating and condensing flows with a given ratio of
their boiling/condensation temperatures, etc.

The ability to build a two-flow heat exchanger equivalent to a real multi-
flow system is very important, since it allows you to choose the free parameters
of the system so that the dependences of the temperatures of equivalent flows
are as close as possible to such dependences for a heat exchanger equivalent to
an ideal system.

Algorithm For Synthesis of Heat Exchange System

In real multi-flow heat exchange systems integrated with the
technological process, restrictions on flow parameters do not allow to
accurately fulfill the conditions of minimum dissipation. Some flow
parameters, free parameters, may not be fixed or lie within specified limits.
Conditions of ideal heat exchange and temperature dependences for a heat
exchanger equivalent to an ideal system can serve only as a “guiding light”
when choosing these parameters. And the value of entropy production in an
ideal system is similar to the Carnot efficiency for heat engines. Below we
present an algorithm for synthesis of multi-flow systems based on these
considerations. The value of the ratio & to entropy production in the designed
system is an indicator of its thermodynamic quality.

Thermodynamic Equivalence of Heat Exchange Systems

Definition: 7wo heat exchange systems are thermodynamically
equivalent if the values of the thermodynamic quality indicators: Q,0,K are
the same for them.

When designing a system integrated with a process, the temperatures of
some of the flows at the input and output of the system, their heat capacities
and the heat load Q are specified.
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It is necessary to select the contact structure, heat transfer coefficients
(heat exchange surfaces), heat loads and heat capacities (flow rates) of the flows
for two-flow cells. We will a priori assume that for each cell, as well as for an

equivalent heat exchanger, the counter-current flow conditions are valid:
dT, dT-

_— > O'
dQ dQ
where T, (Q), T_(Q) are the temperatures of the equivalent flows.

(42)

System synthesis algorithm:
e Plot the dependencies of the hot and cold flows in a two-flow heat
exchanger equivalent to the designed system on the current heat load.
e Select “homogeneity intervals” for the constructed dependencies
T, (Q),T_(Q), on each of which the slopes of both these dependencies
do not change.
e “Improve” the equivalent heat exchanger indicators by choosing free
flow parameters.
e Evaluate the thermodynamic quality of the equivalent heat exchanger.
e Select the contact structure, heat loads and heat transfer coefficients of
the two-flow cells.
Construction of “initial” flow temperature dependencies on the heat
load in an equivalent heat exchanger
We fix the free flow parameters at some average permissible values and,
for fixed inlet and outlet temperatures and given heat capacities, we construct
the temperature dependencies of equivalent flows on the heat load Q in the same
way as was done for an ideal system. Then we show that a heat exchanger with

flows and their heat capacities W, (Q) = %, W_(Q) = % selected in this way

is thermodynamically equivalent to a multi-flow system in accordance with the
definition given above.

Hot flow. We construct it so that for each value of temperature and
corresponding heat load of the equivalent hot flow, its heat capacity is equal to
the total heat capacity of hot flow having the given temperature. To do this:

e We arrange the hot flow of the multi-flow system by their input

temperature so that T% > T > T > ... and construct the dependence
T, (Q), starting with Q. =0, Q = Q.

48



NEXT-GENERATION ENGINEERING SOLUTIONS: COMMUNICATION,
PRODUCTION, AND AUTONOMOUS SYSTEMS

e For Q =Q the value of T_ is equal to the highest of the hot flow
temperatures at the input to the system Ti%, and the heat capacity
determining the slope in the first interval is equal to W;,. The first
interval ends when the temperature T, becomes equal to T%.

¢ In the second interval, the second flow “joins” the first one and the heat
capacity becomes equal to W, + W, (the slope of the curve decreases).
The interval ends either when the temperature of the combined flow
reaches the temperature T3, or when it becomes equal to the temperature
of the outlet of one of the two hot flows from the system. In the first case,
the third flow “joins” and the total heat capacity increases, in the second
case, in the next, third, interval, the heat capacity will be equal to the total
heat capacity of the hot flows remaining in the system.

e This procedure continues until the temperature T, (Q) reaches the lowest
temperature of the cold flows at the inlet to the system or the heat load

becomes equal to Q.

