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Abstract— Laser forming is a process used for forming of
various metals. In this work deformation of a D-36 steel sheet
using laser is st‘udied using FEM simulation. The laser beam
power, beam size, scan speed and number of laser passes
determine the shape of the final product. Laser beam of
suitable power is allowed to pass over the work-piece
material due to which thermal stress is developed along the
path of laser irradiation.The sheet was first analysed for the

_change in angle for a single pass and thereafter double pass
was analysed for the sheet.
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materials. : : Sk

Kant et al. [2] carried out a numerical investigation on
curvilinear laser bending of magnesium M1A alloy sheets.
Three-dimensional sequential transient thermomechanical
numerical model was developed by using finite falement
method. The model was validated by comparing the
predicted results with those obtained in the experiments.
Fetene et al. [3] carried finite element simulations of
bending of small sized sheets using the ABAQUS package.
The temprrature sznd strain-rate dependent material
properties of D-36 shipbuilding steel sheet were
considered. Simulation results throw light on the bending
behavior of small sized sheet components. Fetene et al. [4]
developed an artificial neural network (ANN) model of
laser-assisted bending based on the data obtained from a
finite element method (FEM) model. Ji et al. [5] showed a
simplified computational model and corresponding
solving method under the conditions of neglecting thermo-
mechanical coupling. Then, FEM analysis of the three-
dimensional transient temperature field produced by laser
beam scanning on the forming sheet is carried out. Liu et
al. [6] _presented a finite element method (FEM) based
three-dimensional  laser  forming process  design
methqdology for thin plates to determine the laser
scanning paths and healing conditions. The strain fields
were f1r§t calculated via FEM. The laser scanning paths
were chosen perpendicular to the averaged principal
minimum strain direction. Zhang et al. [7] built s
element model of heat flux based on scanni
described with B-spline curve. Then, FE simulation
lasc.{' beam scanning on the forming sheet met:
carried out. And transient temperature fields, di:
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Abstract— In a developing nation like India, where most of
he population lives in villages or rural areas, washing of
othes is a noteworthy issue. Individuals in these zones
annot afford t_o purchase the conventional washing
achines. In addition, these regions are either in complete
bsence or lack of electricity. The goal of our work is to
evelop an efficient, low cost pedal powered washing
achine using scrap parts that are easily available, cheap
nd easy to maintain. The existing fabricated washing
achine produced rigorous vibration and leakage during
ashing the clothes. In the present work, the causes of
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intervene at one or two points in the wash cycle. A
common sermi-automatic type included two tubs: one with
an agitator or impeller for washing, plus another smaller
tub for water extraction or centrifugal rinsing. :

During early 90’s machines were available in the
market that used microcontrollers for the timing process.
With the passage of time more improvement was made in
the field of washing machines and today’s modern
consumer washing machines incorporate many new
features. In this 21” century, due to environmental
concerns and water scarcity problems, the focus has
shifted in developing technology associated with washing
machines which can overcome these issues. The. Xerox
washing machine is one such new kinds of machine that
uses primary nylon polymer beads and very little water [4].

Works are going on to develop washing machines of low

cost and which do not require electricity. Ranjan et al. [5]
developed a pedal powered washing machine using a
transmission system connecting the bicycle frame to the i
front loaded washing machine. Ajay et al. [6] designed a
pedal powered washer where inner drum is constructed by
modifying a plastic utility tub. Other pedal powered
washirg machine developments have been reported which
are low cost and energy saving devices [7-9]. Recognizing
the need of low cost washing machine for rural India, the
aim of the present work is to develop"’a low “cost’ pedal
powered washing machine (PPWM) with readily available
scrap parts which can be used for washing sufficient
quantities of clothes.

The washing machine generally involves rotating
masses which rotate to agitate the clothes inside a drum
creating turbulence to clean them. However, rotating
machineries might involve problems like misalignment,
unbalanced masses leading to vibration and noise which
are unavoidable. A great challenge for the fabrication of
the washing machine is to carefully eliminate these ill
effects. S

2. DETAILED SET Up

Figure 1 shows the front view of the fal
powered washing machine. It consists of a
m, inner diameter = 0.04 m, outer diam

otates when the cycle is pedalled. The i
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Abstract

A heat exchanger is important equipment used for the regulation of heat in a wide range of
domestic and industrial processes and as a means of waste heat recovery. Therefore it is
necessary to find out the optimum combination of parameters that influence the performance
of heat exchangers. Experimental analysis is the most basic form of analysis of the
performance parameters of a system. However such an analysis has certain limitations and
may not always give the desired results. Hence in this work an attempt has been made to
carry out a statistical analysis of a shell and tube heat exchanger in order to determine the
significant parameters that affect its performance. The performance parameters of the heat
exchanger namely log mean temperature difference and effectiveness are analysed with the
help of a statistical tool called the Design of Experiments (DOE). Mathematical models are

then developed and optimum parameters are obtained.

Kevwords —Heat exchangers, DOE, statistical analysis, optimization.
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Abstract

Defects play a significant role in enhancing the performance of a product and improving the
productivity of an organization. Further, defects cannot be isolated or completely removed
from a process or a product but can only be reduced. Defect data analysis are being done
using commonly used tools namely cause—effect diagram, Pareto analysis, Failure Modes and
Effects Analysis efc. since the time when enhancing productivity and reducing cost of poor
quality were given due importance. However, these are inadequate fo ascerfain any
persistence behavior or significant correlation among the defect data and cannot provide any
forecast based on the existing situation. This inadequacy of commonly used tools in carryving
out such effective and exploratory data analysis may be overcome by using fime series
approach. Hence in this paper, a humble attempt has been made to analyze manufacturing
defect data using time seres approach and discover significant cormelations among them,
which would further enable to understand, forecast trend and diagnose manufacturing process

problems at a grave depth.

Eeywords -Time series, rejection data, forecast, liner manufacturing,
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INTRODUCTION

A Learner’s Book of the Liangmai Language is aimed primarily at
absolute beginners who want to learn how to speak Liangmai and
at native speakers who have some knowledge of the language
without much formal training. The book is designed as an
accessible vocabulary and reference grammar of Liangmai. 4
Learner’s Book of the Liangmai Language is a thorough
collection of the greetings, sounds, word classes, sentences,
folktales, folk songs, stories, proverbs and lullabies. Additionally,
it includes a range of comprehensive basic conversations which
may help the learners to practice their lessons and researchers to
understand the structure of the language. It also contains a
pictorial glossary of indigenous terms of the Liangmai
community.

A Learner’s Book is also a modest attempt to illustrate Liangmai
oral literature to the younger generation of the community,
interested readers and researchers. With this endeavour,
revitalization of the rich traditions of Liangmai language,
literature and culture has been aspired for. Apart from learning
how to speak the language, the younger generation of the
Liangmai community will be acquainted with their own linguistic
and cultural heritage through A Learner’s Book of the Liangmai
Language. The book describes the Liangmai variety spoken in
Nagaland (especially Ntu village and Tening sub-division of Peren
district) which is enormously different from the variety spoken in
Manipur. Liangmai (ISO 639-3: njn), belongs to the Tibeto-
Burman branch of the larger Sino-Tibetan language family and is
spoken in Manipur and Nagaland in the North Eastern region of
India. It is an endangered language with a rich but undocumented
oral tradition. The language does not have its own script and
hence, has been using the Roman script for all its purposes. We
hope that our efforts will be well-received by the Liangmai
community and the society at large. We would gladly appreciate
comments from all sections of the community to enhance the
content in future editions of A Learner’s of Book of the Liangmai
Language. ' '
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INTRODUCTION

The reader is a collection of folktales, folksongs, proverbs,
words, and some basic sentences of Onaeme. Onaeme is a Tibeto-
Burman language, spoken by a small community of around 4000
speakers. Although the language is considered unclassified, the data
and their ethnic identity show that it is rather closely related to the
Poumai Naga group of the Tibeto-Burman family. This book is an
attempt to preserve the richness of this endangered language mainly
through documentation and archiving of the language as spoken at
the present time. The book is bilingual in nature where we bhave
used English as the medium of writing the description. The
International Phonetic Alphabet (TPA) is used in Chapter 1 to
show a correspondence between the Roman script used for writing
the language and its sound system.

Demographic Overview

Oinam, one of the Poumai Naga villages, is situated 88.4 km
away from the district headquarters of Senapati. The distance
between Imphal and Oinam is168.4 kms. As per the 2011 Census,
Oinam has a total population of 4,328. It is worth mentioing here
that Poumnai Nagas as a tribe live in about 100 villages and their
present poplulation is 1,27,000 (according to the 2011 Census).
Because of the pressure of an increasing population on land, many
- villagers had migrated and established new villages. Some of these
are: Ngamju, Tingsong, Sorbung, and Taphou Oinam. '
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INTRODUCTION

According to G. A. Grierson (1904), the Biate (BETE)
language belongs to the Kuki-Chin group of the Sln(?-lef:tan
language family. UNESCO report shows that the Biate is a
Definitely Endangered Language in North-Eastern India. TherF is
very little or no information of previous research on the.Blate
language, though there have been literary contributions on history,
origin, culture, religion and language by community membc.:rs.
Special mention can be made of Ramdina Lalsim, Ezra Lalsim,
Remsiama Ngamlai, Rev. L. Thiate, among a handful of others.
Recent linguists have shown an interest in the comparative study
of Kuki-Chin languages, including Biate, and scholars are
emerging from the Biate community in documenting the language.
The Centre for Endangered Languages, Tezpur University, also
has initiated the documentation of Biate, which will lead to
compilation of sketch grammar and an outline dictionary. The
Centre, therefore, decided to conduct a pilot fieldwork in the Dima
Hasao (formerly North Cachar Hills) district of Assam.

The Biate speakers live mainly in the Haflong area in the
Dima Hasao (N C Hills) district. Dima Hasao is one of the twin
hill districts of Assam. Haflong is the only hill station of Assam,
also known by the local people as ‘Switzerland of the East’ and
‘Second Shillong’. The district has the highest mountain peak of
Assam, Mt Thumjang (1866 metres high) located near Mahur and
the second highest Mt Hempeupet (1748 metres high) near the
Leikul village. The fieldwork was conducted in Fiangpui
(locality of Biate Speakers) in Haflong and adjacent villages of
Biate speakers. Fiangpui and Haflong are surrounded by the Barail
mountain range, a portion of the greater Himalayan mountain belt.
The Biate people at Fiangpui comprise nearly 300 households, at
present, according to the former Gaonburah of the village,
However, other speakers of Biate believe that they will be 2000
approximately in Fiangpui and the surrounding Haflong town, due
to new migration and settlement of the Biates from other villages
within the Dima Hasao district to the Fiangpui village for its easy
access to the Haflong town, the headquarters of the said district,
Biate people are said to be peace loving and they have been living
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i 1 DUCTION

The pub¥ s of the book Hrangkhol Nam Chonga Irchuna
Lekh - s an endeavour undertaken by the Centre {for

sigered Languages, Tezpur University. This book is the result
of two rigorous field works carried out in Haflong of the Dima
Hasao district in Assam, India. This book includes the sound
system of Hrangkhol, basic sentences, parts of speech, folk tales,
folk songs, lullabies, proverbs, ethnolinguistic information about
the community and a word list covering the basic domains.

Hrangkhol is a Tibeto-Burman language, spoken in parts of
Assam and Tripura. The language shares a close affinity with the
Kukish languages. The degree of mutual intelligibility between
the Kuki languages, namely, Hmar, Biate, Purum, Khelma, Mizo,
etc., and Hrangkhol has been observed to be rather high. The
language has been marked as ‘Vulnerable’ according to the
UNESCO Endangerment Index. The total population of the
Hrangkhol community has been estimated at 18,700 according to
Ethnologue sources (2000). As the language does not have a script
of its own, the Roman script has been adopted in the recent times
to document the language.

The work for bringing out this book started after our first visit to
Haflong during the month of February, 2017. The first help that
we received then was from Mr. Ron Kemprai who introduced us
to our much valuable informants. Since then, we have been in
constant contact with our informants, Mr. Bulthoikhup (Dumkar)
Hrangkhol, Mr. Roilalbul (Phoitong) Hrangkhol, and Mr.
Lalphirthoi (Dumkar) Hrangkhol for the analysis of the data
collected during the two field trips to Haflong, Dima Hasao,
Assam. The. second field trip was conducted during the month of -

) August,_2017.
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INTRODUCTION

The Khelma, also known a8 Sakachep 1s a lesse[-lmown Community
| of Assam, Nagaland, Mizoram and Tripur,

inhabiting in some parts _ ! .
The language of the Khelmas is known by the same ethnic amg

Khelma (Sakachep), which is an unclassified language. Kheling i an
undocumented language and in an endangered stage. Khelma Speakers

talk in their language at home domains only.

So far, no anthropological or linguistic research of the Khelmag
has been documented. As a result, the name Khelma is not very familiq
to most of the people. 1t must be mentioned that except Dima Hagy,
the Khelmas are known as Sakachep in other districts of Assam ané
neighbouring states like Mizoram, Tripura and Nagaland.

The book is an outcome of the collected information gathereg
from the native speakers during four fieldirips to ten Khelma villages
that comes under the Umrangso circle under the New Sangbar block,
Dima Hasao district of Assam. The fieldtrips were conducted by (he
Research Associate and Field Assitant of CFEL, Tezpur University.

Demographic information

The Dima Hasao district is one of the hilliest and undulated districts of
Assam. The Dima Hasao district has common boundaries with three
North-Eastern States and three other districts of Assam. On its eastern
side are the states of Nagaland and Manipur. On its south the Cachar
districts of Assam. On the western side is the state of Meghalaya. On its

north are Nagaon and Karbi Anglong districts of Assam.

The field work was carried out in different phases. The initial
exploratory visit to the Khelma villages and the bulk of the data
collection. took place during four separate time periods: the first being

p
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I INTRODUCTION

™ ¢ book 1s a comprehensive introduction to the Purum language.
it is intended to serve as a Reader or must have for any beginner
in Purum. This fruitful integration of scholarly overview and
practical application provides a reader that is more than a simple
grammar or an introduction to the language. It is written in a style
designed for beginners and the book avoids technical language
" and strives for a reader-friendly inductive approach.

. ae Purum Reader is a product of the research work carried out at
the Centre for Endangered languages (CFEL), Tezpur University.
It describes the sound system with pictorial illustrations,
parts of speech, basic conversation, sentences, folk tales,
folk songs and proverbs of the community; brief overview
of the ethnolinguistic account of the community; word list of basic
vocabulary; and pictorial wordlist of indigenous items of the
community.

The present field work is carried out at Purum Likli village, under
Saikul sub-division of Kangpokpi District. There are only two
Purum villages found in Manipur- Purum Likli and Purum
Khullen. The population of Purums according to the Manipur
Census 2011 is 2728. The Purum Likli village is located about 38
kms away from Imphal. It is Jocated on a narrow plain between the
Iril river and a small hillock that lies in Saikul sub-division. The Iril
fver which lies on the eastern side of the village flows from the
north to southward direction marking the eastern boundary of the
village. The Imphal Saikul road marks the western boundary. The
northern boundary is marked by Purum Kokpak, a Nepali village
while the southern boundary is marked by Litanpokpi, a Meetei
village. The serene beauty of the village is a captivating sight for

onlookers.
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Cultural Metaphor in Dimasa and Meitei-an
Ethnolinguistic Aspect

Monali Longmailai and Bobita Sarangthem

1. Introduction

Dimasa and Meitei are neighbouring Tibeto-Burman speech
communities from north-cast India. Both the communities have
had cultural and political ties from the mediaeval period, including
the matrimonial alliances between the two royalties during 17"-
18" centuries (Hasnu 2017: 47). Sarangthem and Longmailai (201 7)
also observed the shared cultural elements, especially taboo words,
present in Dimasa and Meitei. This paper makes another attempt
1o study the ethnolinguistic aspects present in these two languages,
with the help of folkloristics. Ethnolinguistics studies the relation
between language and culture and how different cultures
conceptualize the world with language in use, while folkloristics
deals with studies entirely on folklore. The reading of culture and
folklore bring out at least a transmission of culture, a common
cultural history of mankind and a possible contact in the past.
Nevertheless, there are cultural specifics and hard forms of culture

and folklore. George and Trimbur (2007: 3), mention that, “Culture

means all the familiar pursuits and pleasures that shape people’s
identities and that enable and constrain what they do and what
they might become™. Folklore, on the other hand, expresses the
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Language, Identity and Origin of Dimagga!

Monali Longmailai?

1. Introduction

Dimasa is racially Indo-Mongoloid (Barpujari 1997:6)
and linguistically belongs to the Tibeto-Burman
language family, sub-classified under the Bodo-Garo
group of languages (Lewis, Simons and Fennig 2016).
It is spoken mainly in Assam and Dimapur district in
Nagaland in northeast India. Hasao spoken in Dima
Hasao in Assam is the standard dialect. Dimasa
consists of 110,976 peoples approximately (2001
Census) and the Dimasa language is included in the
eighth schedule of the Constitution of India. It is a tonal
language, highly agglutinating (several morphemes

' I'would like to acknowledge Kh Dhiren Singha for his fruitful comments
and suggestions for writing this paper. I would also like to express
my thanks to Famiebar Gorlosa, Silpi Thaosen and her father, for
discuesions on Dilaobra Sanggibra, Delina Srongphang in
documenting the Rice pounding song, Jaan Kemprai for his data on
Dembra dialect, Santosh Hasnu and Uttam Bathari for discussions
on Dimasa history, Frangois Jacquesson, late J.K. Thaosen aﬂld
Spelling and Glossary Committee (Dimasa Sahitya Sabha) for their
éncouragements towards pursuing research work on Dimasa.

2 A . : X .y
The data provided in the paper are based on the intuition of the
author, who is a native speaker of Dimasa,




Taboos Prevailing in Conservative
Manipuri and Dimasa Societies

Bobita Sarangthem and
Monali Longmailai’

1. Introduction

The North East India has often been described as a
precious store-house of data for linguistic research. In
this small land, four major language families are present
with a sizeable number of different speakers. It has been
observed that due to close contiguity and social and
political cohesion among various language communities
over centuries, there have been a lot of linguistic
convergence among the various languages. Manipuri and
Dimasa have developed certain features which show
similarities in their social life.

Manipur is one of the eight sisters in north east
India. The State has a population of 2721756 (2011 census
report). There are thirty-three recognised scheduled
tribes. Interestingly, Manipuri or Meiteilon is the only

' The authors of the paper are native speakers of Manipuri
(Meiteilon) and Dimasa languages. Primary data have been
collected on taboo words based on intuition and linguistic
knowledge of these speakers,
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different profiles using multi-objective genetic
algorithm
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Abstract—The present work carries out a comparative study
among various annular fin profiles, namely uniform thickness,
variable thickness and step change in thickness. The design of
a fin, under one-dimensional heat transfer with constant base
temperature and variable thermal conductivity, is formulated as a
multi-objective optimization problem for maximizing heat trans-
fer rate and minimizing fin volume as the primary objectives.
For further assessment of the fin performances, its efficiency
is considered as another objective to be maximized. Evaluating
the heat transfer rate by the hybrid spline difference method, a
multi-objective genetic algorithm, namely NSGA-II, is employed
to arrive at a Pareto front containing a set of trade-off solutions
in terms of various combination of the three objective functions.
Finally, the Pareto fronts obtained for the considered three fin
profiles are compared in order to facilitate a designer to choose
a compromise solution for practical use.

I. INTRODUCTION

Performance of a heat exchanger having cylindrical primary
surface can be enhanced by using annular fins. An annular
fin increases the heat transfer rate as a result of enhanced
convective and radiative heat transfer areas. However, the
material and fabrication costs associated with a fin increases
the overall production cost, thus requiring optimum design of
fins to identify the effective configurations that would dissipate
maximum amount of heat but use minimum amount of fin
material. The simplest design is the conventional uniform
thickness fin. Such a fin suffers from the disadvantage that the
material near its tip is not fully engaged in heat dissipation,
which raises the issues of optimum fin profile of variable
thickness (shape optimization) and fin with step change in
thickness (size optimization) [1]. Though the practical ap-
plication of fin profiles of variable thickness is limited due
to the complex fabrication processes involved with them; a
fin with step change in thickness, which is a modification of
the uniform thickness annular fin, not only involves a simple
fabrication process, but also dissipates heat making effective
utilization of the fin material to certain extend.

978-1-5090-5674-3/17/$31.00 (©2017 IEEE
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The rate of heat transfer from a fin and the fin volume
are conflicting in nature, causing an optimized solution with
respect to one of them unacceptable in terms of the other. A
reasonable approach, thus, would be to tackle the fin design
as a multi-objective optimization problem for arriving at a
set of trade-off solutions. However, to the best knowledge
of the authors, no work comparing performances of different
optimized annular fin profiles under multi-objective optimiza-
tion has been reported in the specialized literature. Hence, the
present work is taken up to fill up such a gap in literature.