Cold flow. We arrange the cold flows by their temperature at the inlet of
the system so that T < T < T < ... and construct the temperature T_(Q),
starting from Q = 0 to 5:

e At Q = 0, the temperature T_(Q) = T'%, and the heat capacity of the
equivalent flow in the first interval is equal to the heat capacity of the
first of the cold flows.

e The first interval of constant heat capacity of the cold flow ends when
the temperature T_(Q) is equal to T™%. At this point, the second flow
“joins” the first flow, and the heat capacity of the equivalent flow in the
second interval becomes equal to the total heat capacity of the first two.

e The second interval ends either when the temperature of the combined

flow reaches the temperature T%, or when this temperature becomes
equal to the temperature of the first or second cold flows leaving the
system. In the first case, the third flow “joins” and the heat capacity
increases, in the second case, at the next third interval, the heat capacity
will be equal to the total heat capacity of the flows remaining in the
system.
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e This construction continues until Q = Q. If T, (a) >T. (a), then the
system is realizable and hot flows with Ti’l‘ < T, (0) should be excluded
from the system. If T, (0) < T_(0), then the system is not realizable and
hot flows should be added to it.

Note that the calculation of each of the temperatures of the equivalent
flows occurs independently and is determined only by the boundary
temperatures and heat capacities of the hot and cold flows of the system. Each
exit from the system or inclusion of a heat carrier flow, as well as evaporation
or condensation of one of the flows on the constructed curves corresponds to a
break point.

The heat capacity of each of the equivalent flows for any heat load (or
temperature that monotonously depends on a heat load) is equal to the total heat
capacity of the flows included in the equivalent cold and hot flows for a given
heat load. If the equivalent flow includes a flow that changes its phase state,
then in the evaporation/condensation section the temperature of the equivalent
flow is constant and equal to the boiling point.

We will call the interval of heat load values the homogeneity interval if
the heat capacities of both equivalent flows are constant on this interval. There
are no break points on this interval on either the upper or lower curve.

Statement: The two-flow heat exchanger obtained using this

construction is thermodynamically equivalent to a multi-flow system.

Indeed, the value of the total flow of transferred heat Q = Q in a multi-
flow system is determined by the total change in the enthalpy of the cold flows.

And it coincides with the value Q = Q in the equivalent two-flow heat
exchanger, since at each interval the supplied heat flow in the equivalent heat
exchanger is equal to the sum of the heat flows supplied in this range of change
of @ from hot to cold flows of the multi-flow system.

The entropy generation in the equivalent heat exchanger

Q
=@ @) )

0
also coincides with the production of entropy in a multi-flow system,

since the temperatures of the flows at each interval of change of Q coincide
with the temperatures of the flows in a multi-flow system.
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Finally, the heat transfer coefficient of the equivalent heat exchanger

— (¢ dQ
K= fo 2(T-(Q), To(Q) (44)

is equal to the total heat transfer coefficient of the multi-flow system due
to the equality of temperatures of the contacting flows for each value of Q. In
this case, at each interval of change in the heat load, the temperature multiplier
z(T,,T-) can have a different form.

This proves the equivalence of the two-flow heat exchanger for a multi-
flow system with the selected flow parameters.

The fact that the two-flow heat exchanger is thermodynamically
equivalent to a multi-flow system allows, when synthesizing the system, to
select the free variables of the system so as to optimize the thermodynamic
indicators of the equivalent heat exchanger (to bring it closer to a
thermodynamically consistent counter-current flow heat exchanger
corresponding to an ideal system). After this, it is necessary to find such a
structure of contacts and the distribution of heat transfer coefficients between
the two-flow cells of the system that would correspond to it.

Calculation of the number of two-flow heat exchangers

The dependences of the temperatures of equivalent flows on Q determine
the total number of two-flow heat exchangers N in the system. To find it, we
introduce the concept of a passthrough pair of flows of order v.

Definition: 4 passthrough pair of flows of order v is a combination of
hot and cold flows whose heat capacities are included as terms in the heat
capacities of equivalent flows on v adjacent homogeneity intervals. We denote
the number of such pairs as n¥,v > 2. A passthrough pair corresponds to one
instead of v two-flow heat exchangers.

Let nk hot and n; cold flows contact on each u-th homogeneity interval.

The maximum of these two numbers is denoted as n¥, and the difference as
An*. If An* > 0, then some of the cold streams should branch, and if this
difference is less than zero, then the hot ones’ branch.

The total number of two-stream heat exchangers in the system is:

M M
N=anf—2nv(v—1).
u=1 v=2
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Here n, is the number of passthrough pairs of order v, M is the total
number of homogeneity intervals. For some values of v it can be equal to zero.

“Improvement” of an equivalent heat exchanger by choosing free
parameters

The objectives of “improvement” of an equivalent heat exchanger are to
choose the free parameters to

¢ Reduce the number of homogeneity intervals and increase the number
and the order of passthrough pairs, and hence to reduce the number of
two-flow heat exchangers in the designed system.

¢ Reduce entropy production in the equivalent heat exchanger, and hence
in the designed system, by approaching the ideal one.

The number of homogeneity intervals decreases if the projections of the
breakpoints of the curves T,(Q) and T_(Q) on the abscissa axis coincide.
Therefore, if the boundary temperature of the hot flow is free, it should be
chosen so that the breakpoint of the equivalent temperature of the hot dlow
shifts and its abscissa coincides with the abscissa of the nearest breakpoint of
the equivalent cold flow. The same applies to the free boundary temperature of
the cold flow.

A reduction in the number of two-flow cells with a minimal increase in
irreversibility can be realized by increasing the order of passthrough pairs if the
heat capacities of the flows in adjacent intervals differ little from each other and
can be made equal. A passthrough pair must have the maximum order. If
different combinations of flows can be selected for its formation with the same
order, then it is advisable to select one for which the ratio of absolute
temperatures and the ratio of heat capacities exactly or approximately satisfy
the conditions of thermodynamic consistency (27).

An increase in the flow rate decreases the slope of the corresponding
dependence of the equivalent temperature on the heat load and extends the
homogeneity interval. For example, in Fig. 4 the fourth homogeneity interval
corresponds to a very small increase in the heat load and it can be combined
with the third or fifth interval with an increase in the flow rate of the cold flow
in the third or with an increase in the flow rate of the hot flow in the fifth

interval.
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To reduce entropy production, it is necessary to choose free values of the
heat capacities of the flows so that the ratio of equivalent temperatures
T_(Q)/T,(Q) for any value of Q approaches a constant. An increase in the heat
capacity of the hot flow increases this ratio, an increase in the heat capacity of
the cold flow decreases it. To bring this ratio closer to a constant, it is necessary
to calculate m(Q) = T_(Q)/T,(Q) and the average value of this indicator m
for the equivalent heat exchanger constructed at the preliminary stage. In those
sections where the temperature ratio is above average, reduce the heat capacity
of the equivalent hot flow and increase the heat capacity of the cold flow, and
in the section where m(Q) < m, change the free heat capacities of the flows in
the opposite direction.

In some cases, the choice of free parameters reduces both dissipation and
the number of homogeneity intervals.

For example, let the total heat flow 51 be given in the first interval of
heating the cold flow, leaving the system hot. It is necessary to distribute these
heat loads between parallel heat exchangers so that the entropy production in
the system is minimal. This corresponds to the requirement that the entropy
flow leaving the system together with the hot flows

gout = z W; In(T{} = Qj/Ws))
J

be maximal provided that }; Q; = 51. The optimality conditions for this
problem, obtained from the requirement of stationarity with respect to Q; of the
corresponding Lagrange function, lead to the requirement of equality of
temperatures of all hot flows at the system outlet. The projections of the outlet
temperatures on the abscissa axis are the same, which reduces the number of
homogeneity intervals.