The present work puts forward a complete methodology for
multi-objective optimization of various profiles of an annular
fin. The fin is optimized with respect to some fin performance
related objective functions, in particular the heat transfer
rate and fin efficiency are maximized and the fin volume is
minimized by tuning the selected design variables. Evaluating
the objective values sequentially with the application of the
hybrid spline difference method (HSDM) [2], they are opti-
mized simultaneously by employing the nondominated sorting
genetic algorithm II (NSGA-II) [3]. The main purpose of this
study is to present a comparative analysis of the trade-off
optimal scenarios of various fin profiles in terms of some
conflicting objective functions, so as to facilitate a designer to
arrive at a suitable fin profile and a corresponding compromise
solution depending upon the availability and practicability of
information and resources.

II. LITERATURE REVIEW

Kraus et al. [4] presented a comprehensive study on heat
transfer through fins. The optimum dimensions of constant
thickness radial fins were evaluated by Brown [5] using Bessel
functions. Ullmann and Kalman [6] extended the work of
Brown [5] by determining the efficiency along with the opti-
mized dimensions for fins of rectangular, triangular, parabolic
and hyperbolic profiles under constant heat transfer coefficient,
where the parabolic profile was found outperforming others.
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An analytical approach for maximizing the heat transfer rate in
fins of constant volume rectangular profile with thermally non-
symmetric convective boundary conditions was proposed by
Arslanturk [7] considering constant thermal conductivity of the
fin material. Another analytical method based on differential
transformation was put forward by Yu and Chen [8] for
thermal analysis and constant volume optimization of a rect-
angular profile fin considering variable thermal conductivity
and convective heat transfer coefficient. Using the incremental
differential quadrature method, Malekzadeh and Rahideh [9]
analyzed two-dimensional nonlinear transient heat transfer
characteristics of variable section annular fins. Optimization of
annular fins with specified geometries can be found in many
other works, e.g., in [1], [10]-[15].

Kundu [16] analyzed the performance of a stepped annular
fin under fully and partially wet surface conditions, where it
was observed that the heat transfer rate per unit volume in a
stepped annular fin is more than that in a concentric annular
disc fin. The same findings were reported in [17], [18] also.

III. PROBLEM STATEMENT AND FORMULATION

The problem in the present study is an annular fin of
various profiles (namely uniform thickness, variable thickness,
and step change in thickness) attached to a heat exchanger
of cylindrical primary surface. The thickness of the fin is
considered to be much smaller than its radius enabling to study
it with one-dimensional heat transfer in the radial direction.
The heat dissipation from the fin surface takes place through
natural convection to the ambient and radiation to the sur-
rounding. Steady-state heat transfer with a constant convective
heat transfer coefficient and negligible internal heat generation
are other assumptions made in this study. Fig. 1 shows the
schematic diagram of annular fins of various profiles, where r
is the radial distance with r, and r, respectively as its radial
values at the inner and outer surfaces of each fin, while r is
its radial value at the point of step change in the case of the
fin with step change in thickness. Similarly, ¢ represents the
cross-sectional half-thickness with ¢, as its value at the base of
the uniform and variable thickness fins. For variable thickness
fin, ¢, is the cross-sectional half-thickness at the tip of the fin
while t1 and t5 respectively as its values at the base and tip
of the fin with step change in thickness.

A. Formulation of the heat transfer model

As thermal conductivity k varies linearly with temperature
T; in most of the fin materials, they can be related as in
Eq. (1) [2].

k=ko {14+ B8(Ti —Tx)} (1

In Eq. (1), T is ambient temperature, k, is the value of
k at T, and 3 is a parameter that controls the variation in
k. Further, T; = T in uniform and variable thickness fins,
while 4 in T; indicates the steps in the fin with step change
in thickness (i = 1 in the first step and ¢ = 2 in the second
step).

Considering a constant temperature 7; at the base of the
fin and heat dissipation to the surrounding from the tip of the
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fin by both convection and radiation, one-dimensional steady-
state energy balance governing equations for the studied fin
profiles can be obtained based on Eq. (1) as follows:

1) Uniform and variable thickness fins: The main govern-
ing equation and boundary conditions for the uniform and
variable thickness fins are derived from the basic energy
balance equation, and these are expressed by Egs. (2) and
(3), respectively.

e [r{l—i—ﬁ(T—Tw)}%]
4 [r{1+ﬁ(T—Tm)}%} %

(S

=0

hr ae(T4—T§o) /2
—t{TToo+}(1+t ) )

h

T=Ty,; atr=rmy (3a)

ar
—kq {1 + ﬂ(T - Too)} % =h (T - Too)
+G€(T4—T§O) patr =1,
(3b)

In Egs. (2) and (3), € is the emissivity of the fin material,
h is the convective heat transfer coefficient on fin surface, o
is the Boltzmann constant (¢ = 5.67 x 1078 W/m?K?*), and
t" = 0 for uniform thickness fin.

(a) Uniform cross-section.

(b) Variable cross-section.

1

To

(c) Two-stepped rectangular cross-
section.

Fig. 1. Schematic diagram of annular fins of different profiles.
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For normalizing Egs. (2) and (3), the temperature distribu-
tion and fin dimensions as shown in Figs. 1(a) and 1(b) are
normalized by defining some dimensionless parameters, which
are given by Eq. (4).

- r — o _ 1y
X - Ty XO - Ty < - Ty

_ _ - hr
éd—ﬁToo 70—5 Bl—k—ab

Y A — Ty _ BT
YT “h = T Oc = (1-p7o)

o hr o riaT3 e ryoTS e
VT k(1P Tw) T LRk.(1_pT=) e Fa

4)
In Eq. (4), X and w are dimensionless radial coordinate and
temperature, respectively.
Using the parameters defined in Eq. (4), Egs. (2) and (3)
are normalized as given by Egs. (5) and (6), respectively.

v ()}

e (1 + &w)j%

Fo
dXx?2

1 dw
X dX

dw

{(1 + dew)

—{w-1)+n(w*—1)} (1 + VC/QCQ)E =0

(5)

w=wp;at X =1 (6a)

—|—Bi(w—1)+mc(w —1)—O;atX:X0 (6b)

In Eq. (5), 7. = 0 for uniform thickness fin.

2) Fin with step change in thickness: In a similar way as
in the case of uniform and variable thickness fins, the main
governing equation and boundary conditions for the step fin
are derived as expressed by Eq. (7).

L [r{148(Ti — Two)} 4]

daT;

hr UE(T;I—T;IC) -
Tk {Ti Tt =" =0 % ()
where, rp, <r<ry, for i=1
m<r<r,, for i =2

Since the continuity of temperature and energy balance must
exist at the interface of the two sections of the step fin, Eq. (7)
will be subjected to the boundary conditions given by Eq. (8).

Ty =Ty satr=mny (88)
dT:
{14 B (T = To)} T2 =h (T2 — Toc)
+cre(T2 —Tfo) yatr =mnr,
(8b)
Ty =T ; atr=1r (8¢)
dT dT:
—tika {14 8(T1 = To)} 0 = — taka {1+ B (T — Tw)}
+ hs (tl — tz) X
-T2
{Tl —Teo + 0'6(100)} :
hs
atr =11 (8d)
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In Egs. (7) and (8), h is the convective heat transfer
coefficient on fin surface and h is that on the step surface.

For normalizing Egs. (7) and (8), the temperature distribu-
tion and fin dimensions shown in Fig. 1(c) are normalized, as
given in Eq. (9), by defining some dimensionless parameters.

— T — T = T

0= Tp—Too ¢= Tp—Too 0= Tp—Too
oe(Ty—Too)® oe(Ty—Too)®

Ry = (bh 00 ) Ry, = (bhs 00 ) a= (T, —Tw)

R=1 Ri=" R, ="
To o To

_ 12 — t

y37t1 gi'rb

:__ hry : _ hsry

Bl—fka BIS*TQ

©)
In Eq. (9), 6 and ¢ are respectively the dimensionless
temperatures in the first and second steps of the fin; R is the
dimensionless radial coordinate with R; and R, as its radial
values at the inner surface and step change in thickness; ¥ is
the thickness ratio; and Bi and Big are the Biot numbers at
the side and step surface.
Using the parameters defined in Eq. (9), Egs. (7) and (8)
are normalized as given by Eqgs. (10) and (11), respectively.

(1+ar) 25 + {ads + (1 +an)} &
—Z25 {1+ Ry (46° + 66%k + 46x% + k%) } = 0
where, k=10, 7= R—O; if R <R<R, (10)
n_¢,z_ L if R,<R<1
1 s
Zozg%)z
7y =22
0=1;at R=Ry (11a)
d¢ Bi
-1+ qb)df; RZ¢{1+R,» (46° + 6579 +45¢° + ¢°) } 5
at R=1 (11b)
0=¢; at R=R, (11c)
a9 d¢
Ry (14 ab) iR =ysR1 (1 + a¢) iR
— Bis(1—ys)0
x {1+ Ry, (46° +66°0 + 460" + 0°) } ;
at R =R, (11d)

IV. OPTIMIZATION MODELING OF ANNULAR FIN

It is stated in Section I that the performance of the studied
annular fin of various profiles will be evaluated in different
combinations of three performance functions, which are heat
transfer rate, fin volume and fin efficiency. Accordingly, the
multi-objective optimization problem is formulated here in a
general form for maximizing the heat transfer rate (f1(x)) and
fin efficiency (f5(x)) and minimizing the fin volume (f2(x)).

A. Formulation of the uniform and variable thickness fins

The profile of the variable thickness fin as shown in Fig. 1(b)
is represented by a B-spline curve, which is defined by some
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control points. Hence, m number of such control points,
Pi(xzi,y:) (@ 1 to m), are taken as the design variables,
whose x values will represent the radial distances starting from
the base of the fin and associated y values will define the half-
thickness of the fin falling on the B-spline curve. On the other
hand, the profile of the uniform thickness fin, as shown in
Fig. 1(a), is defined by a single point P, = (z,y), whose z
and y values will give respectively the outer radius and half-
thickness of the fin. Accordingly, the optimization problem
for both the profiles can be formulated jointly as given by
Eq. (12).

Determine x = {B|P;;i=1tom}
to maximize z(x) = {fi(x), f3(x)}
minimize fix) = {fa(x)} (12)
subject to ax) = <z <---<a,
gg(x) = y12y222ym

In the case of the variable thickness fin, P; = (x;,y;)
in Eq. (12) is the ith control point of the B-spline curve
representing the fin profile and m is the total number of control
points. According to the notations used in Fig. 1(b), z1 = rp,
y1 = ty, Tm = 1, and y,, = t,. Constraints g;(x) and go(x)
in Eq. (12) ensure that the control points are distributed along
the radially outward direction of the fin with non-increasing
values in the direction of the fin thickness, so as to avoid any
unpleasant fin profile. Further, y,, > 0 can be set in order to
represent a practical scenario by avoiding a sharp outer edge
of the fin.

In Eq. (12), m = 1 for uniform thickness fin, indicating a
single design point as stated above. Further, constraints g; (x)
and go(x) are not applicable in this case.

B. Formulation of the fin with step change in thickness

The geometry of the step fin, as shown in Fig. 1(c), is
defined in terms of four parameters, which are radius of the
fin at the point of step change in thickness (r1), outer radius
of the fin (7,), cross-sectional half thickness of the thick (first)
step of the fin (¢1), and cross-sectional half thickness of the
thin (second) step of the fin (¢2). Taking these four parameters
as the variables, the design of the step fin can be formulated as
a multi-objective optimization problem as given by Eq. (13).

Determine x = (ri,70,t1, tz)T
to maximize 2x) = {filx), fs(x)}
minimize x) = {fa(x)}
subject to alx) = r>n (13)
g2(x) = o>
gg(x) = 11 >1
Tl,’f‘o,tl,tg Z O .

In Eq. (13), the existence of two steps in the fin is ensured by
constraints g1 (x) and g2 (x), while two different cross-sectional
thicknesses of the two steps are ensured by constraint gs(x).
The last line in Eq. (13) makes the design variables non-
negative.
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C. Formulation of objective functions

The three objective functions, f1(x)—fs5(x) expressed in
Egs. (12) and (13), are the heat transfer rate, fin volume,
and fin efficiency, respectively. The maximization of fi(x)
and f3(x) enhances the overall thermal performance of the
fin, while the minimization of f3(x) reduces the fin material
cost. In terms of the notations and formulations of the thermal
modeling of the fin as presented in Section III, these can be
given by Eq. (14).

dT;
fi(x) = —kA, ar|._, (14a)
falx) =V (14b)
f1(x)
= 14

30 = A T = o) + oen, (i — iy 149

47rpty 5 for uniform/variable thickness fins

where, A, =
4dmrpty ; for step fin.

In Eq. (14a), Ay is the base area of the fin. The fin volume
V, appearing in Eq. (14b), is expressed by Eq. (15).

%”Zﬁ[:z 4, Tn=1(Tn —Tn_1)
X (ty_o+4 t,_1 +t,) ; for variable thickness

27ty (1% — 1,2) 5 for uniform thickness
21 {t1 (1? = m?) + ta (r,> = m?)} ; for step fin.
(15)
Further, the heat transfer surface area Ag, appearing in
Eq. (14c¢), is expressed by Eq. (16).

drrot, + 27 Zf:[:l (rn +rn—1) X
{(Tn - Tnfl)Q + (tnfl - tn)Q}

27 (ro? — r%) + 4mroty ; for uniform thickness

27 (ro? — ro?) + 4w {ry (t1 — t2) + rot2}; for step fin.

(16)

In Egs. (15) and (16), n and (N+1) are respectively the grid
index of space and total number of grid points.

(S

A, =

V. SOLUTION PROCEDURE

A widely applied multi-objective genetic algorithm, namely
the non-dominated sorting genetic algorithm II (NSGA-II)
proposed by Deb et al. [3], is employed here for solving
the fin design problem formulated by Eqs. (12) and (13) as
multi-objective optimization models (since NSGA-II is a well-
established algorithm, its detail is skipped here).

In the cycles of NSGA-II, the heat transfer rate, fi(x), is
evaluated through Egs. (5) and (6) for uniform and variable
thickness fins, while that through Egs. (10) and (11) for step
fin. The non-dimensional temperature distributions (w, 6 and
¢) along the length of the fins are first evaluated by solving the
sets of equations using a highly accurate numerical method,
namely the hybrid spline difference method (HSDM) presented
by Wang et al. [2], [19]-[21].

Then a temperature distribution, v, and its derivatives, v/
and v, are discretized by applying the concept of HSDM

; for variable thickness
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as expressed by Eq. (17) [2], where Ar, N + 1, n and p
represent the grid size, total number of grid points, grid index
of space, and spline parameter, respectively.

(©)

(®) (3)
~,+10 +
v :pn 1 Pn Py (17a)
12
(©) (i)
1 _Pny1— Pna Ay
n =T oA, e 17b
Y 2Ar v (17b)
(%) (%) (3)
i Pp—1 — 2pn” + Pni1
o Ar? (17¢)
(*31’4{+4V§{2217v§{+2)m- =0
where, AV;’L = M . n=1to N(L) 1

24 ?

n=N®

(31/4:74u;{71+1/;'72)A7“ .
24 ’

(17d)

In Eq. (17), i € {1,2} for step fin, while p) = p and
N® = N for variable and uniform thickness fins. Further,
v = w for uniform and variable thickness fins as formulated
in Eq. (12), while v = & for step fin as formulated in Eq. (13).

Using Eq. (17), the two sets of equations, i.e., Egs. (5) and
(6), and Egs. (10) and (11), are solved for pgf ) using the variant
of the Thomas algorithm proposed by Martin and Boyd [22].
After evaluating the p§3 ) values, the dimensionless temperature
distributions w, 6 and ¢ along with their derivatives up to the
second order at all the grid points are evaluated from Eq. (17).
Finally, the temperature gradient at the base of the fin, i.e.,
dd:f ey is obtained from the non-dimensional temperature
gradient at that point, which is then used in Eq. (14a) to
evaluate f1(x).

VI. NUMERICAL EXPERIMENTATION AND DISCUSSION

In the present study, the annular fins of various profiles,
namely uniform thickness, variable thickness and step change
in thickness, are analyzed in a convective and radiative envi-
ronment with a constant temperature at the base of the fin
and variable thermal conductivity for the fin material. The
proposed procedure is coded in C programming language, and
all the test cases are executed in the Ubuntu 12.04.5 LTS Linux
environment in a 32-bit HP Desktop.

The considered operating conditions and thermal properties
of the fin material along with fin geometry with reference to
Fig. 1 are listed in Table I, while the user defined algorithmic
parameter settings for NSGA-II are fixed based on some trial
runs as given in Table II. Since cubic curves with open uniform
knot vector and of order 4 are sufficient in most of the
engineering analysis, the same is considered for the B-Spline
curve representing the profile of the variable thickness fin.
Further, since the number of control points of a B-spline curve
must be more than the chosen polynomial degree by at least
two units in order to have a local control on the curve [23],
five control points are considered here to define the B-spline
curve.

With the above sets of input values and randomly generated
NSGA-II population, the fin design problem formulated in
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TABLE 1

OPERATING CONDITIONS, MATERIAL PROPERTIES, AND FIN GEOMETRY.
Parameter Value/

Range of value
Ambient temperature, 7 300 K
Temperature of the fin at the base, T} 600 K
Convective heat transfer coefficient on fin surface, h 50 W/m2K
Convective heat transfer coefficient on step surface, hs 50 W/m2K
Thermal conductivity of the fin material at Teo, kg 186 W/mK
Parameter for variable thermal conductivity, (3 -0.00018 K—1
Emissivity of the fin material, ¢ 0.8
Base radius, 2.0 cm
Outer radius, 7, 2.5-6.0 cm
Fin half-thickness, t (for uniform/variable thickness fin) 0.01-0.2 cm
Radius of step change in thickness, r1 (for step fin) 2.5-6.0 cm
Half thickness of the first step, t1 (for step fin) 0.01-0.2 cm
Half thickness of the second step, t2 (for step fin) 0.01-0.2 cm

TABLE II
USER-DEFINED PARAMETER SETTING IN THE CONTEXT OF NSGA-II.

Parameter Value/

Range of value
Population size 100
Number of generations 400
Crossover probability 90%
Distribution index for the crossover operator of NSGA-II 10
Mutation probability 0-1%
Distribution index for the mutation operator of NSGA-II 100

Egs. (12) and (13) is studied with various combinations of
the three objective functions, f1—f3, given by Eq. (14).

The Pareto fronts for the three fin profiles obtained by
maximizing the heat transfer rate (f;) and minimizing fin
volume (f3) are shown in Fig. 2, where the conflicting nature

350 .
— yd
£ 300 olbe * 7
=250 ¢ .
<
= 200 ¢ 1
=
& 150+ 1
2 Variable thickness profile °
§ 100 - Step change in thickness profile A |
§ 50 Uniform thickness profile * -
: 0 | | | |

0 5 10 15 20 25

Fin volume, f5 (crn3)
Fig. 2. Pareto fronts in terms of f1 and fa.

of the heat transfer rate and fin volume is clearly visible, i.c.,
one objective cannot be improved without degrading the other
at least by some amount. It is also seen in Fig. 2 that the
variable thickness fin has the best performance among the
three profiles, followed by that of the step fin. In fact, near the
end of the Pareto fronts where both the heat transfer rate and
fin volume reach their maximum values, the performance of
the step fin is slightly better than that of the variable thickness
fin. Nine selective efficient fin geometries (three solutions from
each fin profile), corresponding to solutions A—I of Fig. 2, are
shown in Fig. 3, where the patterns of significant geometric
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Fig. 3.
Fig. 2 (a larger scale in thickness direction is used to make the variation
in thickness prominent).

variations are clearly noticeable. For these configurations, the
values of the third objective (f3) are also computed and shown
in Fig. 3.

For further assessment, the problem is studied in the second
step for simultaneously maximizing the heat transfer rate (f1)
and fin efficiency (f3). The obtained Pareto fronts are shown
in Fig. 4, which reveal the conflicting nature between the heat

400 T L T T T
= Variable thickness profile e
< 350 ¢ Step change in thickness profile A -
= Uniform thickness profile
& 300 .
E
w250 b
RS
2]
= 200 b
E
§ 150 A
jus)

100 1 1 1 1 1 1 1

0.8 0.82 084 086 0.8 09 092 094 0.96

Efficiency, f3
Fig. 4. Pareto fronts in terms of f1 and f3.

transfer rate and fin efficiency also. It is also seen in Fig. 4
that the variable thickness fin has the lowest efficiency among
the three fin profiles. The Pareto fronts of the other two fins
overlap with each other, indicating almost the same efficiency
in both the cases. This is due to the fact that both the optimized
step fin and uniform thickness fin takes almost similar shapes.