Therefore, If the temperatures of all or part of the hot flows at the outlet
are free, then in the optimal case they should be chosen to be the same.

Similar considerations lead to the requirement of equality of free
temperatures at the outlet for cold flows.

Note that the plotting of temperatures in the same coordinates is
performed in the “pinch analysis” [4-6] based on heuristic considerations. In
this case, they strive to keep the difference, and not the ratio, of the flow

temperatures constant.
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Synthesis of a multi-flow system using an “improved” equivalent heat
exchanger
Due to technological limitations, the flows can be separated or merged.
When separating flows, their heat capacities must be selected so that the
temperature increases are the same.
When synthesizing a multi-flow system equivalent to a two-flow heat
exchanger, the following conditions must be met:
e The temperatures of the flows at the inlet to each two-flow heat exchange
cell corresponding to the v-th homogeneity interval must be equal to T%,
Tin,
e The ratio of the heat capacities of the cold and hot flows in each heat
exchange cell corresponding to the v-th homogeneity interval must be

. .. . w_ .
equal to the ratio of the heat capacities of the equivalent flows o on this
+

interval.

7,74

111

Figure 3. Dependences Of Equivalent Flow Temperatures on The Heat Load (The
Homogeneity Intervals Are Numbered with Roman Numerals).

These equivalence conditions allow us to construct a multi-flow system
in the following sequence:
¢ Select passthrough pairs of flows and find the total number of multi-flow
cells using formula (45). Such selection does not change the boundaries
of the homogeneity intervals and the value of An*.
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Only n! decreases, and therefore the number of two-flow heat
exchangers corresponding to the p-th interval.

e On the first homogeneity interval, for each of the cold flows, the
temperature at the inlet to the cell of the hot flow in contact with it and
its flow rate (heat capacity) are determined from the second equivalence
condition. The heat load for each of the two-flow heat exchange cells is
found as the product of the heat capacity of any of the flows by the
difference in its temperatures.
Knowing the heat capacities and temperatures of the contacting flows
allows us to calculate the heat transfer coefficient of the cell with known
heat transfer kinetics using the formulas given in Table 1.

e Repeat the same procedure for the second homogeneity interval, etc.
In this way, we obtain the structure, distribution of heat loads and heat
transfer coefficients for a multi-flow system. In this case, it is almost
always advisable for each hot flow to contact several cold ones and vice
versa.

Evaluation of Thermodynamic Quality

Based on the heat capacities and temperatures of the flows at the input
and output of the resulting system, the total entropy production is calculated as
the sum of the products of the heat capacity of each flow and the logarithm of
the ratio of its temperature at the output to its temperature at the input to the
system and compared with the entropy production in an ideal heat exchange
system with the same heat load and total heat transfer coefficient.

CONCLUSION

In this chapter expressions for calculating heat transfer coefficient for a
given heat load and boundary parameters of flows in two-flow heat exchangers
with different hydrodynamics were presented. Three indicators of
thermodynamic quality of multi-flow heat exchange systems are introduced:
heat load, total heat transfer coefficient and entropy production. It is shown that
for given values of the first two, entropy production (dissipation) is bounded
from below.
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Conditions for such organization of heat exchange that corresponds to
the minimum of dissipation are presented, and it is shown the boundary
corresponding to the minimum of dissipation is the Pareto set for the remaining
two indices. We show that entropy generation in a two-flow heat exchanger
depends only on the heat capacities of the flows and their boundary
temperatures and does not depend on the kinetics of heat exchange and the
hydrodynamics of the flows. The concept of thermodynamic equivalence of
heat exchange systems is introduced. An algorithm for constructing the
dependences of flow temperatures on the heat load in a two-flow heat
exchanger equivalent to a multi-flow heat exchange system is presented. A
formula is obtained for calculating the total number of two-flow heat
exchangers in a multi-flow system based on the type of temperature curves of
equivalent flows. An algorithm for synthesis of multi-flow systems based on
the concept of thermodynamic equivalence is proposed.
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INTRODUCTION

Materials classified as functionally graded (FGMs) are those whose
formation and function can fluctuate over time. FGMs are inhomogeneous,
meaning that their characteristics vary with time, and they are now being used
non hot environments. The frequencies of composite cylindrical shells
containing fluid were calculated by Sharma et al. (1998). They used
trigonometric functions to estimate the axial modal deformations.

Di Taranto and Lessen (1964) studied the infinitely long spinning
cylindrical shells for vibration that are thin and isotropic. Using the Rayleigh-
Ritz formulation, Sharma (1974) examined the vibration frequencies of a
circular cylinder and compared his findings with a few experimental ones. The
frequency response of fluid-filled CSs was examined by Chung et al. (1981),
who also provided an analysis of experimental and analytical research.
Generalized end conditions were used by Penzes and Kraus (1972) to examine
the vibrations of rotating cylindrical shells. Due to the requirement for an
approximate method and calculation procedure, the analysis of rotating shells
was limited to a few exceptional circumstances.

Advanced computers have completely transformed shell vibration
analysis with their potent numerical approaches. In 2007, Najafizadeh and
Isvandzibaei established their study on the FG material properties. Ergin and
Temarel (2002) investigated cylindrical shell vibration. The horizontally
oriented shells were submerged in the fluid they held. Donnell's shallow-shell
model was applied to the quiescent, dense, incompressible, and inviscid fluid
by Amabili et al. (1999). Collection of the nonlocal continuum models was
created by (Ghavanloo et al. 2019) and associates in order to investigate the
nanoparticles' vibratory breathing mode.

Within different research, created an innovative depending on size
general beams theory as an examine of static deformation of curved nanobeams'
both in and out of the air behavior within the framework of a nonlocal
differential-based model. The bending that is not linear study of orthotropic
annular/circular graphene sheets with several layers was examined by
(Dastjerdi and Jabbarzadeh, 2017).
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Simgek (2011) investigated the aspect ratio's impacts, stiffness of
medium, in addition to the nonlocal parameter on the natural frequencies and
provided a critical formula regarding the simple-supported double-orthotropic
nonlocal nanoplates implanted in an elastic medium and their nonlocal
frequencies (Rahmani et al. 2017). Additionally, the impact of the shell's
interior and external sides is examined in the dense fluid. The vibration
frequencies of composited spinning cylindrical shells were compared, and the
outcomes were assessed using various shell theories. Furthermore, due to the
fact that the classical continuity technique does not have scale independence, it
cannot account for size effects that result from working at small scales. Despite
the fact that the traditional theory of continuity is occasionally used as an
examine the way nanostructures behave mechanically, like carbon nanotubes,
it is discovered to be insufficient due to its disregard for size effects (Abazari
et al. 2015). Using sigmoid law distribution and the hygrothermal impact,
Pankaj et al. (2019) investigated the functionally graded material. Aspect ratio
frequency spectra have been illustrated based on different edge situations. To
characterize three-dimensional structures and to describe the local mechanical
behavior, classical elastic shell model was developed. This model was widely
applied in MTs modeling to study the radical pressure and buckling modes of
MTs under uniform external axial compressive forces (Gao et /. 2010). Li and
Lam (1998) studied influence of edge conditions vibration frequencies and
modes of rotating composite CSs. In their study of the differential quadrature
(DQ) approach in structural mechanics, Bert and Malik (1996) resolved an
eight-order coupled differential equation problem and contrasted the outcomes
of the (DQ) solution with the shell's natural frequencies. While there are now
many advanced tools available due to the stress examination of complex
frameworks, such beam models, the finite element approach, are still
commonly used in pre-design because they offer important insights through the
behavior of constructions (Kaufmann et al. 2020). Since experimentally
characterizing nanotubes can be challenging, and computational atomistic
simulations can be time-consuming, continuous models have been used to
frequently employed as an examine vibrational actions of CNT-based mass
sensors (Natsuki and Natsuki, 2023).
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Farahani and Barati (2015) studied vibration investigation of shell which
is inundated in the incompressible fluid and by seeing axial and lateral
hydrostatic pressure Flugge shell equation is used and the equation from which
method it is recognized is wave propagation. Yang and Lim (2011) created an
analytical model of a nonlocal cylindrical shell to examine the Propagation of
axisymmetric waves in carbon nanotubes. Golpayegani and Ghorbani (2016)
described the free vibrations of the thin cylindrical shell of FGM, the effects of
non-uniform internal pressure on free vibrations, and the effects of various
parameters on natural frequencies. They explained the vibrational properties of
arevolving cylindrical shell made of functionally graded material. In this paper,
effect of different parameters are investigated with strain gradient theory.
Applications of coupled nanobeams include mass sensors and biosensors
nanobeam resonators both nano-optical and nano-actuators. Both double and
multiple nanobeam systems (DNBS and MNBS) are complex systems made up
of two or more parallel nanobeams coupled by a Van der Waals force, elastic
media, or forces resulting from nano-optical phenomena (Ahmadi, 2022).