VII. CONCLUSION

A comparative analysis of multi-objective optimization of
various profiles of annular fins under one-dimensional heat
transfer in convective and radiative environments is presented.
Fin performance related three parameters are taken as objective
function of the problem, which are maximization of the heat
transfer rate and fin efficiency and minimization of fin volume.
Evaluating by the hybrid spline difference method (HSDM),
the objective functions are optimized using the nondominated

Nine efficient fin geometries corresponding to solutions A-I of
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sorting genetic algorithm (NSGA-II). In the numerical exper-
imentation, it is observed that the variable thickness fin has
a lower efficiency but a higher heat dissipation rate per unit
volume, followed by those of the step fin.
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Abstract—The bi-level problem is an embedded decentralized
optimization process at two levels arisen in hierarchy-based
organizations. The activities of the lower-level are governed by
the upper-level, while the performance of the latter is dependent
upon that of the former. Though consists of two decentralized
levels, their embedding nature makes the solution procedure of
the bi-level problem complicated. In the present work, a multi-
objective differential evolution algorithm is employed to solve
this problem as a plain multi-objective optimization problem by
combining its two levels. The proposed procedure is found very
potential in identifying promising trade-off optimal solutions for
a number of benchmark problems.

I. INTRODUCTION

The bi-level problem was introduced in the field of game
theory by Stackelberg in the year 1934, in which two players
of a game compete with each other in such a way that the
leader optimizes its objectives by anticipating the optimal
reactions of the follower against the initiative movements
of the leader. That is, the bi-level problem is a sequential
hierarchical optimization process, which involves two decision
makers that have different objective functions, variables and
constraints. In other words, the bi-level problem consists of
two optimization problems, one embedded (nested) within
another as a hierarchical structure. The outer optimization
problem is commonly referred to as the upper or top level (or
leader) problem, and the inner one as the lower or bottom
level (or follower) problem. The variables associated with the
upper-level problem are known as the upper-level variables
and those associated with the lower-level problem are known
as the lower-level variables. The constraints are also referred
in similar ways according to their association with the upper-
level and lower level problems.

The bi-level problem has applications in various real-
world domains, including agriculture [1], environmental eco-
nomics [2], decision-making [3], portfolio management [4],
government policy making [5], transportation [6], [7], and
engineering [8], [9], [10], [11], [12], among others.

The bi-level problem is usually studied under certain cate-
gories, such as linear bi-level problem [13], nonlinear bi-level
problem and multi-objective bi-level problem. The bi-level
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problem is linear if all the objective functions and constraints
of both the levels are linear, while the problem is nonlinear if
any of them is nonlinear. On the other hand, the problem is
called multi-objective if more than one objective function are
to be optimized at any level.

II. THE BI-LEVEL PROBLEM FORMULATION

Since the bi-level problem consists of two optimization
problems one embedded (nested) within another as a hier-
archical structure, it in a general form can be formulated
mathematically as expressed by Eq. (1).

Minimize Fr(u) xz,y); r=1t QW
reX,yeY ( )
subject to Ggu) (x,y) <0;i=1to MW

Yy € arg min {Fs(l)(a;z) : Gg) (x,z) < 0} ;
zeY

s=1t0QW; j=1t0o MO

X CR™

Y CR™
(D
In Eq. (1), F and G represent respectively the sets of ob-
jective functions to be minimized (optimized) and inequality
constraints to be satisfied, while  and M are the sizes of these
two sets with the superscripts (u) and (1) denoting respectively
the upper-level and lower-level problems. On the other hand,
x and y represent respectively the upper-level and lower-level

decision vectors.

In principle, the bi-level problem formulated in Eq. (1) is to
be solved sequentially in an interactive mode as follows: the
lower-level problem is first optimized for its variable vector
Yy against an initial guess to the upper-level variable vector
x, which in turn is improved by optimizing the upper-level
problem with the obtained y. Then the optimization of the
lower-level problem is repeated for its new variable vector y
against the updated «, followed by optimization of the upper-
level problem again for further improvement of x. In this way,
the process is continued until it converges. Although sounds
simple and interesting, the implementation of the process is not
so easy, particularly when a level involves multiple objectives




2017 International Conference on Advances in Mechanical, Industrial, Automation and Management Systems (AMIAMS)

leading not to a single x or y but to a set. If the problem is
tackled in its original form, classical optimization techniques
often require some simplifications, like linearity, convexity, or
single-objective transformation. Hence, it becomes essential to
develop some alternative approaches.

Aiyoshi and Shimuzu [14] tackled the single-objective bi-
level problem (ie., in Eq. (1), Q™ = QU = 1) with a
well-known penalty function method by transforming the bi-
level problem into a one-level single-objective optimization
problem, in which it was claimed that a sequence of so-
lutions to the transformed problem would converge to the
solution of the original bi-level problem. In the domain of
evolutionary algorithms, some researchers converted the bi-
level problem into a single level problem using the Karush-
Kuhn-Tucker (KKT) conditions [15], [16]. Sinha et al. [17]
have recently introduced a hybridized bi-level evolutionary
algorithm based on quadratic approximations of optimal lower
level variables with respect to the upper level variables.

In the multi-objective bi-level problem as in Eq. (1), the
rational response of the follower against a decision of the
leader is deterministic if the lower-level problem is single-
objective, i.e., Q(l) = 1 in Eq. (1). In the case of a multi-
objective lower-level problem, however, there is no single
solution to the follower to respond, but a set of trade-off
solutions (i.e., no solution is better than any other solution
in terms of all the objective values), which makes it difficult
to device a procedure for providing effective solutions at
the upper-level [18]. For such cases, Shi and Xia [19], [20]
proposed an interactive algorithm that transforms the original
bi-level problem into a separate multi-objective problem at
each level with a satisfactory concept to model the preferences
of the upper-level decision maker. Zhang et al. [21] presented a
branch-and-bound algorithm for solving linear bi-level prob-
lems with the provision for handling multiple objectives at
any level through some fuzzy parameters. Deb and Sinha [22]
suggested a co-evolutionary algorithm with two interacting
populations for pursuing both the upper-level and lower-level
problems simultaneously through iterations, instead of a serial
optimization of the lower-level problem against every solution
of the upper-level problem.

III. THE PROPOSED PLAIN MULTI-OBJECTIVE PROBLEM
FORMULATION

Aiyoshi and Shimuzu [14] transformed the single-objective
bi-level problem into a one-level single-objective optimization
problem with a claim that the solution of the transformed
problem would be same with the solution of the original
bi-level problem. In a similar line, the bi-level problem in
the present work is transformed into a one-level problem.
However, unlike forming a single weighted objective function
by combining those of the upper and lower levels as in Aiyoshi
and Shimuzu [14], the objective functions of the two levels are
considered here to be optimized simultaneously as a multi-
objective problem. Accordingly, the original bi-level problem
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given by Eq. (1) is transformed into a plain multi-objective

optimization problem as expressed by Eq. (2).
Minimize f,(z,y,2); * € X;y,z€Y
subject to  gx(x,y,2z) <0

g=1t QW + Q0

k=1to M®W 4+ MO

X g Rnx

Y CR™

where

2

In Eq. 2), f, (¢ = 1to QW 4 QW) is a set comprising
F (r =1t0 QW) and F (s = 1 to Q) as given in
Eq. (1). Similarly, gz (k=1 to M™ + M) is another set
comprising G\ (i = 1 to M™) and QEI) (j =1to MD)
as given in Eq. (1).

IV. NUMERICAL EXPERIMENTATION AND DISCUSSION

For evaluating the proposed multi-objective transportation
of the bi-level problem, three test problems of different nature
are considered, details of which are given in Table I. Test
problem 1 is a simple case of one leader and one follower,
each involving a single objective function to be minimized.
Further, the leader is subject to one constraint and the follower
is subject to two constraints. Test problem 2 also has one leader
and one follower, but each having two objective functions to be
maximized simultaneously, where the leader is subject to one
constraint and the follower only needs a non-negative variable.
In comparison to Test problems 1 and 2, Test problem 3 is
complicated. It involves one leader and three followers with
each having one objective function to be minimized, in which
information exchange takes place among the followers also.
Moreover, the variables of the leader and followers 2 and 3 are
to be positive without any fixed lower boundary. Additionally,
follower 3 is subject to an equality constraint, which is difficult
to handle by any numerical optimization technique.

A multi-objective version of the differential evolution (DE)
algorithm, presented by Datta and Figueira [25], is chosen for
solving the multi-objective optimization problem formulated
in Eq. (2). In case of each of the above three test problems, a
DE population (i.e., a set of solutions) of size 60 is evolved
for 500 iterations with DE perturbance factor of 0.7 and
crossover probability of 90%. Analyzing the constraints of
the test problems, their variable limits are fixed as follows:
0 < 21,29 <50 and —10 < y1,y2 < 20 for Test Problem 1,
0 < x1,z9 < 4 for Test problem 2, and 0.001 < z; < 10,
0.001 < 29 <5, 1 <y < 9,2 < y12 <3,0.001 <yoy <9,
0.001 § Y22 < 3, 0.001 § Y31 < 2.5 and 0.001 § Y32 <
1.7 for Test problem 3. Further, the equality constraint of
Test problem 3 is converted into an inequality constraint as

2us1t3us2 1| < 0.001.

The final 2-objective Pareto front obtained for Test prob-
lem 1 is shown in Fig. 1 along with its best known solution
as given in Table I, where it is seen that the best known
solution is nothing but the extreme point of the Pareto front
corresponding to the overall maximum of F(") and minimum
of FU as expressed in Table I. However, an extreme solution
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TABLE I
DETAIL OF THE STUDIED TEST PROBLEMS.

SN Test problem

Best known solution Reference

I Minimize FO)(z,y) = 221 + 2x2 — 3y1 — 3y2 — 60 (z7,23) = (25,30) Aiyoshi and Shimuzu [14]
(x) (y*v y;) = (57 10)
FO(@,y) = (1 —21 +20% + (o —22+20)° ] FV*=5
—_ F* =0
Subject to  y € arg min 21— 2y > 10
(Yy) T2 — 2y2 > 10
—10 < y1,92 <20
z1 4+ z2 +y1 — 2y2 < 40
0<z1,22 <50
2 (u) — .2 2 ¥ =0 Baky and Abo-Sinna [23
Ma(xirr)ﬁze { ?(H)Ex1,a:2§ = Zﬁ +902)2 ) } z% =4 y [23]
x1 r1,r2) = (1 — 1)+ *
’ 1) _ oo F ) = (16,17)
. Fy/(z1,22) = (z1 — 3)% — 42
Subject to  x2 € arg max o) FO* g\ _ 2 6y
(z2) Fy (xl,x2)52z1+(z2+4)2 1 .19 )—(_ ,64)
Tl + 12 <4
r1,72 20
3 Minimize F® = 3(y11+912)2+5(y21 +y22)° +10(yz1 +y32) (z},x3) = (5.768,2.116) Liu [24]
o v/ (®,y1,Y2,Y3) 202 +22+3z 172 (yi1, 7o) = (2.885,2.0)
Subject to 1 + 2z2 < 10 (u31,v35) = (1.699, 1.414)
21,03 > 0 (ygul),*ySQ) = (1.183,0.878)
O\ g Pl = 1510
Fy o (y1) = i + i F]( 12.323
Y11 + Y21 + Y31 = 21 FI* = 6.225
Y1 € arg (rln/in) Y12 + Y22 + Y32 = T2 le)* 0.835
yi1 =1
Y12 > 2
Q) — Y11 4 Y12
F. = Y1 g mi2
y2 € arg min { 2 (W2) =war +y2 + vor T o
W2) { y21,922 >0
©) _ (y31-v21)2 (y32—y22)*2
. Fs (ys) = Y31 + Y32
Ys € arg (s | 2ys1 +3ys2 =5
y31,Y32 > 0
450 : .
i Best known solutior. = proposed in th? presept work Would be a good c.ho1ce, whose
400 - %% Multi objective Pareto front o Pareto front will provide multiple trade-off solutions to select
350 o g an appropriate compromise solution for implementation.
[¢] . . . . . . .
300 - ® R Since there is no mechanism to visualize the 4-objective
s 250 1 Oooo% 4 Pareto front of Test problem 2, only numerical values of some
200 - % | of its points are shown in Table II. It is seen here that the
R}
150 ) 7
100 - %o | TABLE II
% NUMERICAL VALUES OF THE PARETO FRONT FOR TEST PROBLEM 2 GIVEN
50 - %?Jo oo E IN TABLE I.
| | | | ] %0 g gy s
30 25 20 15 10 S 0 5 10 Solution @1 o2 P s O 7V
() 1 0.000 4.000 16.000 17.000 -7.000 64.000
2 0.000 3.970 15.761 16.761 -6.880 63.522
Fig. 1. Pareto front for Test problem 1 given in Table L. 3 0.000 3.873  15.001 16.001 -6.493  61.987
4 0.004 3.790 14.363 15.356 -6.181 60.689
5 0.000 3.735 13.953 14.953 -5.941 59.835
always may not be preferred in real life, but a compromise one : : : : : : :
due to many reasons, such as the management (the leader) of 52 0.002 0.482 0.232 1.227 7.060  20.089
a manufacturing company may prefer to cut the profit to some gi 8888 8;33 8 (l)ig i (l)ig ;‘1‘?2 i?;g
extent by improving its product quality (the follower) in order 55 0:000 0:]27 0:016 1:0]6 8:492 ]7:033
to survive in the competitive market. In that case, it seems that 56 0.000 0.000 0.000 1.000 9.000  16.000

the multi-objective transformation of the bi-level problem as
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best known solution of Test problem 2 is also nothing but
an extreme point (i.e., solution number 1) of its Pareto front
corresponding to the overall maximum of F{™, F{") and
FQ(I) and minimum of Fl(l) as expressed in Table I. Hence,
the same conclusion as in Test problem 2 can be drawn
that the multi-objective transformation of the bi-level problem
has merits in terms of providing a set of trade-off solutions
as multiple alternatives to choose a suitable compromise
solution for implementation. Further, since both the leader and
follower of Test problem 2 have two objective functions to be
optimized simultaneously, there should be a 2-objective Pareto
front for each of them. Since the proposed multi-objective
transformation will not give such separate Pareto fronts but a
combined one, the objective values of the leader and follower
are extracted from the combined Pareto front whose truncated
numerical values are shown in Table II. Then Fl(u) versus F2(u)

1 1 - .
and Fl( ) versus FQ( ) are plotted as shown in Fig. 2, where it
70 T T T
o o< @ versus ¥ o
\ O versus o
1 2
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5 40
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z, 30 \....
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B © o
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@ g O
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Fig. 2. Plots of the leader and follower objective values for Test problem 2
given in Table 1.

is observed that Fl(u) and Fz(u) are correlated, i.e., both are
improved or degraded simultaneously. On the other hand, I’ 1(1)
and Fg(l) conflict with each other, i.e., one cannot be improved
without degrading the other one by some amount and vice
versa. In order to confirm these observations, each of the two
sets of objective functions is also optimized separately as a
two-objective problem (plots are not shown here), in which it
is found that the optimized F\"™ and Fz(u) converge at point
A shown in Fig. 2, while Fl(1 and F2(1) form a Pareto front
that overlaps with CD of Fig. 2. Therefore, it is clear in Fig. 2
that the optimized F' l(u) and Fz(u) converge at different values
along AB corresponding to the trade-off values of Fl(l) and
Fz(l) along their Pareto front CD. That is, points A and C' of
Fig. 2 together form a solution of Test problem 2, points B
and D form another solution, and so on in the cases of the
intermediate points of AB and CD.

As in the case of Test problem 2, due to the non-availability
of any technique to visualize the 4-objective Pareto front of
Test problem 3, only numerical values of some of its points are
shown in Table III, where it is observed that the best known
solution of the problem is dominated by at least one solution
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of its Pareto front, specifically solution number 42 as shown
in the table.

V. CONCLUSION

Owing the complicacy of solving the bi-level problem,
particularly when it involves multiple objective functions at
any level, the problem is transformed here as a plain multi-
objective optimization problem by combining its both the
levels into a single one. The solution of the transformed
problem will be a Pareto front containing a set of trade-off
solutions in terms of all the objective functions of the original
bi-level problem, even in the case of a single-objective bi-
level problem. Employing a multi-objective differential evo-
lution (DE) algorithm to the transformed problem, Pareto
fronts containing sets of promising trade-off solutions could
be obtained for three test problems of different nature in terms
of numbers of followers and objective functions.
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Abstract—The multi-floor facility layout problem (MFLP)
involves the optimal arrangement of given facilities in multiple
floors. Considering that the facilities are to be arranged in
multiple floors starting from the left origin of each floor, the
MFLP is formulated here as a multi-objective optimization
problem for simultaneously minimizing the number of floors and
the overall material handling cost. The overall material handling
cost involves the individual material handling cost among the
facilities arranged in the same floor as well as in different floors.
The horizontal and vertical material handling costs between two
given facilities are considered to be different as the vertical flow
of materials requires the install of elevators also. Solving the
present formulation of the MFLP by customizing a permutation-
based genetic algorithm, results of a number of test instances of
varying sizes are provided as benchmark.

I. INTRODUCTION

The facility layout problem (FLP) usually seeks an optimal
arrangement of facilities by minimizing the material handling
cost among them. The FLP has applications in the manufac-
turing and service industries. It deals with the arrangement
of various machines in a manufacturing line, as well as
the arrangement of various departments in service sectors
such as office, hospital, etc. The single row facility layout
problem (SRFLP) has been studied extensively, where the
facilities are arranged along a single row. However, expensive
and limited land supply specially in urban areas, as well as the
requirement for reducing material handling cost, makes it es-
sential to arrange given facilities even in multiple floors, which
is known as the multi-floor facility layout problem (MFLP).

Initially some heuristic techniques were applied to solve the
MEFLP [1], [2]. Due to the limitation of the heuristic techniques
in getting stuck at local optimum, various meta-heuristics are
being investigated. Meller et al. [3] proposed a simulated
annealing based approach, named as SABLE, to attain the
global optimum solutions. Some two-stage approaches, such
as STABLE [4] and FAF/TS [5], were also investigated, which
combine heuristic techniques with exact methods. In the first
stage of a two-stage approach, exact methods such as the
mixed integer linear programming (MIP) are used to arrange
the facilities in different floors based on their vertical flow
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cost. Then some heuristic techniques such as Tabu search are
applied in the second stage for optimizing the layout of each
floor. However, the approach faced the limitation of facility ex-
change among different floors. An alternative approach, known
as the FLEX, was proposed by Meller and Bozer [6], which
outperformed STABLE [4] both in overcoming this limitation
and in computational aspect. Another two-stage approach was
proposed by Bernardi and Anjos [7], where an MIP model was
used in the first stage and another mathematical-programming
framework in the second stage.

Based on practical scenarios, such as number, location and
utilization of elevators, the MFLP was handled by Matsuzaki
et al. [8] using simulated annealing and genetic algorithm.
Lee et al. [9] investigated a genetic algorithm to arrange the
compartments in a ship as an MFLP model. In another study,
Goetschalckx and Irohara [10] provided an MFLP formulation
for manufacturing industries to serve by elevators only at two
or three adjacent floors, and another formulation for office
buildings to serve at any floor.

In all of the above works, the MFLP was studied for
minimizing the overall material handling cost among the
facilities under the consideration of fixed number of floors,
each of equal length. No work could be found in specialized
literature studying the MFLP with flexibility to length and
number of floors.

Motivated by the above research gap in literature and
practical requirement, the MFLP is formulated here as a multi-
objective optimization problem for simultaneously minimizing
the overall material handling cost among the facilities and the
number of floors in which the given facilities can be arranged.
Further, a permutation-based genetic algorithm is customized
to handle the MFLP model. In the numerical experimentation,
a number of test instances of sizes in the range of [9,30]
are solved and the comparison with their SRFLP results is
presented.

The paper is organized as follows: the problem is described
in Section II, followed by its formulation in Section III and the
solution procedure in Section IV. Presenting the computational
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results in Section V, the article is concluded in Section VI
summarizing the present work and highlighting the future
scope on the theme.

II. PROBLEM DESCRIPTION

In the MFLP model studied in the present work, a given
set of facilities are to be placed in multiple floors so as to
simultaneously minimize the overall material handling cost
among the facilities and the number of floors in which the
facilities are to be placed. Various assumptions made in the
MFLP model are as follows:

1)

2)

The placement of the facilities is started from the left
corner of every floor.

Inter-floor interaction occurs through the nearest one out
of the two elevators located at the two corners of a floor.
There is no physical gap between two consecutive facil-
ities placed in a floor.