In this chapter, stress and strain gradient theory (Askes and Aifantis,
2011) has been used to discuss the mechanical property i.e. wave propagation
of orthotropic cylindrical shell considering cylindrical shell model and the size
parameters in stress strain gradient elasticity theory and also use love’s thin
shell theory and few basic laws such as, Hook’s law and the Hamilton principal.

As a result, in this study, the vibration behavior of cylindrical shell is
assessed using a stress strain gradient theory. The stress-strain relationship was
first expressed originally for axisymmetric waves to check the frequency
analysis of cylindrical shells with circumferential wave number, length- and
height to radius ratios. Therefore, this investigation gives one of the
fundamental concepts about the cylindrical shells which have a number of
considerable applications in industries.

1. MATERIAL AND METHODS

The modeled problem is converted into an algebraic system of equations
by using the wave propagation solution, and these equations can then be solved
for specific situations. A graphic discussion of the size parameter's impact is
also included.
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Figure 1. Cylindrical Shell Model

A structure that is compatible with the structure of shells and is
represented by the cylindrical shell model is taken into consideration. In an
orthotropic scenario, nine independent parameters three Young moduli, three
Shear moduli, and three Poisson's coefficients are needed to examine the
mechanical behavior of a cylindrical shell in the three primary directions. For
thin shell and plane stress, it will come down to four parameters in this instance.
Here, the parameters are denoted as Longitudinal modulus (£), circumferential

G . .. . . .
modulus () , shear modulus of shell( Xf) , Poisson’s ratio in axial direction

Y . .. . . . Y . .

( X ), Poisson’s ratio in axial dlrectlon( < ) , equivalent thickness (H);
effective thickness for bending (%4,), medium radius of shell (R), mass density
per unit volume (p).

1.1 Stress Strain Gradient Elasticity Theory
Stress strain gradient theory is the result of combining Erigen's stress
gradient theory with strain gradient theory. The strain energy density
determines the stress strain gradient elasticity theory, which is represented as
follows:
1

E:_Iv 7/ij/7"|jd

2 (1)
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The strain energy density Z, stress components Vi , and strain

components % are all included in the equation above.
(1_,U§®2 )7/ij = Dijkl (1_,Usz ®2)/11<| )
The size parameter for the static and dynamic instances, respectively, is

represented by #s and #¢ and in the aforementioned Equation (2), where Cj
is the Laplacian operator and is a stiffness matrix. In both static and dynamic
cases, the size parameters' values are not equal but rather rely on the size of the
representative volume element (Lam et al., 2003; Fleck et al., 1994). The