All the floors are of the same height.

The total height of the floors cannot be greater than the
maximum floor length. This restriction is imposed just
to create an upper bound to the total height of the floors.

3)

4)
5)

III. PROBLEM FORMULATION

For formulating the MFLP model at hand, the following
notations are defined:

Indices
i, : Indices of facilities
k,l : Indices of floors
s : Index of a permutation of given facilities
Fixed parameters
m : Number of facilities to be arranged
l; : Length of the ith facility
L : Average length of m number of facilities
Cij : Horizontal material handling cost between the
ith and jth facilities (i.e., when the facilities
are placed in the same floor)
cij : Vertical material handling cost between the
ith and jth facilities (i.e., when the facilities
are placed in different floors)
h : Height of a floor
Variables
N : Total number of floors
Ly, : Length of the kth floor
dy; : Horizontal distance between the ith and jth
facilities (i.e., when the facilities are placed
in the same floor)
n; : Floor in which the 4th facility is placed
Objective function
f : Overall material handling cost among all the
given m facilities
fo : Number of required floors.
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In terms of the above notations, the proposed MFLP is
formulated as given by Egs. (1)—(3).

m—1 m
Minimize T :Z Z [cijdT; + cizhIn —nf|] (1)
i=1 j=i+1
Minimize fo =NT 2)
Subject to N"h <max{Li|Ly; k=1,2,...,N"} (3)

Equations (1) and (2) represent the two objective functions
to be minimized, which are respectively the overall material
handling cost among all the facilities and the number of
floors for their placement. Equation (3) is a constraint that
creates an upper limit to the total height of all the floors.
The computations of the horizontal distance d7; and vertical
distance h|n] — n7| between the ith and jth facilities of the
permutation 7, used in Eq. (1), are explained in Section III-B.

A. Forming MFLP solution

Any permutation 7 of given m facilities will not directly
represent a solution of the MFLP. Therefore, a valid MFLP
solution is to be formed before evaluating it using Egs. (1)-
(3), which is explained here.

An MFLP solution from a permutation 7 of given m
facilities is formed by distributing the facilities into /V floors.
This is done as follows:

The average length L of each of the N floors is first
calculated using Eq. (4).

NgE

l;
i=1
~ )
Then, a floor is formed by placing the facilities of 7 in
it one by one until the total length of the floor becomes L.
However, since the length of a facility is a discrete one, the
following two cases may arise as illustrated in Fig. 1:

L =

Ny

L

| L

(b) Floor length deviates from its average value.

Fig. 1. Forming an MFLP solution from a permutation of given facilities.

1) As shown in Fig. 1(a), the length of the kth floor will
become exactly L if facilities 1-5 are placed in it.
Hence, the kth floor is formed with facilities 1-5 and
the remaining facilities are taken to the other floor(s).
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2) As shown in Fig. 1(b), the length of the kth floor will
be shorter by y from L if facilities 1-4 are placed in
it, while it will exceed by z if facilities 1-5 are placed
in it. Hence, in order to avoid excessive deviation from
the average floor length L, the kth floor will be formed
with facilities 14 if y < z and with facilities 1-5 if
z < y, while it can be formed randomly either with
facilities 1-4 or facilities 1-5 if y = 2.

B. Distance between two facilities

Once an MFLP solution is formed as explained in Sec-
tion III-A, the total number of floors N7 (used in Egs. (2)
and (3)), in which the facilities of permutation 7 are placed,
is obtained automatically.

The computation of the distance between two given facili-
ties, required in Eq. (1), is explained below with the help of
Fig. 2:

)

d
| dbc i
\

Floor n;

(ny —ng)h

n S

Floor ny

\ | | |
\ \
dfi) dg?‘) x ‘Lnl

- Lnkl

Fig. 2. Distance between two facilities in a permutation.

1) If the two facilities are placed in the same floor, the
horizontal distance between them would simply be their
centroidal distance in the horizontal direction. This is
illustrated in Fig. 2 by dp. as the horizontal distance
between facilities b and c. Further, since the facilities
are placed in the same floor, they will have no vertical
distance, i.e., their vertical distance is zero.

2) If the two facilities are placed in two different floors,
they can be interacted through any of the two elevators
located at their two corners. However, the shortest dis-
tance is considered for reducing the material handling
cost between them. This is illustrated in Fig. 2 as the
interaction between facilities a and c¢ placed in floor ny
and ny, respectively. Their horizontal distance through
the left elevator is (dE}J + dffc)) and through the right
elevator is (df{? + da‘? + |Ln, — Ly, |). Hence, the
minimum of (dl(llc) +d((3:)) and (d((f(’;) +d,(;§ +|Lp, — Ly, )
will be used in Eq. (1) as the horizontal distance between
facilities a and c. Further, being in different floors, their
vertical distance will be h(n; — ny).

IV. SOLUTION PROCEDURE

The proposed MFLP model is investigated by customizing
the permutation based genetic algorithm (pGA) presented
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n [11], [12] for studying facility layout problem. The steps
followed in the customized GA are outlined below:

1) The GA population is formed with a set of D solutions,
where a solution is an array representing a permutation
of given m number of facilities. Each solution of the
GA population is initialized with a random population
using the technique presented in [12].

2) MFLP solutions are formed as explained in Sec-
tion III-A.

3) The objective values of the MFLP solutions are calcu-
lated using Egs. (1) and (2).

4) Applying the crowded tournament selection operator,
a temporary GA population of size D is formed by
multiple copies of the solutions of the original GA
population based on their non-dominating ranks and
crowding distances.

5) Applying the crossover operator, used in [12], a new
GA population of size D is generated by exploiting the
temporary GA population formed in Step (4) above. In
this operator, a new solution is formed from two random
solutions taken from the temporary GA population. The
positions of the new solutions are filled up by taking
facilities from the same positions of any of the two
parent solutions. If a position cannot be filled up by
taking facilities from the parents, it is kept in reserved.
Finally, all the reserved positions are filled up by taking
the remaining facilities in a random order.

6) In the mutation, the neighborhood of each new solution
generated by the crossover is explored by interchanging
the facilities of two random positions.

7) Repeating Steps (2) and (3) for the solutions obtained
in Step (6) above, MFLP solutions are formed and
evaluated.

8) The GA population for the next iteration is formed
by the best 50% solutions from the combination of
the original and new GA populations based on the
non-dominated ranks and crowding distances of their
solutions.

9) Steps (2)—(8) are repeated until a predefined number of
GA iterations are performed.

V. COMPUTATIONAL EXPERIMENTS AND DISCUSSION

The procedure proposed in the present work is coded in C
programming language and executed in the Fedora 15 Linux
environment in a HP Desktop. The computational experiment
is performed with instances of different sizes varying in the
range of [9,30].

A. Experimental setup

For handling the above instances to evaluate the proposed
MFLP model, the range of floors, in which the facilities of an
instance can be arranged, is fixed as [1,5] for instances of sizes
up to 11 and as [1,15] for the remaining instances. The height
of a floor is taken as 3 in all the instances. Further, since the
vertical material handling costs for none of these instances are
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available in literature, it is taken as 1.5 times of the horizontal
material handling cost of each pair of facilities.

Since the pGA is a stochastic optimization tool, the so-
lutions may vary with its parameter settings. Hence, multiple
runs are performed for comparison with different sets of initial
solutions. Other parameter values, fixed based on some trial
runs, are given in Table I.

TABLE I
GA PARAMETER VALUES USED IN THE NUMERICAL COMPUTATION.
GA parameter Value
Population size 60
Crossover probability 50%
Mutation probability 10%

Number of iterations 500 (for permutation sizes < 11)
10000 (for permutation sizes > 11)

Number of runs 30

B. Results

With the experimental setup stated in Section V-A, a total
of 14 instances of different sizes are considered for evaluating
the proposed MFLP model. Two instances each of size 9
with different lengths of the facilities, which were originally
introduced by Simmons [13] for evaluating a SRFLP model,
are studied first. In each of the 30 runs of the GA for both the
instances, the final Pareto front was found containing multiple
trade-off solutions placing the facilities in a maximum of 4
floors. The detail results against the minimum and maximum
number of floors, including the facilities and length of each
floor, obtained in a random run for the instances are given in
Table II. It may be noticed in Table II that both the overall

TABLE 11
RESULTS OF THE MFLP INSTANCES OF 9 FACILITIES.
. Flow No. of Floor Facilities placed Floor
Instance Size .

cost (f1) floors (f2) number in the floor length

2469.5 1 1 236915748 56

1 72 14

S9 [13] 9 22975 4 2 63 13

3 519 14

4 48 15

4695.5 1 1 952173648 59

1 35 13

S9h [13] 9 36975 4 2 82 15

3 671 16

4 49 15

material handling cost (f1) and floor length could be reduced
in the MFLP model by arranging the facilities in multiple
floors over the SRFLP model arranging them in a single
floor (row).

Studying two more small-size instances of sizes 10 and 11,
which were also originally introduced by Simmons [13] for
evaluating his SRFLP model, similar results as in Table II are
obtained. These results are given in Table III.

After the two sets of small-size instances, a set of 5
instances each of size 25 with different facility lengths and
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TABLE III
RESULTS OF THE MFLP INSTANCES OF 10 AND 11 FACILITIES.
. Flow No. of  Floor Facilities placed Floor
Instance Size .

cost (f1) floors (f2) number in the floor length

2781.5 1 1 93175104268 60

1 10 7 15

S10 [13] 10 2467 4 2 5246 15

3 81 15

4 39 15

6933.5 1 1 1197211064358 67

1 911 16

SIL[I3] 11 (oo 4 2 712 17

3 346 17

4 1085 17

flow costs, which were originally introduced by Nugent et
al. [14] for evaluating a SRFLP model, are studied. The results
containing the objective values of these instances, obtained in
one of the 30 runs of the GA, are presented in Table IV.
Though the final Pareto fronts of the instances contained

TABLE IV
OBJECTIVE VALUES OF THE MFLP INSTANCES OF 25 FACILITIES.

Instance Size fi f2 Floor length
N25_01 [14] 25 4618 1 25
N25_02 [14] 25 18140.5 9 28
N25_03 [14] 25 13976 8 20
N25_04 [14] 25 21145.5 12 29
N25_05 [14] 25 10956.5 6 16

multiple trade-off solutions in terms of the two objective func-
tions (except instance N25_01, whose Pareto front converged
to a single solution), only the solutions arranging the facilities
in the maximum number of floors are presented in Table IV.
For illustration, the plots of the Pareto fronts, obtained in
different GA runs for instance N25_04, are also shown in
Fig. 3.
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f1 (Overall material handling cost)

Fig. 3. Pareto fronts obtained in different GA runs for instance N25_04 of
Table 1V.

Finally, another set of 5 instances each of size 30 with
different facility lengths and flow costs are studied, which were
also originally introduced by Nugent et al. [14] for evaluating
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their SRFLP model, are studied. The results containing the
objective values of these instances, obtained in one of the 30
runs of the GA, are presented in Table V in a similar way
as in Table IV. Here, the Pareto front of instance N30_01

TABLE V
OBJECTIVE VALUES OF THE MFLP INSTANCES OF 30 FACILITIES.

Instance Size f1 f2 Floor length
N30_01 [14] 30 8278 1 30
N30_02 [14] 30 15143.5 6 14
N30_03 [14] 30 23478.5 8 24
N30_04 [14] 30 26417 9 29
N30_05 [14] 30 39766 14 40

converged to a single solution, and those of all other 4
instances converged at a set of trade-off solutions. However,
only the solutions arranging the facilities in the maximum
number of floors are presented in Table V. Further, the plots
of the Pareto fronts, obtained in different GA runs for instance
N30_05, are also shown in Fig. 4.

f2 (Number of floors)

2

0
30000 40000 50000 60000 70000 80000 90000 100000 110000 120000

/1 (Overall material handling cost)

Fig. 4. Pareto fronts obtained in different GA runs for instance N30_05 of
Table V.

VI. CONCLUSION

A new model of the multi-floor facility layout prob-
lem (MFLP) is proposed here. It is formulated as a multi-
objective optimization problem for arranging given facilities
in multiple floors by simultaneously minimizing the overall
material handling cost among the facilities and the maximum
number of floors required for their placement. It is considered
that facilities are placed in a floor, starting from its left end,
without allowing any physical gap between two facilities. Two
facilities placed in two different floors are allowed to interact
only through one of the elevators placed at two corners of the
floors. Further, an upper bound to the total height of the floors
is also created by imposing a constraint.
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Customizing a permutation-based multi-objective genetic
algorithm, available in literature, a set of MFLP instances of
different sizes in the range of [9,30] are studied and their
detail results are presented. It is observed that both material
handling cost and floor size can be reduced by arranging given
facilities in multiple floors, instead of a single floor (row) as
studied under the single-row facility layout problem (SRFLP).

All the instances studied in the present work are one
dimensional, i.e., the facilities have only lengths. The proposed
MFLP model may be extended to study more realistic cases
considering both length and width of the facilities.
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Abstract—Milk pasteurization processes in dairy industries,
carried out in heat exchanger network (HEN), undergo severe
fouling because of the complex biological composition of milk.
The formation of fouling gradually reduces the heat transfer
capacity requiring to maintain the performance of a HEN by its
periodic cleaning for fouling, which not only involves very high
cleaning cost but also leads to production loss due to shutdown
of the production process during cleaning. Hence, the HEN needs
to be scheduled in a way to minimize the cleaning cost satisfying
different process conditions as well as avoiding loss in the net
production. In this work, the problem is formulated as a single-
objective optimization problem for minimizing operational cost
and then it is solved using a genetic algorithm. Further, along
with the economic criteria, the effects of energy consumption and
heating medium flow rate in the process are also discussed.

I. INTRODUCTION

Milk is pasteurized by heating to destroy the micro-
organisms dissolved in milk, so that it can be consumed
safely [1]. However, the process suffers from the rapid for-
mation of fouling on the heating surface. The major causes
of milk fouling are protein denaturation and calcium pre-
cipitation, which form precipitated layers on the surfaces of
heat exchangers [2], [10]. Milk fouling leads to numerous
undesirable phenomena, such as decrease in heat transfer
coefficient, increase in pressure drop, loss in product, etc. [2].
Various fouling models, involving such phenomena, are pro-
posed in [4], [11]-[13].

Fouling can be reduced either by improving the design of
heat exchangers [3], [4] or through process control by adjust-
ing physical parameters like air content, temperature, pressure,
flow rate, preheating, etc. [S]-[7]. Still a heat exchanger is to
be cleaned periodically to maintain a low fouling rate. Dairy
industries require the cleaning of a heat exchanger for 5-6
hours on daily basis [21].

Industrial heat exchangers are generally cleaned by
cleaning-in-place (CIP), cleaning-out-of place (COP) and man-
ual cleaning techniques [8], out of which CIP is found to be
the most effective one for dairy industries as it can be applied
in the plant itself without disassembling a heat exchanger
network (HEN) [9]. However, the CIP technique requires the
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production process to be stopped in the heat exchanger under
cleaning. Moreover, it consumes more water, chemicals and
energy, thus involving high cost (cost of cleaning, cost of
steam, cost of manpower, cost of electricity, etc.) [14], [15].
Hence, CIP systems require some modifications to make
them more efficient [16]. Manufacturing companies, such as
ECOLAB [17], OPTEK [18], SIEMENS [19] and SPX [20],
have developed some improved CIP systems.

Accordingly, an effective cleaning schedule of the heat
exchangers of a HEN becomes essential to minimize the clean-
ing cost by avoiding any production loss. Many works have
been reported on optimal operation of the milk pasteurization
process [1], [22], [23], while some other on optimal scheduling
of a HEN [21], [24]-[28]. It is found in all of these works that
cleaning is scheduled either for a single heat exchanger or
a small-size HEN. Also, the optimization models are solved
by various classical methods, which are usually inadequate
to handle large-size instances of the problem. Further, the
classical optimization methods need to transform this mixed
integer non-linear programming (MINLP) problem into an
equivalent mixed integer linear programming (MILP) model.

Motivated by above mentioned research gap, the milk
pasteurization in a serial HEN is formulated here as a mixed
integer non-linear single-objective optimization problem for
minimizing total cleaning cost subject to some processing
conditions. In the numerical experimentation, the effectiveness
and limitations of this formulation are demonstrated by solving
a case-study using a genetic algorithm (GA).

II. PROBLEM FORMULATION

The optimization of a milk pasteurization process carried
out in a serial HEN over a given time period is considered
here. The problem is broadly defined as follows:

o Determine

1) Operational status (heating or cleaning) of each heat
exchanger at every time instant.
Final outlet temperature of the steam (heating
medium) from the HEN at every time instant.
Final outlet temperature of the milk (processing
fluid) from the HEN at every time instant.

2)

3)
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o To minimize
1) Total cleaning cost.
e Subject to

1) Constraint on amount of mass deposition on the
surface of a heat exchanger.

2) Constraint on maximum operating time of a heat
exchanger.

3) Constraint on residence time of milk in the HEN.

4) Constraint on cleaning of a heat exchanger at two
consecutive time instants.

5) Constraint on temperature difference between steam
and milk.

6) Constraint on temperature of milk at the outlet of
the HEN.

The following are the notations to be used in the optimiza-
tion formulation of the problem:

o Indices

¢ : ith heat exchanger.
t : tth time instant.

o Parameters

N : Total number of heat exchangers in the HEN.

T : Duration of the production cycle.

A, : Surface area of the heat exchanger.

r; : Permitted period of continuous operation.

Cij : Heat transfer coefficient after the jth time
instant ((;; <T';) of operation.

ONnit - Tnitial temperature of steam.

Ofinit - Tnitial temperature of milk.

©fmin : Required minimum temperature of milk
at the outlet of the HEN.

00©; : Minimum temperature difference between
steam and milk.

ch : Specific heat capacity of steam.

cf : Specific heat capacity of milk.

Ff : Flow rate of milk.

§¢rit . Critical amount of mass deposition (fouling).

Y : Slope of the profile of mass deposition.

T : Residence time of milk during operation.

™" Minimum overall residence time in the HEN.

ch : Cost coefficient of steam.

Cix . Fixed cost coefficient associated with CIP.

CY*™ @ Variable cost coefficient associated with CIP.

o Main variables
Wit : Operational status.
Ohfinal - Steam temperature at the outlet of the HEN.
Offinal : Milk temperature at the outlet of the HEN.
o Auxiliary variables
hit : Heat transfer coefficient under fouling.
Tit : Number of continuous operational time
instants (7;; < T).

©hin : Inlet temperature of steam.
Ofn : Inlet temperature of milk.
©fut . Outlet temperature of milk.

o : Total number of operational heat exchangers.

The operational status of the heat exchangers over the time
instants (u;;) can be expressed by Eq. (1).

0 ; if ith heat exchanger is cleaned at ¢th instant
Uip = 1; otherwise.
1=12,...,.Nandt=1,2,...,T .
ey
The total number of operational heat exchangers (¢;) can
be computed using Eq. (2).

N
Gr= uip; t=1,2,...,T . )
1=1

The number of continuous operational time instants of the
ith heat exchanger at the tth time instant (7;;) can be obtained
using Eq. (3).

0: if wy=0,Vt=12...T
C ] if t:T, WUj,t—j+1 :1,

Tit = Uip—c=0; j=1toc 3)
1477 if wup=1landt=1
1+Ti,t71 ;o if wuy=land 1<t<T

The decreased heat transfer co-efficients (h;;) due to in-
creased mass deposition on the heat exchanger surface over
time, can be calculated using Eq. (4) as a function of 7;;.

Ci Tit ) if Tit > 0
hig = o .
{ 0; otherwise.

In Eq. (4), (i,;, can be obtained experimentally or compu-
tational analysis of the complete milk pasteurization process.

The steam temperature at the entry (©4") of a
heat exchanger can be obtained by uniformly distributing
(©hinit _ ghfinal) gyer all the operational heat exchangers of
a time instant as given by Eq. (5).

“4)

@?init ; if ¢ < St
ehin = ?inl,t ; ifi>s;and uj—1 4 =0
Oy, —Ay; ifi>spanduq, =1
(52)
where, sg=min{p |up =1; p=1,2,...,N}  (5b)
@hinit _ @hﬁnal
and, Ap=—t——t (5¢)

¢ —1

In Eq. (5), s; is the first operational heat exchanger at time
instant ¢. It is considered in Eq. (5a) that steam temperature in
a heat exchanger at a time instant will be lost by an amount
of A, if the heat exchanger is in operation at that time instant.

Milk temperatures at the entry and exit of a heat exchanger
and at the outlet of the HEN at different time instants may be
obtained as given by Eq. (6).

finit .  :f .
ofn — oMy ifi=1 .
* fout - otherwise.
; O if ugy = 0
out __
@it - Aih”(29?20_®§211)+2chf®?tn . h .
Ajhi 4 2FEcE ; otherwise.
(6b)
flinal fout
Ol = oy 60)
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Finally, the optimization of the milk pasteurization process
can be formulated mathematically as given by Eqgs. (7) and

(8).

T
Minimize f EE Creyit
t=1

+ —ui) + Cidi ) (Ta)
i=1t=1
. ) TiT 5 ift=1
with d;; = { e it 1 (7b)
Subject to gy = YTy < 05 (8a)
ge= T < Iy (8b)
N
g3 = > riug =1 (8¢)
i=1
g1 = (1= i) (1 —ui) #0;
a=Tift=1,elsea=t—1 (8d)
gs = ehin _efin > 50, (8e)
g6 = (O3 —uwdO;) —OR™ =60, (8
gr = @iﬁnal 2 @imln (8g)

In Eq. (7a), the objective function f represents the total
clean-in-place (CIP) cost, which includes the cost of steam,
fixed cleaning cost and variable cleaning cost. Also, d;; in
Eq. (7b) indicates the number of continuous operational time
instants prior to the cleaning time instant. The constraints
given by g1—g7 in Eqs. (8a)—(8g) represent, respectively, the
amount of mass deposition, continuous operational time, resi-
dence time of milk in the HEN, cleaning of a heat exchanger at
two consecutive time instants, temperature difference between
steam and milk at the entry of the heat exchanger, temperature
difference between steam and milk at the exit of the heat
exchanger, and temperature of milk at the outlet of the HEN.
Since these constraints are hard to handle, some repairing
mechanisms may be used for their forced satisfaction.

III. GENETIC ALGORITHM FOR SOLVING THE PROBLEM

In the present optimization problem, a HEN of N heat
exchangers is to be scheduled over T time instants. Accord-
ingly, the problem involves N x T number of {0,1} binary
variables (u;¢; ¢ =1,...,N and t =1,...,7T) and T number
of real variables (OMnal; + =1 ... ).

A binary-real-coded version of genetic algorithm (GA),
employed by Datta [29] to a problem of similar nature, namely
the unit commitment problem in the area of power systems,
is adopted here for solving the present problem. In this
GA, solution comparison is made with the binary tournament
selection operator. The single-point crossover operator and
swapping mutation operator are used for working with the
binary variables (u;;) of the problem, while the simulated
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binary crossover (SBX) operator and polynomial mutation
operator are used for handling the real variables ©in2! (Deb
et al. [30] may be referred for detail of these operators).

IV. NUMERICAL EXPERIMENTATION AND DISCUSSION

The application of the optimization model given by Eqgs. (7)
and (8) is demonstrated by solving it for a case-study using
the GA mentioned in Section III.

A. Case study

A HEN consisting of 15 plate type heat exchangers with
counter-current flow, taken from Georgiadis and Papageor-
giou [21], is investigated here. All the data related to the HEN
and the heat treatment process are kept the same with those
given in [21]. The data set includes fixed parameter values
related to heat exchanger and heat treatment process (N, A;,
T, @?init’ @{init, Ch, Cf, Ff, 5@t7 @{min’ Tiy Tmins 5’L_crit)’ heat
transfer co-efficients under milk fouling ((;;), rate of mass
deposition on the surfaces of heat exchangers (vy;) and cleaning
cost co-efficients associated with CIP (CF, Cfix, Cyar),

B. Experimental setup

The problem is solved 30 times with different initial solu-
tions and other user-defined algorithmic parameter values to
analyze the statistical performances of the investigated GA.
The user-defined algorithmic parameter values are provided in
Table L.

TABLE I
USER-DEFINED PARAMETER VALUES USED IN THE INVESTIGATED GA.
Parameter Value
Population size 100
Maximum number of generations performed 20000
Crossover probability 90%
Distribution index for SBX operator 20
Mutation probability 1%
Distribution index for polynomial mutation operator 35
Number of runs 30

C. Results and discussion

The schedule of the HEN obtained in one out of the 30
independent runs of the GA is given in Table II, where ‘I’

TABLE II
SCHEDULING OF THE HEN OF 15 HEAT EXCHANGERS OVER 24 TIME
INSTANTS.
Tlme Schedule No. of Tlme Schedule No. of
nst. operating nst. Operating
HEs HEs
1 1T1011111011110 12 13 1010TT111111110 12
2 111111111100011 12 14 111101111010011 11
3 111110110111101 12 15 111111010111101 12
4 Ol1111101111110 12 16 111110111101111 13
5 111111011010111 12 17 101111101110111 12
6 101111111111011 13 18 O11101111011110 11
7 111001111101111 12 19 110111011111001 11
8 110111111111100 12 20 111011111011110 12
9 111110110110111 12 21 101110101101111 11
10 O11111011011111 12 22 111111110110011 12
11 110111101111001 11 23 O11101011111111 12
12 1111111101111 14 24 100111111111101 12

indicates that the corresponding heat exchanger is in operation,
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while ‘0’ means it is under cleaning. It can be observed that the
schedule satisfies the residence time constraint (residence time
of r; = 6 seconds in a heat exchanger and overall minimum
residence time of r.,;, = 60 seconds in the HEN at a time

instant), which demands at least 10 operating heat exchangers
at each time instant.

The total number of cleaning instants and the corresponding
cleaning cost obtained at different runs of the GA are visual-
ized in Fig. 1 (the cleaning cost has been expressed in rmu,

some lower bound so as to utilize its heat content completely
by maintaining an aspired temperature difference between milk
and steam. Hence, for the schedule given in Table II, the
temperatures of milk and steam at the outlet of the HEN at
different time instants are investigated, the plots of which are
shown in Fig. 2. It is observed in Fig. 2(a) that milk leaves
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Fig. 1. Number of cleaning instants and cleaning cost obtained at different
runs of the GA.

which means relative monetary unit). The statistical analysis
of the overall cleaning cost (best, worst, average and standard
deviation) over 30 independent runs of the GA is presented in
Table III.

TABLE III
STATISTICAL ANALYSIS OF THE CLEANING COST OVER 30 INDEPENDENT
RUNS OF THE GA.

125

120

GA

Cleaning cost f Value
Best 206990 rmu
Worst 216737 rmu
Average 211757 rmu
Standard deviation 0.96%

Along with satisfying the economic criteria (minimizing the
cleaning cost), thermal balance is also required during the milk
heat treatment process to avoid high energy consumption and
high steam flow rate. Hence, outlet temperatures of milk and
steam are two major issues of concern. It is to be ensured that
milk is not overheated consuming excess energy during the
process. The steam outlet temperature should also be within
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Fig. 2. Milk and steam temperatures at the outlet of the HEN at different
time instants.

the last heat exchanger of the HEN exactly at the expected
temperature (©min 96°C) at all the 24 time instants.
On the other hand, it is seen in Fig. 2(b) that steam leaves
the HEN at higher temperatures than its minimum possible
value (@£m1n+5@t = 99°C) almost at all the 24 time instants,
which depicts that the heat of steam is not utilized fully, thus
requiring a higher steam flow rate.

In view of above, multi-objective optimization of the milk
pasteurization process may be performed for arriving at a set of
trade-off solutions by simultaneously minimizing operational
cost as well as energy consumption.

V. CONCLUSION

Motivated by the requirement of minimizing cleaning cost
of heat exchangers in dairy industries under milk fouling,
a mixed-integer optimization problem is formulated in the
present work. This cost minimization necessitates schedul-
ing of a heat exchanger network (HEN) and controlling of
processing fluid (milk) and heating medium (steam) outlet
temperatures at any time instant. Accordingly, a binary-real-
coded genetic algorithm (GA) is investigated here for schedul-
ing of a serial HEN over a given time period. The GA
could minimize the cleaning cost and maintain the milk outlet



2017 International Conference on Advances in Mechanical, Industrial, Automation and Management Systems (AMIAMS)

temperatures at the required level. However, the steam outlet
temperatures are found to be significantly above the minimum
possible level, thus demanding a higher steam flow rate.
Hence, further investigation may be carried out for balancing
both the economic and thermal performance criteria.
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A Multi-objective Optimization Method )
Based on Nelder-Mead Simplex Search e
Method

Vivek Kumar Mehta and Bhaskar Dasgupta

Abstract Inthis paper, amethod based on Nelder and Mead’s simplex search method
is developed for solving multi-objective optimization problems. Unlike other multi-
objective optimization algorithms based on classical methods, this method does not
require any a priori knowledge about the problem. Moreover, it does not need any
pre-defined weights or additional constraints as it works without scalarizing the multi-
objective problem. The algorithm works with a population of points and is capable
of generating a multitude of Pareto optimal solutions. Equipped with the constraint
handling strategy adopted in this work, the method is found to be competitive with
respect to the existing algorithms.

Keywords Simplex search method - Multi-objective optimization -
Pareto optimal solutions

1 Introduction

Nelder and Mead’s simplex search method [14] is a well-known direct search classical
algorithm for single-objective optimization. The method was introduced for solving
the usual single-objective unconstrained optimization problems. In a problem having
n design variables, it works with a simplex, which with its n + 1 vertices forms a
convex hull. Starting with an initial simplex in the design space, the method evaluates
the objective function value at each vertex of the simplex and on the basis of these
function values determines the worst x,,, second worst X;, and the best x;, among
them. Next, the algorithm attempts to improve the current simplex by replacing the
worst vertex with a potentially better point in the design space. It does so by exploring
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the region around the points (other than the worst point) with the help of a reflection
followed by a considered option of an expansion, contraction, or shrink.

In recent years, there have been attempts to exploit the potential of this algo-
rithm for multi-objective optimization problems [7, 8, 11, 12]. Using simplex search
method for local search along with the usual operations of reproduction, crossover,
and mutation involved in genetic algorithm, Koduru et al. [7] proposed a hybrid al-
gorithm, fuzzy simplex genetic algorithm (FSGA), which uses the concept of fuzzy
dominance. Martnez and Coello [11] have proposed a method for hybridizing the
NSGA-II algorithm with the simplex search method. They have also employed the
simplex search method for local exploration and found their method performing bet-
ter than NSGA-II. However, their method can only handle bound constraints. Kuriger
and Grant [8] proposed a lexicographic Nelder—-Mead-based simulation optimization
(LNM-SO) method. They have used preemptive goal programming strategy for han-
dling multiple objectives. In addition to setting the target value for each goal, the
strategy demands the decision maker to rank the goals in order of decreasing impor-
tance.

Martinez et al. [12] proposed a nonlinear simplex search-based approach for
solving unconstrained multi-objective optimization problems. They have adopted
the penalty boundary intersection (PBI) approach [20], which uses weight vectors
and a penalty value to convert the multi-objective problem to several single-objective
problems. Then, they solve each of these subproblems using simplex search method
to obtain several solutions on the Pareto front.

In this paper, a multi-objective optimization method based purely on Nelder—
Mead’s simplex search method has been developed. The suggested method works
without converting the multi-objective optimization problem into single-objective
optimization problem and, yet, is capable of generating a multitude of Pareto optimal
solutions. The proposed method uses only the basic operations of simplex search
method and is capable of handling constraints efficiently. In Sect. 2, the proposed
method has been described in detail. Section 3 describes the constraint handling
strategy used with the proposed method. Sections 4 and 5 present the results obtained
by the proposed method for unconstrained and constrained problems, respectively,
followed by the conclusion in Sect. 6.

2 Proposed Algorithm

Evolutionary algorithms work with a population, because of which they are capable
of generating several solutions for a multi-objective optimization problem in a single
run. Like evolutionary algorithms, the simplex search method, in a way, also works
with a population of points. One obvious question than one could ask is the following.

Could it be used to generate several solutions for a multi-objective optimization problem
and that too in a single run?
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This is precisely the question that has been addressed in this work, and the pro-
posed method is an answer to this question. Though the proposed method is based
on the simplex search method, it is different from the basic simplex method in two
significant aspects.

1. The basic simplex method works with n + 1 points and a single simplex, whereas
the proposed method works with more than n 4 1 points and multiple simplices.

2. In the basic simplex method, two points in the design space are compared on the
basis of objective function values, whereas in the case of the proposed method,
two points are compared on the basis of dominance.

Moreover, in the proposed algorithm the number of vertices used to form a sim-
plex, nps, is also taken as a parameter. In the usual simplex method, the number of
vertices to form a simplex, nps, is taken as (n + 1). To explore an n-dimensional
space, it is imperative for a simplex to have (n + 1) vertices so that no region of the
domain is outside the reach of such simplices. However, working with more than
one simplex, in a multi-objective scenario, gives an opportunity to explore the effect
of changing nps on the performance of the algorithm. Since the algorithm works
with more than one simplices, a region of the domain left unexplored by one of the
simplex could be covered by others.

Algorithm As discussed earlier, for solving an n-dimensional multi-objective opti-
mization problem, the proposed algorithm which is based on simplex search method
works with more than n + 1 points and multiple simplices. Further, the number of
vertices used to form a simplex, nps, is also considered as a parameter. Hence, it
is must to decide the population size, the number of simplices, and the number of
vertices for the simplex at the beginning of the algorithm. Let the population size be
denoted as Py, and the number of simplices is denoted as N. Now, the task in hand
is to generate the new improved solutions using this initial population of solutions.
For generating the new solutions, at each iteration, ifer, usual operations of simplex
search method, i.e., reflections, contraction, and expansion, are performed for each
of the N simplices. The stopping criterion for the simplex loop is Smax;,,. New
solutions are generated till the maximum iteration, Max;,,, is reached. Below are
the steps involved in the proposed algorithm.

e Decide population size Py, number of simplices N, number of vertices to form a
simplex nps, maximum iteration of the outer loop Max;,,, and maximum iteration
for the simplex loop or the inner loop Smax;,.

e Generate Py points to form the initial population and assign front value to each
point of the population.

e Outer loop: For iter = 1toiter = Max,,, generate random combination of points
for N simplices.

e Inner loop: For each simplex, follow the usual procedure of basic simplex
method of reflection, expansion/contraction to generate new solutions and com-
pare different solutions on the basis of domination.
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Itisinteresting to note thatif Smax;., = 1, thenby the end of every outer iteration, the
algorithm must have generated and explored at most 2N additional points (generated
by reflection and expansion/contraction). It is quite possible that in one of the inner
iterations, the algorithm accepts a point from the tenth front,' whereas in another it
rejects a point which corresponds to the fifth front. Discarding or accepting points in
every inner loop severely hampers the efficiency of the algorithm because in doing
so it is quite likely that the algorithm discards a point having a better front value.

To overcome this difficulty, an additional population of points generated by reflec-
tion and expansion/contraction is maintained at the end of every outer loop iteration.
This additional population is then combined with original P points. Out of these
points, P points are chosen from the fronts having the highest front value. In the
vocabulary of evolutionary algorithms, this can be seen as preserving elites.

While selecting P points from a combined population of points, a condition may
arise when to complete the set of P points, and the algorithm needs to choose only
a subset of points from the points available on a front. In that case, those points from
the front can be chosen, which form a better spread of that front. This can be done
by introducing another measure, crowding distance [3], that will help the algorithm
identify such points from a front.

3 Constraint Handling with Simplex Search Method

A method for handling constraints with simplex search method for single-objective
constrained optimization problems has been proposed by the authors [13]. It treats
constraint violation and objective function separately and provides appropriate mea-
sures to handle all the cases of a simplex lying in any of the three regions, namely
(1) feasible region: where all the points of the simplex are feasible, (ii) boundary
region: where some of the n + 1 points are feasible and other infeasible, and (iii)
infeasible region: where all the points of the simplex are infeasible. In case all the
points are either feasible or infeasible, the algorithm tries to minimize the objective
function value or constraint violation, respectively. If the simplex lies in the bound-
ary region, the infeasible points are assigned a consolidated function value which
is equal to the sum of objective function value of the worst feasible point and the
constraint violation of that infeasible point. In this way, the point having the largest
value of constraint violation would become the worst point among n + 1 points and
the algorithm would try to move away from that point.

The same strategy of assigning function value is used here for handling constraints
in multi-objective scenario. The function value assignment for each point of the
population P; is as follows:

I'To compare two points on the basis of dominance, a front value is assigned to each point depending
on the front on which the point lies. All the points on a particular front have the same front value
which is equal to the number of points which are dominated by that front.
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— For each point of the population, evaluate the constraint violations and identify
the infeasible points.

— Evaluate the objective function values at all the feasible points, identify the worst
feasible function value for all the objectives f;,i = 1,2, ..., m, and store them
in a vector fw — [f]worst fzworst L. fr;uorst]T.

— To each of the infeasible points, assign a consolidated value

F=f"4cv[l1... l]ﬁ,m,

where for a general multi-objective problem having inequality and equality
constraints defined as g;(x) <0 for i=1,...,p, h;x) =0 for j=1,
.., q; the constraint violation (cv?) is defined as:

p q q
cv=">Y max{0,g;(x)} + Y max{0, ()| -8} +R D x>

j=1 j=1 j=1

Thus, all the points of the population will be assigned function values. The point
having the highest constraint violation will be dominated by all the other points, and
the proposed algorithm would try to move away from that point.

4 Unconstrained Problems

The proposed method has been tested on several unconstrained multi-objective test
problems shown in Table 1. The results are compared with the NSS-MO [12] and
NSGA-II [3] algorithms. The comparison with NSS-MO is on the basis of perfor-
mance metrics spacing S [17] and hypervolume [22], whereas with NSGA-II, it is
based on 7" and A [3]. The metrics 7" and hypervolume measure the convergence of
the solution points obtained to the global Pareto front, whereas the metrics A and S
give a measure of the diversity of the obtained solution set.

Martinez et al. [12] have compared their algorithm NSS-MO with that of Zhang
and Li [20] for the problems LIS, FON, and DTLZ5 and concluded their algorithm
to be superior than MOEA/D. For bi-objective problems LIS and FON, Martinez
et al. have taken P; = 100 and maximum function evaluations to be 4000 and for
three-objective problem, DTLZS, they have taken P; = 300 and maximum function
evaluations to be 12,000. For comparison, 30 independent runs of the proposed
algorithm have been considered, with same P; and maximum function evaluations,
along with N = 100, nps = n + 1 and Smax;, = 1.

Figure 1 shows the typical convergence of the population points of the proposed
algorithm for problems LIS, FON, and DTLZS. Table 2 shows the comparison of the
results obtained from the proposed algorithm with that of the NSS-MO (as reported in
[12]). For each problem, boldface values correspond to the algorithm which performs

2For discussion on R and 8 in the expression, see Mehta and Dasgupta [13].
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Table 1 Unconstrained multi-objective optimization test problems

Problem n Variable Objective function Nature of
bounds Pareto front
SCH 1| [-10%,10%) | fitx) =2 Convex
Schaffer [16] Hx)=x— 5)2 Connected
LIS 2 [-5, 10] fix) = {’/ xlz + x% Non-convex
Lis and Eiben [10] frx) = {V(xl 2052+ (x2 — 0.5)2 Connected
FON 3 [-4, 4] fix) =1—exp(—3 Z?:I(xi - %)2) Non-convex
Fonseca et al. [6] %) =1 — exp(—3 Z?:l(xi + %)2) Connected
POL 2 | [-7, 7] fix) =14 (A — B)? + (Ay — By)? Disconnected,
Poloni et al. [15] LX) = (x + 3)2 + (x2 + 1)? Non-convex

A; =0.5sinl —2cos1+sin2 —1.5cos2
Ay =1.5sinl —cos1+2sin2 — 0.5cos2
By =0.5sinx; —2cos x| + sinxy — 1.5 cos x3
By = 1.5sinx; — cosx) + 2sinxy — 0.5cos x3

KUR 3 [-5,5] fix) = ?;11 (—10exp(—0.2 xl-z + xi2+1)) Non-convex
glllrsawe Fr&) =", (%98 + 5sin x?) Disconnected
VNT 2 | [-3,3] fix) = 0.5 +x3) + sin(x? +x3) Non-convex
Viennet et al. [19] frx) = (3)61—2gz+4>Z + (Xl—;%-*-l)z +15 Disconnected

f® =07 +x+ D7 - 11
exp[—(x? +x3)]

DTLZ5 12 | [0, 1] f1(x) = cos (61) cos (62) (1 + g(xpm)) Non-convex
Deb et al. [5] f2(x) = cos (61) sin (B2) (1 + g(xpm)) Connected
f3(x) =sin (01)(1 + g(xm)) Degenerate
gxm) =Y, cx,, (51 — 0.5)?
01 =%x

0, = m(l +2g(xpx2))
Xy = [x3, X4, X5, X6, X7, X8, X9, X10, X11, X12]

better. Clearly, as the convergence of the proposed algorithm is better in two out of
three cases, whereas the spacing metric values are better for the NSS-MO algorithm
in two cases, one cannot say which algorithm performs better on these problems.
However, it is important to note that the proposed algorithm has performed similar
to the NSS-MO without using any weight vector and penalty value and without
converting the multi-objective problem to single-objective problem.