Y2 Y in axial, radial, and circumferential

components of displacements U
directions are shown in Fig. 1, which is the schematic representation of the
cylindrical shell model. The values of the displacement vectors in the

cylindrical shell can be expressed as follows using Love's thin shell theory:

: %
u (x & z,t)=u; (x,&t)-z2 ™

z ( du;
, , ,t — ! , ’t _ - _3_ ’
U, (X, &,2,t)=u; (X, & t) R(% uj
u; = U3' (X,f,t)
3)
The displacements ul’(x, g’t) , u;(x, §,t)’ u;(x,é,t) of the shell's main
plate are shown in Eq. (3) above. The classical strain can now be represented

using the coordinate axes, displacement vector values provided in Eq. (3), and
the assumption of plane strain as follows:
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The following nonzero strain components were produced by applying

Love's assumption (1+z/R) =1 and entering the values from Eq. (3) into Eq. (4):
a2y

o ox’

_louy u; z o,

“"Rof R R? O£

1.1éu ou, 2z du.
Mo = Ay =S+ 222
2'R 3 xR oxo&

]

®)
. i 1-p50%)
The following form was produced by multiplying Eq. (1) by d
and replacing the nonzero strain components from Eq. (5):
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azu' oup g Al L, o
a ng }/Ez Rza§2 }/xf R6§

(- 4{0%)2 = (1- 4{07) J{j h[n——yx

aur 82 ’
+7/x§ a_xz_zyxf

3 Jdz}Rdxd&
X0 (6)
By simplifying Eq. (6) above, we can determine the strain energy for a
cylindrical shell, which is as follows:
gy P (),
“ox o Fox RO R *R20&2
AE=1,I A Rdxd &

ou 2z & ou;
+qu’ +—= - Xuj
| “\Rac R xo¢ § ROXOE )
_ 22
where A= (- 40 ), the expression for kinetic energy in terms of a
cylindrical shell can be expressed as follows using Eq. (3):
o’u,., ,ou, z o] ( ouy .,
= s SO B dz} Rdxd
pI J{j h[( Zaxat) HE Ratag) —0) |dz}Raxds ©
The work that external forces produce on a cylindrical shell can be stated
as follows:

=] (fu +f up+fu;)Rdxd& ©)

The cylindrical shell's equation of motion can be found using the
definition of the Hamilton principle.
t2
Qn+Qr-Q=)dt =0
J.@n ) 1)
By putting the values of 7, T'and E in the form of delta variation in Eq.

22
(10) and multiplying it by (L= 4,67) . The final expression of the cylindrical
shell's equation of motion, which is based on the stress-strain gradient elasticity
theory, is obtained by integrating the resultant equation and setting the

£ QUL Qu,

coefficients o QUs o zero. This is known as the orthotropic

cylindrical shell.
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2,1 2,1 ' 2,1 2,1
A{aia u1+a2[6 u2+%J+asaul+a auz}

X X X X
ox? XOE O oEr T oxo
2.1
A2
(11)
2,1 2,1 ' 2.1 2,1
— 4 +—|+b,—2+b, —*
o°u, b, 6u22 ou, bgaul b‘lau22
OXOE YT xoE  * ox
o%u!
_ Ai[pRh at;]—Alng
(12)
o'us o'u; o'y} o'y} o'y} ou; ouy
A{claxf +C, 6'xza;2 +C3W+C4 6543 +C, GXZE);Z +C, axl +c7[6§2 +u3ﬂ
Rh® 8%u; h® o‘u; o%u;
=A p12 axzai”fTRa e PR
£t ot (13)

Where the values of /#3338, 8,0,,8,,0,,6,,6,6;,65,C,, G5, G
shown in Appendix-I. We will now solve equations (11) through (13) while
ignoring the body forces in order to determine the wave propagation of a
cylindrical shell. Using displacements and axisymmetric waves, which are
determined by the circumferential wave number n = 0, the equation of motion
is solved. Let's look at the solution for axisymmetric waves, which is as follows:

u (x,t) =gsin(5x—at)

U (X,t) = ¢,co8(S5x — wt)