For comparison, the NSGA-II? algorithm has been run for 250 generations (or
Max;,,) with a population size of N = 100, crossover probability 0.9, and a mutation
probability of 1/n (where n is the number of design variables). The distribution
indices for mutation and crossover operators were taken as 7, = 20 and n. = 20,
respectively. To keep the function evaluations of the proposed algorithm same as that
of NSGA-II, the runs for the proposed algorithm were taken with maximum number

3The authors gratefully acknowledge the availability of the source codes for NSGA-II algorithm
on the Web site http://www.iitk.ac.in/kangal/codes.shtml, from where these were downloaded on
September 8, 2011.
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Fig. 1 Typical results of the proposed algorithm for problems LIS, FON, and DTLZ5

Table 2 Comparison of the proposed algorithm with NSS-MO. The hypervolume calculation is
based on reference vector r = [1 117 for LIS, r = [1.1 1.1]7 for FONandr = [1.1 1.1 1.1]7 for
DLTZ5

Problem NSS-MO Proposed NSS-MO Proposed
algorithm algorithm
Hypervolume Spacing
Mean (variance) | Mean (variance) |Mean (variance) |Mean (variance)
LIS 0.309713 0.281162 0.005861 0.005823
(0.007686) (0.000029) (0.000812) )
FON 0.542006 0.543569 0.004454 0.005823
(0.001476) ) (0.000218) (0.000001)
DLTZ5 0.429676 0.432870 0.007064 0.019799
(0.000917) (0.000006) (0.001211) (0.000289)
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Table 3 Comparison of different algorithms of the basis of mean and variance of metrics 7" and A

Problem Algorithm |7 or A oA Ny

SCH NSGA-II 0.003173 0 0.430332 | 0.001196 25,000
Proposed  |0.003162 |0 0.393513 | 0.000722 25,000
algorithm
(n+1)

FON NSGA-II 0.002589 0 0.373326 | 0.000566 25,000
Proposed 0.002173 0 0.293504 0.000539 25,000
algorithm
@)

Proposed |0.002240 |0 0.323102 | 0.000674 25,000
algorithm
n+1)

POL NSGA-II 0.014194 | 0.000001 0.415517 0.001060 | 25,000
Proposed 0.015238 0.000001 0.339555 0.000244 25,000
algorithm
@)

Proposed 0.016869 0.000001 0.322245 0.000290 | 25,000
algorithm
(n+1)

of function evaluations as 25,000. Ten independent runs for each of the algorithms
have been considered for those problems for which the true Pareto front is known. For
the proposed algorithm, the run was carried out with two values of nps. The average
performance of the algorithms, on the basis of 7" and A, is shown in Table 3. As is
evident from the values shown in the table, except the value of T for the problem
POL, all the results of the proposed algorithm are better than NSGA-II.

For the problems, KUR and VNT (for which the true Pareto front is not known),
the results are compared using set converge metrics [21] C4p and Cpy, where A
corresponds to the solution set obtained by the proposed algorithm and B corresponds
to the solution set obtained by the NSGA-II algorithm.

Table 4 shows the mean and standard deviation for these metrics. As discussed
earlier, the metric C4p gives the fraction of solutions in set B, which are dominated
by solutions of set A and Cp,4 gives the fraction of solutions in set A, which are
dominated by solutions of set B. As evident from the table, for the problem KUR,
on an average more number of solutions of set A, i.e., solutions obtained by the
proposed algorithm are dominated by the solutions of set B. Hence, the algorithm
NSGA-II performs better on the problem KUR. For the problem VNT, on an average
more number of solutions of set B, i.e., solutions obtained by the NSGA-II algorithm
are dominated by the solutions of set A. So, the proposed algorithm performs better
in case of the problem VNT.
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Table 4 Comparison of different algorithms on the basis of set converge metric
Problem Algorithm | Cap OCup Cpa OCpa Ny

KUR A: Proposed | 0.0854 0.0251 0.4227 0.0375 25,000
algorithm
(nps =
n+1)

B: NSGA-II
A: Proposed | 0.1177 0.0366 0.2219 0.0438 25,000
algorithm
(nps =2)
B: NSGA-II
VNT A: Proposed | 0.1023 0.0303 0.0774 0.0290 25,000
algorithm
(nps =
n+1)

B: NSGA-II
A: Proposed | 0.1132 0.0344 0.0667 0.0248 25,000
algorithm
(nps = 2)
B: NSGA-II

5 Constrained Problems

The proposed multi-objective optimization algorithm equipped with the constraint
handling procedure discussed in Sect. 3 is tried on some problems (Table 5) available
in the literature. These problems include two problems of mechanical component
design: two-bar truss design problem and welded-beam design problem. The results
have been compared with NSGA-II. The results of NSGA-II were obtained with 250
generations (or Max;,,), a population size of N = 100, crossover probability 0.9
and a mutation probability of 1/n (where n is the number of design variables). The
distribution indices for mutation and crossover operators were taken as ,, = 100 and
n. = 20, respectively. To keep the function evaluations of the proposed algorithm
same as that of NSGA-II, the results of the proposed algorithm have been obtained
with the maximum number of function evaluations as 25,000.

Figure 2 shows the typical convergence of the proposed algorithm on these con-
strained test problems, along with that of NSGA-II. Except the welded-beam design
problem, where both the algorithms have fallen short of locating the minimum of
objective function fi, the performance of both the algorithms is good, as all the points
of the population have converged close to the actual Pareto front and a decent spread
has been maintained by both the algorithms. To compare the average performance of
the algorithms quantitatively, ten runs of both the algorithms were taken and mean
and variance of the performance metrics 7 and A are shown in Table 6. As shown
in the table, except the SRN and truss design problem, the convergence metric 1"
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Table 5 Constrained multi-objective optimization test problems

Problem n Variable bounds Definition
DEB 2 x1 €[0.1, 1.0] Minimize f](x) = x|
Deb et al. [3] x €10,5) Minimize f>(x) = 122
Subject to
g1X)=6—x7 —9%x1 <0
g2(x)=1+x—-9x; <0
SRN 2 | x €[-20,20] Minimize f)(x) = (x; —2)% + (x — D% +2
Chankong and Haimes [1] x3 € [—20,20] Minimize f>(x) = 9x; — (xo — l)2
Subject to
g1X) =x} +x3 —225<0
(X)) =x1 —3x+10<0
TNK 2 X1 € [-m, ] Minimize f](x) = x|
Tanaka et al. [18] xp € [—m, 7] Minimize f>(x) = xp
Subject to
g1(x) = 7x12 7x% + 1+ 0.1 cos(16 arctan %) <0
2®) =@ =052+ -05%-05<0
‘Welded beam 4 h €0.125,5] Minimize f| = (].]0471h2[ + 0.04811tb(14 + 1))
Deb and Srinivasan [4] t € [0.1, 10] Minimize f, = (2.1952/(t3b))
1 €[0.1, 10] Subject to
b €[0.125,5] g1 =1t — 13600
gy = o — 30600
g=h=>b
g4 = 6000 — P,
where
Tp = 6000/ (v/2hl)
V0.25(24+(h+1)2))
tdp = 600014 +0.5) (1.4141h((I2 /12)40.25(h+1)2)
P. = 64746.022(1 — 0.0282346t)tb3
o = 504000/ (t2b)
ltpT,
(g2 4.2 Ptdp
T= T, + T + —
\/ P fasa2 i)
Two-bar 3 x1 €10,0.01] Minimize f; = x1v/16 + y2 + x2/1 4+ y2
Truss design Deb xp €[0,0.01] Minimize f,=max(c4c,opc)
[2, pp. 450-451] y €[1.0,3.0] Subject to

&1 :max(aAC, O'BC) =< 105

where
20y/16+y2
TAC = 3
80y/14y2
OAC = v

has a better value for the proposed algorithm. Also, the metric A, which signifies the
spread of the points of the population over the Pareto front, has better value in all the

cases.

With the above discussions, it is clear that the proposed method which is based on
a classical direct search algorithm is capable of generating a multitude of solutions
for multi-objective optimization problems. The method is capable of handling con-
straints neatly and efficiently and can solve engineering problems. Apart from the
problems discussed here, the proposed method has been tested on few other prob-
lems and the performance is found to be comparable with the existing algorithms.
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Fig. 2 Typical results of NSGA-II and the proposed algorithms for constrained problems

However, to exploit the true potential of the proposed algorithm and to further de-
velop the idea of using the simplex search method as the multi-objective optimization
tool, detailed studies on the area are needed.

6 Conclusion

In this paper, a multi-objective optimization method based on Nelder and Mead’s
simplex search method has been developed. The method is easy to implement and
unlike NSS-MO [12], which is another multi-objective algorithm based on Nelder
and Mead’s simplex search method, is capable of handling constraints. The proposed
method does not need any a priori and additional information about the problem,
and it works without converting the multi-objective optimization problem to single-
objective problem using weights or additional constraints.
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Table 6 Comparison of different algorithms of the basis of mean and variance of metrics 7" and A

Problem Algorithm |7 or A oA Ny

DEB NSGA-II 0.004666 0 0.691395 0.002342 25,000
Proposed |0.004419 |0 0.604383 0.000834 25,000
algorithm
@)

Proposed 0.005127 0 0.568830 | 0.000738 25,000
algorithm
n+1)

SRN NSGA-II 0.287146 | 0.000615 0.380772 | 0.001154 25,000
Proposed | 0.341309 0.000752  |0.365620 | 0.000429 25,000
algorithm
2
Proposed 0.341737 0.000501 0.376241 0.000849 25,000
algorithm
n+1)

TNK NSGA-II 0.005242 0 0.719209 0.000585 25,000
Proposed  |0.003374 |0 0.626290 | 0.001373 25,000
algorithm
2
Proposed 0.003420 |0 0.630787 0.000284 25,000
algorithm
n+1)

Welded NSGA-II 0.049928 0.000925 0.760862 0.004857 25,000
beam

Proposed 0.100432 0.032677 0.730994 0.009236 25,000
algorithm
@)
Proposed 0.044968 0.000030 0.552562 0.003877 25,000
algorithm
n+1
Truss NSGA-II 265.8680 713.1869 0.740586 0.001752 25,000
design

Proposed 273.7213 976.5151 0.640583 0.001531 25,000
algorithm
@)
Proposed 279.8505 782.431 0.624337 | 0.001124 25,000
algorithm
n+1)

It has been shown that the proposed algorithm is capable of generating multiple
solutions closer to the true Pareto front of a problem with decent spread and that
too in a single run, and its performance is comparable to well-established algorithm
NSGA-IL It has been found that several parameters influence the performance of

vkmehta@tezu.ernet.in
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the algorithm. A detailed study of these effects on the performance of the proposed
method could be taken up further for understanding and enhancing the capabilities
of the proposed method.
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A Critical Understanding of Sociology of

Northeast India
Geo-Political History and Migration

Kedilezo Kikhi

Introduction

S CUnderstanding Northeast (NE) posits a danger of too much
generalisation or visualizing knowing northeast while we may not?
NE has to be understood as varied diversities in terms of its different
ethnic groups, linguistic families, and political units ranging from
authoritarian hereditary monarchy to democracy bordering anarchy,
social organisation and cultural dimensions, family organisation
and kinship, religious diversities and various art forms. While all
this varied diversities are embedded in its history) This chapter
attempts to look at migration (or immigration) in NE India by
placing it in the background of its geo-political entity and historical
context. Geographically, NE is at the extreme north-eastern part
of India, and has international boundaries with Bhutan, Tibet,
China, Myanmar and Bangladesh. The region is geographically
isolated from the rest of India because its only land link with the
rest of the country is through a narrow strip of land in the state of
West Bengal. At the same time, the northeast is a geographically
‘recognisable entity’ (Gopalakrishnam, 1991). However, there are
significant variations within the region where each of these states



Investigating Weldability in Microalloyed @ m)
Al Alloys T

Sanjib Banerjee, Rakesh Bhadra, Sanjib Gogoi and Ravi shankar Dutta

Abstract Aluminum (Al) alloys, especially the 2xxx series due to high strength to
weight ratio have found extensive use in aerospace, marine, and automobile indus-
tries. The present research trend is microalloying (wt.% < 0.1) these alloys with
trace elements viz. Cd, Sn, Ag, In, etc. For these applications, welding becomes an
inevitable technique, which is a tougher challenge for Al alloys, and Friction Stir
Welding (FSW) is recently explored. In present work, 2219Al alloy and the same alloy
microalloyed with 0.06 wt.% Cd were processed by casting route. They were then
welded by FSW and mechanical properties and microstructure of the welded joints
were studied. The hardness value increased while the impact toughness decreased
due to trace addition of Cd. The microstructural study revealed three zones viz. weld
nugget zone (WNZ), thermo mechanically affected zone (TMAZ) and heat affected
zone (HAZ), identified by the formation of fine, columnar, and spherical grains,
respectively.

Keywords Aluminum alloys - Microalloying - Friction stir welding - Weldability

1 Introduction

Nowadays, the automobile, aeronautic, and marine industries are undoubtedly most
focused fields of research. Actually, mechanical strength, corrosion resistance, resid-
ual stress, weight reduction, joining techniques, etc., are the prime painstaking
issues. The continuous strive for obtaining higher strength to weight ratio, shifted the
focus from ferrous to lightweight nonferrous alloys of Al, Mg, etc. Al alloys due to
lightweight but high strength brought a new era of excellence in the field of aerospace.
Among the various Al alloys, especially the 2xxx series is the most common as it
encompasses various engineering fields due to its commendatory mechanical prop-
erties. Again from this 2xxx series, 2219Al alloy owing to the exemplary blend of its
unique properties, is used in the construction of liquid cryogenic rocket fuel tanks,
space boosters, etc. The present research trend is microalloying (< 0.1 wt.%) these
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Evolutionary Algorithms for Scheduling
of Crude Oil Preheating Process Under
Linear Fouling

Dimbalita Deka®™) and Dilip Datta

Department of Mechanical Engineering, Tezpur University, Tezpur 784 028, India
dimbalitadeka@gmail.com, ddatta@tezu.ernet.in, datta_.dilip@rediffmail.com

Abstract. The crude oil preheating process in refineries is required to
be scheduled in a way to minimize the processing cost involved with it,
subject to the satisfaction of various process related constraints. The
process forms a mixed-integer optimization problem as the scheduling of
the processing units involves binary variables, while the discharges from
the running units are real valued. The two parts of such problems are
usually handled by two different algorithms, where the optimum schedul-
ing obtained by one algorithm is fed to another algorithm for optimiz-
ing its discharge process. In the present work, formulating the crude oil
preheating process under the effect of linear fouling as a mixed-integer
nonlinear programming (MINLP) model, three binary-real coded evolu-
tionary algorithms (EAs) are investigated in order to demonstrate that a
single EA can successfully tackle its both binary and real parts. Further,
the statistical analysis of the performances of the EAs are also presented
through their application to a benchmark instance of the problem.

Keywords: Evolutionary algorithms - Optimization
Crude oil preheating process

1 Introduction

Evolutionary algorithms (EAs) are known to have the ability to find approximate
solutions in reasonable time for such problems also, where classical optimization
methods either become too expensive or even ineffective. EAs are usually inde-
pendent of problem domains unlike classical optimization methods, which are
restricted to specific classes of problems only. Hence, EAs have found applica-
tions in a wide range of real-life problems, including linear and nonlinear, convex
and non-convex, continuous and discrete, and many more.

However, EAs still could not be generalized in case of many classes of dis-
crete or mixed-discrete problems, but require the incorporation of some problem
information for their effective performance. Unit scheduling of continuous flow
process systems in industries is such a problem, which consists of two opti-
mization sub-problems. The first part is the integer-valued scheduling of the
© Springer International Publishing AG, part of Springer Nature 2018
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processing units, while the second part is concerned with the optimization of the
discharge process based on the scheduling of the first part. Accordingly, the opti-
mization of an industrial continuous flow process system essentially becomes a
mixed-integer non-linear programming (MINLP) problem involving both integer
variables to represent operational status of the units and real variables to repre-
sent the flows from the running units. Due to the complexities involved with such
MINLP problems, two parts of a problem are often tackled separately through
two different algorithms, where the first algorithm is employed to schedule the
processing units over a time horizon and then the second algorithm optimizes
the flow processes in the schedule of the first algorithm [1,2]. However, such an
isolating system may suffer from the drawback of missing better solutions as the
possibility of more promising solutions cannot be denied if both the parts of the
problem were tackled interactively [3,4].

In view of above, three EAs are investigated here for handling an MINLP
based two-step continuous flow process system by a single EA. The studied
problem is the optimum scheduling of the crude oil preheating process arising
in refineries, which is carried out through a crude preheat train (CPT) over a
time horizon. The aim of preheating is to increase the crude oil temperature
to a certain degree before its entry into a furnace, so that the energy (fuel)
requirement in the furnace gets reduced. The CPT consists of a network of heat
exchangers, commonly known as the heat exchanger network (HEN), to run a
productive heat treatment process. The heat exchangers of HEN require periodic
shutting down for the purpose of cleaning or other maintenance. This demands
the effective scheduling of the HEN in order to get the optimum performance
from the active units.

2 Literature Review

In the case of EAs, mixed-integer problems involving distinct real and integer
valued parts are often solved by hybridizing two optimization techniques, allow-
ing one technique to handle the integer part and another to handle the real part.
As an example, Trivedi et al. [5] solved the mixed-integer unit commitment
problem, where binary variables are evolved using a genetic algorithm (GA) and
the continuous variables using a differential evolution (DE). Similar hybridiza-
tion procedures are found in many other works, such as hybridization of GA
and particle swarm optimization (PSO) [6,7], artificial bee colony (ABC) and
GA [8], and DE and PSO [9].

Some works are also found where both integer and real parts of mixed-integer
problems are handled by a single algorithm [3,4]. However, no such work on
scheduling the crude oil preheating process in refineries could be found in spe-
cialized literature.

3 Problem Description and Formulation

The studied problem of crude oil preheating process in a CPT is adopted from
Smaili et al. [10], which is shown schematically in Fig. 1. In this problem, the
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Fig. 1. Crude oil preheating process in a CPT [10].

raw crude oil passes through 14 heat exchangers (marked in Fig.1 by 1 to 14),
where it is preheated by 7 heating streams (marked in Fig.1 by H1 to H7)
prior to entering into the furnace. Heat exchangers 1-8 are connected in series;
while the remaining 6 heat exchangers are arranged in two parallel lines, one
containing heat exchangers 9-11 and the other connecting heat exchangers 12—
14. The desalter and flash used in the processing line remove, respectively, any
salt and vapour dissolved in the crude oil. The preheated crude oil is then burnt
in the furnace at a higher temperature, after which it is distilled into different
products.

During the preheating process of the crude oil, some impurities mixed
with the crude oil get precipitated/deposited on the inner surfaces of the heat
exchangers, which is called fouling. Such deposition forms a thick layer over time,
which gradually reduces the performance of heat exchangers. In other words, the
crude oil cannot be heated up to the possible level, which consequently increases
the energy requirement in the furnace, thus increasing the energy cost. Further,
the periodic cleaning of the heat exchangers for mitigating fouling is associated
with cleaning cost. Hence, the process needs optimization for minimizing the
total operational cost (i.e., the total of energy cost and cleaning cost) subject to
some processing constraints.

Since the process is operated continuously over several years without any
interruption, it can be considered that a cycle of a shorter time period is repeated
in the entire time horizon. For the purpose of analysis, the cycle can further
be divided equally into a certain number of time instants. At a time instant,
a unit (heat exchanger) will remain either in full operation or partially/fully
shutdown. In a shutting down instant, a unit may go through cleaning process
also. Accordingly, the general optimization problem of a cycle of the process can
be defined as follows:
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— Determine

1.
2.

Operational status of each unit at every time instant.
Outlet temperature of the crude from the CPT at every time instant.

— To minimize total cost (cleaning cost plus energy cost).
— Subject to

1.

S O D

Limit on operational units in each series segment at every instant.
Limit on operational units in each parallel segment at every instant.
Limit on operational units in each heating line at every instant.
Limit on crude oil temperature from the outlet of the CPT.

Limit on cleaning instants of each unit in the entire time horizon.
Limit on cleaning a unit at consecutive time instants.

The above optimization problem is formulated in Egs. (1) and (2).

N T T

Minimize f= o Z Z Bir + CenerFf Z (Qfmax _ ;ﬁut) (1)

i=1 t=1 t=1
nsu;
Subject to Zusum > sud™; t=1,2,---,T; i=1,2,--- ,ns
(2a)
T t=1,2--,T; j=1,2
_ . =Lz ,157=1L14" - ,1DPS;
92= D g Z DU 1,2,--- ,npl '
(2b)
nhlu;
g3 = Zuhlu”t > hlu™; t=1,2,---,7T; i=1,2,--- ,nhl
(2¢)
g1 = @g\,]c;ut < Qfmax; t = 172’ - 7/I‘ (2d)
T
g =) vl i=12- N (2¢)
t=1

Ty ift=1
96 = (1 — wip) (1 — uz) # 0; p= t —1; otherwise.
t=1,2,---,1T;i=1,2,--- /N

The objective function, f, in Eq. (1) represents the total operational cost,
where the two summing terms on the right side represent the cleaning cost and
energy cost, respectively. The constraints, g1—gs, in Egs. (2a)—(2c) represent,
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respectively, the minimum number of operational units in series segments, par-
allel segments, and heating medium flow lines; while the constraints, g4—gg, in
Egs. (2d)—(2f) ensure the specified temperature of the crude oil at the outlet
of the CPT, cleaning of each unit at least once in the entire time horizon, and
avoiding the cleaning of a unit at two consecutive time instants, respectively.

In Egs. (1) and (2), N and T are respectively the total number of units (heat
exchangers) and time instants in a production cycle, C' is the cleaning cost
coefficient per cleaning instant for the ith unit at the ¢th time instant (in prac-
tice, C°! may remain same in all units and time instants), C*"" is the energy
cost coefficient per unit of energy requirement, F]fv is the flow rate in the last
unit (Nth unit), CEV is the specific heat transfer capacity of the crude oil in the
last unit, Qf\fzm is the crude outlet temperature from the last unit at the tth time
instant, ©™2% is the temperature up to which the crude is to be heated in the
furnace, ns is the number of series segments, nsu; is the number of units in the
1th series segment with su;; as its jth unit and su§" as the required minimum
number of operational units, npl is the number of parallel segments, nps, is the
number of branches in the ith parallel segment with npsu;; as the number of
units in its jth branch and psu;;;, as the kth unit while psug;* as the required
minimum number of operational units in that branch, nhl is the number of heat-
ing lines with nhlu; as the number of units in the ith heating line and hlu;; as
the jth unit and hlu{" as the required minimum number of operational units in
that heating line.

The cleaning time (8;;), operational status (u;;) and cleaning status (v;) of
the units, as used in Egs. (1) and (2), are expressed by Eq. (3), where vy = 1
means that the ith unit will be cleaned at the tth time instant.

1; ifthedth unit is fully in operation

u;it = < 0; ifthe ith unit is shutdown partially (3a)
t=1,2,---,T; i=1,2,--- ,N.
vir = ¢ {0,1}; otherwise (3b)
t=1,2,---,T; i=1,2,--- , N.
0; if Vit = 0
Bit = € € [0, a¢]; otherwise (3c)

t=1,2,---,T; i=1,2---,N.

For obtaining the crude oil outlet temperatures from the last unit at different

time instants, 9%,2“ used in Egs. (1) and (2d), the same for different units are

computed using Eq. (4a), where t =1,2,--- , T and i = 1,2,--- , N.
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otout _ inm; . ifu;; =0
i ALOMNIE (1 — ;) + {a + (1 — i) dS, } 9;@1“; otherwise.

(4a)
@f,inlet; ifi=1
f,out . .
) tout . 2 — 14; 12
where, O = A OTNE e, 20 (1b)
57" — et ter. ifi =6
oy ifi =12
h (1 - I)Cmin
R S 4
¢’Lt (1 - ZURZ)CE ( C)
(1 —2R;)ct — (1 — 2)Crin
c : 4d
it (1 7 IERZ')Cf ( )
Cryin = min{Fifczf-, Fihc?} (4e)
xexp{ ! (1Ri)} (4f)
CVmin
C'min
Ri=—— 4
o (4g)
0; ifu; =1
aj = § € (0,1); otherwise (4h)

t=1,2---,T;i=1,2,---,N.

In Eq. (4), ©5°" is the crude outlet temperature from ith unit at #th time
instant, (9;;1“ is the crude oil inlet temperature of ¢th unit at ¢th time instant,
Ohinit ig the initial temperature of heating medium of ith unit, a;; is the partial
shutdown time during operation, @5t is the crude oil temperature at the inlet
of the CPT, @desalter jg the temperature drop in desalter, Cpin is the minimum
heat capacity rate, Cpax is the maximum heat capacity rate, F! is the flow rate
of crude oil of ¢th unit, cﬁ is the specific heat capacity of crude oil of 7th unit,
F! is the flow rate of heating medium of ith unit, ¢! is the specific heat capacity
of heating medium of ith unit, h;; is the heat transfer co-efficient of 7th unit at
tth time instant and A; is the area of ith unit.

The heat transfer co-coefficients for cleaning/shutdown sub-period (h$l) and
processing sub-period (h') can be obtained from the linear fouling rates (RY),
which are expressed by Eq. (5).

Ry = Ry = Ry (5a)
hP
cl 1,t—1
T R REPT (1 — a)A (5b)
+1 it—1 z,tfl( it) At}
pr hvcé clean
hiy = : + (vithg™") (5¢)

1+ (RGBS B At)
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In Eq. (5), R;pr is the fouling resistance under processing sub-period, RZCI is

the fouling resistance under cleaning sub-period and At is the duration of each
time interval.

4 Evolutionary Algorithms (EAs) for Solving
the Problem

The optimization problem studied in the present work seeks the scheduling of
the crude oil preheating process in a CPT of N heat exchangers over T time
instants, so as to minimize the total cost arising from the requirement of exter-
nal energy for additional heating of the crude oil and periodic cleaning of the
heat exchangers. The scheduling of the heat exchangers needs 2NT number of
{0, 1} binary variables (u; and vy; 4 = 1,...,N and ¢t = 1,...,T), while the
crude preheating process requires NT number of real variables (a3 =1,..., N
and t = 1,...,T). For solving the problem, three mixed-binary EAs are inves-
tigated here, which are genetic algorithm (GA), differential evolution (DE) and
particle swarm optimization (PSO). In all the three EAs, an individual (solution
representation) for the problem at hand consists of two one-dimensional arrays,
the first one of size 2NT takes the {0, 1} binary variables and the second one of
size NT takes the real variables.

The investigated binary-real coded GA (brGA) is the one applied by Datta [3]
to a problem of similar nature, namely the unit commitment problem arising
in the area of power systems, which involves the scheduling of given power
generating units and optimization of discharge from the operational units in
a way to meet the hourly power demand at a minimum production cost sub-
ject to a series of system related fixed and dynamic constraints. In the brGA,
the standard binary tournament selection operator, single-point crossover oper-
ator and swapping mutation operators are used for handling the {0, 1} val-
ued binary variables; while the binary tournament selection operator, simulated
binary crossover (SBX) operator [11] and polynomial mutation operator [11] are
used for handling the real variables of a problem.

Datta and Figueira [12] proposed a real-integer-discrete coded differential
evolution (ridDE) algorithm for working with any type of variables (real, binary,
integer, or discrete) without any conversion, which was also applied successfully
to the unit commitment problem by Datta and Dutta [2]. The ridDE replaces
the real valued mutation operator of the ‘DE/rand/1/bin’ variant of DE [13] by
a binary valued mutation operator, which generates only {0, 1} valued binary
mutant elements with a mutation probability based on some basic properties of
DE and such binary numbers. The ridDE is investigated here as another EA for
solving the problem at hand.

Similar to the ridDE [12], Datta and Figueira [14] proposed a real-integer-
discrete coded particle swarm optimization (ridPSO) algorithm for working with
any type of variables (real, binary, integer, or discrete) without any conversion,
whose application was demonstrated on various engineering design problems.
The ridPSO defines particle vectors by {0, 1} valued binary elements with a
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mutation probability, based on some basic properties of PSO and such binary
numbers. The ridPSO is investigated here as the third EA for solving the crude
oil preheating problem.

Since all the three EAs are stochastic in nature, there is no guarantee that
the new individuals formed in a generation (iteration) will be better than those
of the current individuals from where they were generated. Hence, in order to
prevent the search from moving opposite to the optimum in worst cases, the
elite individuals at every generation are preserved using the mechanism proposed
by Deb et al. [15]. In this case, instead of forming the population for the next
generation directly with the newly generated individuals, they are first combined
with the existing individuals of the current population. Then the best 50% of
them, based on their objective values, are taken as the population for the next
generation.

5 Numerical Experimentation

The EAs stated in Sect.4 are coded in the C programming language by incor-
porating the optimization problem formulated in Egs. (1) and (2). Then the
performances of the EAs are evaluated with the help of a case study.

5.1 Case Study

The investigated case study of crude oil preheating is taken from Smaili et al. [10].
As shown in Fig. 1, the CPT in the case study consists of 14 number of shell and
tube heat exchangers (N = 14) of the type of counter-current flow. The heat
exchanger network (HEN) starts with two series segments (ns = 2); the first
one contains units (heat exchangers) 1-5, followed by a desalter, and then the
second series segment containing units 6-8. Fixing a flash after the second series
segment, the remaining six units are then arranged in a parallel segment (npl =
1) having two branches; the first one contains units 9-11 and the second one
contains units 12-14. At the end of the HEN, a furnace is placed for further
heating of the crude oil, if required.

There are seven heating lines (nhl = 7) in the HEN, which are marked in
Fig. 1 as H1-H7. The units (heat exchangers) covered by the heating lines are as
follows—H1: (1, 9, 12), H2: (8, 10, 13), H3: (6, 11, 14), H4: (3, 7), H5: (2), HE:
(4) and HT: (5).

The case study is subjected to some operational constraints in the form of
minimum number of units to be made always fully operational. Each of the two
series segments and the two branches of the parallel segment requires minimum
of two of its units to be made fully operational. Some heating lines also have
similar requirement, which are as follows—H1: 2, H2: 2, H3: 2 and H4: 1.

For solving the problem, a repeating production cycle of 3 years is considered,
which is divided into 36 time instants (7" = 36), i.e., each time instant is of a
duration of one month. Except the cost coefficients, the problem related other
input parameters are taken from Smaili et al. [10] and given in Table 1 in terms of
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Table 1. Design and fouling data for the case study (source: Smaili et al. [10])

Unit | @binit | ph | Ff ch ct hgjean A; (m?) | Rix1077
(°C) | (kg/s) | (ke/s) | (kJ/keK) | (kJ/kgK) | (W/m?K) (m?K/J)
HE-1 194 191 |95 2.8 1.92 0.5 56.6 0.6
HE-2 | 296 3.3 |95 2.9 1.92 05 8.9 0.9
HE-3 197 558 |95 2.6 1.92 0.5 208.3 0.6
HE-4 170 49.7 |95 2.6 1.92 0.5 112.9 0.8
HE-5 237 497 |95 2.6 1.92 0.5 121.6 0.8
HE-6 285 348 |95 2.8 2.3 0.5 110.1 15
HE-7 205 558 |95 2.6 2.3 0.5 67.2 1.1
HE-8 (254 455 |95 2.9 2.3 0.5 67.1 1.5
HE-9 | 249 9.5 |46 2.8 2.4 0.5 91.0 1.6
HE-10 | 286 228 |46 2.9 2.4 0.5 61.3 1.8
HE-11 334 174 |46 2.8 2.4 0.5 55.6 1.9
HE-12 | 249 9.5 |46 2.8 2.4 0.5 91.0 1.6
HE-13 | 286 228 |46 2.9 2.4 0.5 61.3 1.8
HE-14 334 174 | 46 2.8 2.4 0.5 55.6 1.9

the notations used in the problem formulation in Eqgs. (1)—(5). The cleaning cost
coefficient (C') and energy cost coefficient (C°"°") are taken from Tian et al. [16],
which are 20000 $ per cleaning instant and 15.5 $ per MWh, respectively. Further,
the initial temperature of the crude oil at any time instant is considered to be
26°C (Ofinit = 26 °C), requiring it to be preheated up to 250 °C (6™ = 250°C)
with a drop of 10°C in the desalter (@desalter = 10°C).

5.2 Experimental Setup

The considered EA related parameter values are given in Table 2, where a non-
applicable value is marked by (-). Since the performance of a stochastic opti-
mizer is likely to be influenced by the user-defined algorithmic parameter setting,
instead of fixed values, some parameter values in Table 2 are made self-adaptive
within given ranges with an attempt to reduce their influences on the perfor-
mance of an EA. In this process, every time a random value for such a parameter
is generated within its given range. Further, in order to analyze the statistical
performance, 30 number of independent runs of each EA are performed with
different sets of initial individuals (solutions).

5.3 Results and Discussion

With the above problem and algorithm related input information, each of the
EAs are executed for 30 independent runs. For the purpose of illustration, the
best schedule obtained by the brGA is given in Table 3, where ‘1’ in the schedule
means that the particular unit (heat exchanger) is in fully operation at the
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Table 2. User-defined parameter values for the investigated EAs.
Parameter brGA |ridDE | ridPSO
Population size 100 100 100
Maximum number of generations performed 7000 7000 7000
Crossover probability 90% (0, 90%] | -
Distribution index for SBX operator 20 - -
Mutation probability (0, 1%] | - -
Distribution index for polynomial mutation operator | 35 - -
Mutation probability (for binary variables only) - (0, 15%)] | (0, 15%)]
Scaling factor (for real variables only) - (0, 70%] | -
Inertia constant (for real variables only) - - (0, 0.75]
Cognitive factor (for real variables only) - - (0, 1.5]
Social factor (for real variables only) - - (0, 2]
Number of runs 30 30 30

Table 3. The best schedule of the case study obtained by the brGA.

Time | Schedule Number of | Time | Schedule Number of
instant operating |instant operating
units units

1 01111101111111 |12 19 11111110111111 /13

2 11111111111110| 13 20 11111111111011 | 13

3 11111111111101 | 13 21 11110111011111 | 12

4 11101111011111 | 12 22 11111110110111 | 12

5 01111111110111 | 12 23 11111101111111 |13

6 11111111111111 | 14 24 11111111111111 |14

7 11011111101111 | 12 25 11111011011111 | 12

8 11111111101111 | 13 26 1111111111111 |1 14

9 11110111011111 |12 27 11111111011111 |13
10 11111111101111 | 13 28 11111111111111 | 14
11 11111110011111 | 12 29 11111111111110 | 13
12 11111011101111 | 12 30 11110111111111 | 13
13 11011111101111 | 12 31 11111111101011 | 12
14 11101111111011 | 12 32 11101111111111 |13
15 11111110111111 | 13 33 11111111110111 | 13
16 11111111101111 | 13 34 1111111111111 114
17 11111111111101 |13 35 11111111111111 |14
18 11110111101111 | 12 36 10111111101111 | 12
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Fig. 2. Total cost over 30 runs and crude outlet temperatures over different time
instants of a random run.

corresponding time instant, while ‘0’ means it was partially shutdown during
which period the unit may go through cleaning also. The schedule shows that no
two units are cleaned at two consecutive time instants and each unit is cleaned
at least once in the entire production cycle.

Table 4. Statistical analysis of the overall cost over 30 independent runs of the EAs.

EA Overall cost (in $)

Best Worst | Mean | Standard deviation
brGA | 477150 582772 | 526507 | 31555

ridDE | 534629 | 662064 | 576553 | 26633

ridPSO | 733464 | 912245 | 815510 | 46860

Table 5. The t-test values for the solutions of the EAs at a significance level of 5%.

EA brGA-vs-ridDE | brGA-vs-ridPSO | ridDE-vs-ridPSO
t-value | —6.64 —28.02 —24.28

The overall costs, i.e., the values of the objective function expressed by
Eq. (1), obtained from 30 runs of each of the EAs are visualized in Fig. 2(a),
where it is observed that the lowest cost could be obtained by the brGA among
the three EAs. Further, the obtained crude oil outlet temperatures from the
heat exchanger network at different time instants of a random run are shown
in Fig.2(b), where the outlet temperatures obtained from the brGA are found
to be almost close to the required maximum furnace temperature, while those
obtained from the ridPSO are found to be the worst ones.

For further detail of the performances of the EAs, a statistical analysis of the
overall costs (best, worst, mean, and standard deviation) over 30 independent
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runs of the EAs is performed and the obtained results are presented in Table 4.
It is seen in Table4 that the brGA has better objective values (best, worst as
well as mean), followed by those of the ridDE. However, the ridDE has better
standard deviation than those of the brGA and ridPSO. Therefore, finally the
EAs are statistically compared by conducting pair-wise ¢-test between the mean
objective value and standard deviation at a significance level of 5%. The obtained
t values are given in Table5, by marking a value with a ‘-ve’ sign if the second
EA in a pair is not better than the first one. Accordingly, it can be concluded
that the brGA outperforms the ridDE and ridPSO, and the ridDE outperforms
the ridPSO.

6 Conclusion

A typical crude oil preheating process arising in refineries is formulated as a
constrained mixed-integer nonlinear programming (MINLP) problem for mini-
mizing total of the cost of additional energy requirement and the cost for cleaning
the heat exchangers of the process. It involves two separate optimization sub-
problems, the integer valued scheduling of the heat exchangers and the real val-
ued heating levels in the operational heat exchangers. Such problems are usually
handled by two separate algorithms, one for the integer part and another for the
real part. The potentiality of thee mixed-binary evolutionary algorithms (EAs),
namely genetic algorithm (GA), differential evolution (DE) and particle swarm
optimization (PSO), are investigated here for handling both the parts of the
problem by a single EA. From statistical analysis of the results for a benchmark
problem, the GA is found outperforming both the DE and PSO, followed by the
DE outperforming the PSO.
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Present work deal with the evaluation of elastic properties of carbon
nanotube (CNT)-reinforced metal matrix composites (MMCs) using finite
element (FE) method. The Young’s modulus of CNT-reinforced MMCs has
also calculated theoretically using rule of mixture (ROM) formula. Results
obtained from both the approaches are then compared to validate the present
FE model, The effects of matrix materials and volume fraction on elastic properties
have been investigated. The linear and nonlinear behavior of CNT has also
been considered to calculate elastic modulus of CNT-reinforced MMCs.
The Young’s modulus in longitudinal direction of CNT-reinforced MMCs
increased with the increase in the volume fraction of CNT. The computational
values of longitudinal Young’s modulus calculated by considering nonlinear
behavior of CNT are always less than the computational values obtained by
considering linear behavior of CNT as well as theoretical values calculated
based on ROM. In general, the transverse Young’s modulus calculated
using FE method is more than the theoretical values, but it is found to be
equal at 15% volume fraction of CNT for CNT/steel composites, Therefore,
transverse Young’s modulus of CNT-reinforced MMCs depends on the
relative stiffness of the matrix materials.

1.  Introduction CNT-reinforced MMCs. Some of the important literatures
on modelling and characterization of CNT-reinforced

Carbon nanotube possesses excellent mechanical, thermal, .
composites are presented here.

electrical properties and exceptional chemical stability,

Those properties of CNTs made them an ideal candidate
for the reinforcement in the matrix [1]. Therefore, CNT-
reinforced composite is an important research area for the
last thirty years. As compared to conventional materials,
composites possess high strength and stiffness. Therefore, for
structural applications, CNT could be used as reinforcement
in metal. Most of the literatures are available on polymer
matrix composites using CNT as reinforcement. However,
there are few literatures available on CNT-reinforce
MMCs. Therefore, there is a need for detailed study of

[210]

A book on CNT-reinforced MMCs edited by Agarwal et
al. [2], where they presented the processing techniques,
characterization, interfacial phenomena, computational
studies, potential applications and future direction of
CNT-reinforce MMCs. Goh et al. [3] fabricated CNT/
magnesium (Mg) composite at different volume fractions
of CNT and reported the maximum improvement of yield
strength, ultimate tensile strength, and ductility at 1.3
weight percentage of CNT. Thotsaphon et al. [4] fabricated
multi-walled CNT (MWCNT)/titanium (Ti) composite and
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The L-pin mechanism is an alternative to a gear transmission mechanism.
The mechanism could replace the use of bevel gears in the transmission of
power between shafis at the right angle to each other. The mechanism can
be made with any number of L-pins greater than or equal to 3. It can be used
for a wide variety of applications and runs smoothly even at high speed. In
the present work; design, modeling, fabrication, testing, and analysis of the

L-pin mechanism has been performed. It has been observed experimentally
that the mechanism is capable of transmitting motion at right angles with
negligible noise. Finite element (FE) analysis has also been carried out to
find out the stresses and displacement of the L-pin. The torque capacity
of the present mechanism has also been calculated using the result of

FE analysis.