U (X,t) = ;€08 (5x — at) (14)
The amplitude of longitudinal, circumferential and radial direction is

represented by {6606 .cand 9 are the wave velocity and wave vector. The
following expressing can be obtaing after substituting the Eq. (14) into
Equation. (11) - (13).
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[-A (a6°)+ ApRhS* 0, - Aa,05, =0

[-Ab,S* +(ApRNS* 0’ |, =0

h*5%c?
2

A2065g1+[A2(0154+C7)—A1pRh( +52w2j]g3 =0

(15)

Now by rewriting the above equations in matrix form we get:
2 _

[L-0’A]e =0 (16)
Where the matrices L; and 4; shows the matrix.

T
Also &} =l ca) and @ is wave velocity. Above equation (29) give

non trivial solution if|

L -w’Ag, =0 a7)

2. RESULTS AND DISCUSSION

In this paper, vibrational frequencies for cylindrical shells are presented
and analyzed. In the present model, the stress strain gradient theory is used for
the fundamental frequency of cylindrical shell. For the validity of present
model, the result are compared with earlier investigation (Xiang, et al. 2002;
Xuebin, 2008) as shown in the Tables 1~2. The results are well matched with
the results of (Xiang, ef al. 2002; Xuebin, 2008). The percentage difference is
negligible and due the required outcomes, it is observed that the stress strain
gradient theory is used for the interpretation of frequency analysis.

Table 1. Convergence of SS-SS Frequencies with Frequency Parameter

_ 2
A=ORVA-VIPTE (yiang et al. 2002).
m

n
Method 1 > 3

| Xiang et al. (2002) 0.0161029 0.039271 0.1098116
Present 0.0161028 0.0392714 0.1098115
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Table 2. Convergence Of Clamped-Clamped Frequencies with Frequency

_ [1_\2
Parameterﬂ_a)R (1-Vv)plE (Xuebin, 2008).

n
Method
2 3 4 5
Xuebin (2008) 0.014052 0.022726 0.042272 0.068116
Present 0.014256 0.022713 0.042215 0.06805
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Here, the graph in Fig. 2 shows the natural frequencies versus length to
radius ratio. The frequencies decrease with an increase of length to radius ratio.
The frequency behavior is seen with L/R =3~7. Also, it is observed that as inner
radius is reduced so the fundamental frequencies for all end conditions
diminishes. The frequencies of clamped-clamped boundary conditions are
greater than that of clamped-free boundary conditions. The decreasing is very
fast for the short length (L/R = 3 ~ 4) and reduce slowly till the end of the length.
The frequencies become parallel from L/R = 5 ~8. Frequencies versus
circumferential wave number is shown in the Fig. 3 with two different boundary
conditions. The CF attains lowest fundamental frequency as compared to CC.
It is observed from the Fig. 3 that the wave number increases as frequencies
decreases ranging from 4/R= 3 ~7. This analysis uses the stress strain gradient
theory. The gap between the frequency curves of clamped-clamped and
clamped-free is content throughout the increasing of circumferential wave
number. Fig. 4 shows the analysis of frequencies with ratio of height to radius
ratios with two boundary conditions.
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The results reveal a substantial increase in frequency predicted by the
stress strain gradient theory underscoring the significant role of these effects in
shaping the dynamic behavior of cylindrical shells. The frequency gap is very
small between the curves of clamped-clamped and clamped-free frequencies.

CONCLUSION

In present work, cylindrical shaped shell has been investigated for
frequency vibrations. The strain shell theory is used for the governing equations
of the shell. The shell frequency vibrations have been achieved for different
parameters. Results are acquired for different end point conditions. The
frequencies decrease on increasing the L/R. For circumferential wave number,
the frequencies increase. The frequency vibrations shell has been increased
considerably with growing //R ratios. Also, these have been increased for the
number of axial waves. Moreover, this work has a wide range of applications
in many fields such as in material science and it might be helpful in future
investigation into different composite systems under various physical
conditions
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