1. Introduction

Conventional geared transmission mechanism suffers from
disadvantages like the high cost of production, loss of power
due to friction and backlash. The L-pin mechanism is a right
angle constant velocity joint that could replace the use of
bevel gears in the transmission of power between shafts
at right angles to each other. This L-pin mechanism can
transmit power between two shafts connected other than the
right angle also. The mechanism can be easily fabricated in a
few simple operations with basic manufacturing equipment
and common available materials. If one part of the
mechanism is damaged, it can be easily replaced compared
to the conventional gear transmission mechanism,

The L-pin mechanism was first used in tower clocks in 1685,
notably the Big Ben clock in London [1]. The minimum
number of L-pinsrequired forthe gearless powertransmission
mechanism to transmit power continuously is three, and
increasing the number of L-pin§ makes it run more smoothly

[415]

[2]. The advantages of transmission mechanism over gear
mechanism are low backlash, ease of manufacturing, smooth
operation, minimum power loss, portable, eliminates radial
vibration etc. [1,2]. The applications of the mechanism are
in gang drilling, lubrication pump, air blower, door shutter,
compactors, printing press and many others [1,2]. Solanki
et al. [3] performed FE analysis of L-pins mechanisms
with 4, 6, and 8 L-pins and reported that the mechanism
with 6 L-pins showed the least values of equivalent stress
and deformation. Baradiya er al. [4] performed a motion
analysis of the mechanism with 3 L-pins and concluded that
the maximum permissible speed of the mechanism is 120
rpm due to excessive bending stress beyond 120 rpm. Yadav
et al. [S] fabricated 3 L-pins mechanism and reported that
sudden applied loads during operation should be avoided.
They [5] also reported that low starting torque is required by
the mechanism. Kumar and Das [6] reported that power can
be transmitted between coaxial shafts of different diameter
using Z-pin.
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Abstract: Carbon nanotubes (CNTs) are used as reinforcing materials for advanced
nanocomposites due to their extraordinary mechanical, thermal and electrical properties. ..
Even though there are few works on the fabrication and characterization of CNT/Aluminum
(Al) composites, but there is no work on the fracture behavior of CNT/Al composites with a
broken CNT. Therefore, the present analysis is aimed at studying the stress redistribution and
determination of strain energy release rates (SERRs) of CNT/Al composites in presence of a
broken CNT. Figure 1 shows the pictorial view of the finite element (FE) model of a square
representative volume element (RVE) with nine-CNTs of CNT/Al composites, where the
central CNT is considered to be broken. SOLID45 element embodied in ANSYS has been
used for FE modeling. The nonlinear behavior of single-walled CNT has been considered.

CNT/Aluminum
Volume fraction (V) =3.06%

0 20 30 0 50
Axial length [nm]
(1) (2)
Figure 1. Finite element model of nine-CNTs square RVE. Figure 2. Distribution of
interfacial stresses at the interface of broken CNT and matrix in front of crack tip.
Figure 2 shows the distribution of interfacial stresses at the interface of broken CNT and
the matrix along the fiber length in CNT/Al composite for a constant volume fraction (Vy) of

3.06%. It can be seen in Fig. 2 that the values of interfacial normal (IFN) stress (o, ) and
interfacial shear (IFS) stress (z,, ) are negligible compared to the value of IFS stress (z.) It

could be concluded that 7, is responsible for debonding, o, and r, have negligible effect

on debonding of CNT from the matrix materials. Virtual crack closure integral has been used
for determination of the components of SERRs for mode-I, mode-IT and mode-III (G, Gyand . -
Gu). As expected G; and Gy are negligible and Gy, is only significant for such an axial
loading. The effects of V; have also been studied. Some of the important conclusions drawn
from the present work are — (i) ineffective length of the broken CNT does not show
significant changes with the change in Vp (i) IFS stress (7, ) is only responsible for

debonding, (iii) breaking of one CNT may lead to the successive failure of the adjacent CNTs
and finally the failure of nanocomposites, and (iv) SERR increases with the increase in Vs
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Abstract. In this work, fiywheel used for punching press operation has been analysed. A punch
press [s 3 samping press operation. A punching hols uses & die and punching set which is pushed
info the workpiece with extreme pressare. A flywheel i3 a machine compoenent used in machines
which serves as a reservolr of energy. In the present apalysiz, two types of fhywheels viz hale type
and arm type have been considersd. Two types of matenals wiz cast ron grades of FG 2240 and
Fir 300 hurve also been used The flywheels have been modalled using Cata software, then those
m&ﬂs@vh&nmeﬁmﬂﬂﬂ'ﬂ software for fimite element (FE) analysis. Stress and {otal
deformation have been determinad using FE method. To validate the ¢ results, the
thearetical analysis has also been dope. It has been observed that the differences between

thearetical and computanon resalts are comparable.

Kevwords. Flywhesel, Finite alement analy=is, Nommal stress, Deformation

1 Infrodocbon

A punch press is doven by elecinc motor. In
punching and sheanne machines, masximuem
power i3 required only during a small part of
the cycle, when the actual punching or shearmz
rakes place Chuning remaiming part of the cycle,
meglimible power i mequired to overcome the
fnction. If these machmss ae directly droven
by an elecinc mwotor, a higher capacity motor
comesponding o maxinmm  power
requrement dumng  acmal | punching
operation will be reguired. A moter of such
kind will rm almest idie dunng the
remauning part of the cycle I is obvioushy
wastaful to provede such a larze motor when
is full capacity is needsd but for a small
fraction of the time Providing a fhywhesl to
these machines allow a much smaller nyotor
0 be used Durng the actual punching
openations, ensrpy will be derived from the
fywhesl slowmg o down DCunng the
relatwely long period betwesn e panching
operations, the motor will be acceleratng the
fTywhes] back to its original speed

The flywhesl thus store: the kinehc
eperey during the idle portion of the work
kinetic energy danne the peak-load penod of
punching. Therefors, whan a flywheel is nsad
between the motor and these machines, a
smaliar capacity metor will be safficent

Faut ot gl camed out FE apalysis of
different types of flywheals Thﬂ' have
reporied that the maximum stress is moce in
S-arms fywheel than the § and 8 amm
flywheals. Akram and Bankar reported that
the mass of the fhhwhee! changes with the
chanpe in desizn parameter. Bui, the change
in mass had peglegible effect on the energy
storing capacity of the fhywheel Prathap and
Srmivasulu cammed out desizn of a fywhee!
based oo the avalabilicy of the space
limitation of lm FEajmane and Balasaheb
reporied that the peripheral velocity of the
flywhesl is governed by allowable stremzth of
tha
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Abstract. In this work, fiywheel used for punching press operation has been analysed. A punch
press is 2 stamping press operation A punching hols uses a die and punchmy sat which is pushed
oo the workpiece with extreme pressure. A fdywheed 15 3 machine component used in machines
which serves a3 a reservodr of energy. In the present analyziz, two tvpes of fhwheels viz hole type
and arm rype have been considered. Two fypes of matenials viz cast ron prades of FGr 220 and
Fiz 300 have also besn used The flvwheels have been modzled using Cada software, then those
models bave been muported in ANSY'S softovare for finite element (FE) analysis. Stress and total
daformation have besn determined using FE method. To validate the computational resuits, the
thearedcal amalysis has also been dome. It has besn observed that the differences between
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thearsdcal and computation resalts are comparable

Keywords. Flywhesl, Finite element anabysis, vormal stress, Deformaton
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the cycle, when the achz] punchimgs or shearmg
fakes place. During remaming part of the cycle,
neziizible power & requimd fo overcome the
fnction. If these machmes are directly driven
by an electric motor, a higher capacity motor
comesponding to  maximum  power
requirement dunng  achaal | punching
operation will be required. A mofor of such
kind will nm almest idle durng the
remaining pant of the cwele It is obvioushy
wasteful to provide such a large motor when
oz full capacity is needed but for a small
fraction af the fime Providing a fiywheel to
these machines alliow a much amaller mator
oo be used Dhring the acroal punching
operations, energy Wil be derived Som the
fiywheel, slowmgz # down Dunng the
relatively ong peniod betwesn two punching
operations, the motor will be accalerating the

fiywhes] back to its arizinal speed

The flywheel thus stores the Knetic
enerey dunmg the idle portion of the work
cycle by mereasmg its spesd and delivers this
kipetic energy dunpe the peak-load penod of
punching. Therefore, when a flywheal is nsed
between the motar and thess machimes, a
smaller capacity modor will be safficient

Pt ¢t gl camed out FE apalyzs of
different types of flhvwheels. They have
reported that the maximum stress 1= mods in
Sarms fiywhee] than the 6 and £ am
flywhesls. Akmam and Bapkar reported that
the mass of the fhvwhee! changes with the
changze io desizn parametsr. Bat, the change
in mass had meglegible effect on the ensrpy
storing capacity of the flywheel Prathap and
Snmivasaiy camied out desizn of a Sywheel
based on the availability of the space
Ionitation of lm Fajmane and Balasaheb
reported that the periphemal velocity of the
fivwhesl is poverned by allowable strength of
the
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comparison to the Freundlich isotherm models, pseudo first order model. The
maximum adsorption capacity of fish scale is 9.3 mg/g, 1.782 mg/g, 1.898 mg/g for
fluoride, Cr(VI), Pb(VI) respectively. It gives maximum adsorption capacity of
fluoride at the pH of 6.5 and at the agitation speed of 150 rpm for 3 hours of contact
period i.e. 9.3 mg/g. This result shows that by using this bio-waste (fish scale) we
canremove fluoride from drinking water.

Keyword: Fish scale, Langmuir isotherm model, Pseudo second order, Batch study
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A shaft is the component of a mechanical device that mainly transmits rotational
motion and power. Also, a shaft, usually carries power transmitting components, such
as gears, pulley etc.,, which exert forces on it in the transverse direction. These
transverse forces cause bending in the shaft. In general, weight of vehicle could be
reduced by using the composite shafts compared to conventional shaft without having
any compromise in quality and reliability. The main advantages of composite
materials are high stiffness to mass ratio and strength to weight ratio compared to
conventional materials. Due to which, day by day conventional materials are replaced
by composite materials in different engineering applications. Most of the earlier
literatures reported that the existing steel shaft could be replaced by composite shafts.
Therefore, the present finite element (FE) analysis has been performed considering
both the conventional as well as composite shafts. A full three-dimensional FE
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Abstract— Three different types of representative volume
elements (RVEs) have been considered for finite element
(FE) modelling and analysis of carbon nanotube (CNT)-
reinforced composites with broken CNT. In all the RVEs a
CNT is considered to be broken with a small debonding
ahead of the break and three dimensional FE analyses have
been carried out to estimate the stress redistribution in the
vicinity of the break in the form of axial normal stress in the
broken CNT and interfacial normal and shear stresses at the
interface between the broken CNT and the matrix. Strain
energy release rate components have also been computed to
assess the severity of debonding near the broken CNT.
Results obtained from the three different RVEs have been
compared to understand the advantages and limitations of
such modelling and proper recommendations have been put
forward for using appropriate RVE model in FE analysis of
CNT-reinforced composites.

Keywords— CNT/epoxy composites, Representative volume
element, Finite element analysis, Broken CNT, Virtual crack
closure integral, Stress distribution, Strain energy release
rate.

1. INTRODUCTION

Due to the exceptional properties of CNTs, CNTs are
believed to be potential reinforcing materials for the next
generation advanced nanocomposites. Therefore, CNT-
based composites have been one of the important research
areas since last twenty years. Due to their sizes,
fabricationt process and conducting tests for such CNT-
based composites are extremely difficult and are not
economical. Therefore, theoretical analysis and simulation
are extensively used for understanding, analysing and
designing of such nanocomposites. Generally, the volume
fraction of CNT in CNT-reinforced composite is less
compared to that in conventional glass or carbon fiber
composites. Thus defect in CNT will have more impact on
the strength and stiffness of such composites. However
due to statistical distribution of strength of CNTs, it is
possible that one or more CNT breaks during loading. In
general, whenever there is a fiber break, it is accompanied
by a small fiber matrix debonding at the vicinity of the
break. Depending upon the applied load this debonding
may grow. Therefore study on stress distribution and
calculation of strain energy release rate (SERR) of CNT-
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reinforced composites with a broken CNT are important
tasks those need to be addressed. In recent years, a large
number of works have been reported on modelling,
synthesis, characterization, load transfer mechanism and
stress distribution in the broad area of CNT-reinforced
composites and CNT/epoxy composite in particular. Some
of these important works are discussed here.

Recently, Kausar et al. [1] presented a comprehensive
review on the applications of CNT/epoxy composites in
different areas. Chen and Liu [2] evaluated effective
mechanical properties of CNT-based composites using
three dimensional (3D) FE analyses and considering a 3D
nanoscale RVE. Barber et al. [3] experimentally found the
separation strength between CNT and the polymer matrix
to be remarkably high, indicating the effectiveness of
CNTs as reinforcement. Cheng et al. [4] reported that the
Young’s modulus and tensile strength of the CNT/epoxy
composites could be increased by 716% and 160%,
respectively compared to those of pure epoxy. Thostenson
and Chou [5] fabricated and evaluated the mechanical
properties of aligned CNT/polystyrene composites. The
authors reported that the improvement of elastic modulus
with aligned nanotube composites observed to be five
times greater than that of the randomly oriented
composites. Ci and Bai [6] investigated feasibility of
reinforcement of CNT on different matrix materials and
reported that reinforcement of CNT on soft and ductile
matrix led to better performance. Haque and Ramasetty [7]
developed an analytical model to study the axial stress and
interfacial shear stress in single-walled carbon nanotube
(SWCNT) reinforced polymer matrix composites.
Fereidoon et al. [8] built a 3D FE model of a RVE near
the crack tip and reported on the fracture behavior of
CNT/epoxy composites. Lau and Hui [9] reported that the
use of multi-walled carbon nanotubes (MWCNTSs) as
intrinsic reinforcements for composite structures might
not allow the maximum strength to be achieved due to
their non-uniform axial deformation and hence
recommended the use of SWCNTSs. Zuberi and Esat [10]
compared the effect of two approaches viz. non-bonded
interaction and perfect bonding in modelling the interface
between SWCT and epoxy for determination of
mechanical properties of SWCNT/epoxy composites.
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Abstract— In the present study, finite element (FE) analyses
have been performed to evaluate elastic properties of CNT-
reinforced composites. Two types of representative volume
elements (RVEs) viz. hexagonal and square have been
considered. Different types of matrix materials from low
strength to high strength have been considered to observe the
effect of matrix materials. Results obtained from FE simulation
are compared with theoretical results calculated based on rule
of mixture, It has been observed that the axial Young’s
modulus of CNT-reinforced composites obtained from the
present FE simulations are exactly matched with the
theoretical results. It has also been observed that transverse
Young’s modulus and Poisson’s ratio obtained using square
RVE are in good agreement with theoretical values than those
obtained using hexagonal RVE. Effect of volume fraction on
elastic properties has also been observed. It has also been
observed that the axial and transverse Young’s modulus of
CNT-reinforced composites increase with the increase in
volume fraction.But the effective Poisson’s ratio decreases with
the increase in volume fraction of CNT.

Keywords—  CNT-reinforced composites, Representative
volume element, Axial Young’s modulus, Poissen’s ratio, Finite
element method, Rule of mixture

1. INTRODUCTION

lijima [1] in 1991 discovered CNT, which has exceptionally
high strength, stiffness and resilience. Since then it is an
important new research area in the field of nanotechnology.
Due to these properties CNT opened a vast area of research
in the field of nano-composites where CNT could be used as
an excellent fiber in matrix to enhance mechanical, thermal,
electrical and optical properties leading to the discovery of a
new class of nano-composites. So, the evaluation of
mechanical, thermal and electrical properties of CNT-
reinforced compositesis important taskstodevelop new class
nanocomposites. A large scale of experimental and
simulation work have been published in order to determine
the elastics properties, but due to their small size it is a very
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challenging task to conduct experimental work and also very
expensive. On the other hand, it is too complicated to
established analytical relation and to solve it in nanoscale
level. But for characterization of CNT-reinforced
composites, computer simulation furnishes an easy way for
designing and analyzing of such composites. Finite element
method i1s one of the numerical tools which is more
powerful in its application in real world problems and can
be used to calculate elastic properties of CNT-reinforced
composites.

Many researchers reported that Young's modulus [2-4]
of CNT is around 1TPa and Poisson’s ratio is 0.28 [5-6].
Load carrying capacity of nanocomposites enhanced
significantly due to addition of small percentage of CNT in
matrix has been reported in some earlier publications [7-10].
Qian et al. [7] reported that with 1 wt% addition of CNT in
epoxy, stiffness of the composites could be enhanced by
36% - 42% compared to the stiffness of pure epoxy. Liu and
Chen [8] evaluated effective material properties of CNT-
based composites by considering square RVEs. They
showed that with the addition of 3.6% volume fraction of
CNT in matrix the stiffness of the composites in axial
direction can be enhanced by 33%. By adding 3.06%
volume fraction of the CNT in epoxy, the effective axial
Young’s modulus as well as axial coefficient of
thermalexpansion (CTE) of composites could be increased
and decreased by 776.61% and 91%compared to
theYoung’s modulus and CTE of the pure epoxy [9]. Esawi
et al. [10] reported that tensile strength and stiffness of
CNT/Aluminum (Al) composite could be increased up to
50% and 23%, respectively, compared to pure aluminum.
Literature review reveal that there are lots of works
available in determination of elastic properties of CNT-
reinforced composites. But there islessnumber of work
available in determination of elastic properties using
different types of RVEs.Therefore, the aim of the present
work is to determine the elastic properties of square and
hexagonal RVEs and recommended for using square RVE.
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Abstract— In a developing nation like India, where most of
the population lives in villages or rural areas, washing of
clothes is a noteworthy issue. Individuals in these zones
cannot afford to purchase the conventional washing
machines. In addition, these regions are either in complete
absence or lack of electricity. The goal of our work is to
develop an efficient, low cost pedal powered washing
machine using scrap parts that are easily available, cheap
and easy to maintain. The existing fabricated washing
machine produced rigorous vibration and leakage during
washing the clothes. In the present work, the causes of
vibration have been identified and possible solutions were
implemented to reduce vibration and leakage. A simple
mathematical model of the output shaft has been proposed to
predict resonance and safe operating frequency range while
washing the clothes.

Keywords— Pedal powered washing machine, Problem
identification, Vibration, Leakage, Low cost, Rural
application.

1. INTRODUCTION

A washing machine is a popular electronic home
appliance, which is found in almost every household in the
urban regions. The first washing machine was designed by
James King in 1851 [1]. The washing machine used a
drum device that is still used often in washing machines of
today's generation. However it réquired hand power. The
first drum based electric washing machine called the Thor
was invented by Alva J. Fisher and manufactured by the
Hurley Machine Company in 1908 [2]. The Thor was a
drum type washing machine with a galvanized tub and an
electric motor. Bendix Corporation introduced the first
domestic automatic washing machine in 1937 [3].In
appearance and mechanical detail, this first machine was
similar to the front loading automatic washers used today
but the machine lacked drum suspension and it was very
expensive. The drum speed change was facilitated by a 2-
speed gearbox built to a heavy duty standard like a car
synchromesh gearbox. The timer used miniature electric
motors to sequence the washing and extraction process. A
large number of US manufacturers introduced competing
automatic machines (mainly of the top-loading type) in the
late 1940s and early 1950s. Several manufacturers
produced semi-automatic machines, requiring the user to

99

intervene at one or two points in the wash cycle. A
common semi-automatic type included two tubs: one with
an agitator or impeller for washing, plus another smaller
tub for water extraction or centrifugal rinsing.

During early 90°s machines were available in the
market that used microcontrollers for the timing process.
With the passage of time more improvement was made in
the field of washing machines and today’'s modern
consumer washing machines incorporate many new
features. In this 21* century, due to environmental
concerns and water scarcity problems, the focus has
shifted in developing technology associated with washing
machines which can overcome these issues. The Xerox
washing machine is one such new kinds of machine that
uses primary nylon polymer beads and very little water [4].
Works are going on to develop washing machines of low
cost and which do not require electricity. Ranjan et al. [5]
developed a pedal powered washing machine using a
transmission system connecting the bicycle frame to the
front loaded washing machine. Ajay et al. [6] designed a
pedal powered washer where inner drum is constructed by
modifying a plastic utility tub. Other pedal powered
washing machine developments have been reported which
are low cost and energy saving devices [7-9]. Recognizing
the need of low cost washing machine for rural India, the
aim of the present work is to develop a low cost pedal
powered washing machine (PPWM) with readily available
scrap parts which can be used for washing sufficient
quantities of clothes.

The washing machine generally involves rotating
masses which rotate to agitate the clothes inside a drum
creating turbulence to clean them. However, rotating
machineries might involve problems like misalignment,
unbalanced masses leading to vibration and noise which
are unavoidable. A great challenge for the fabrication of
the washing machine is to carefully eliminate these ill
effects.

2. DETAILED SET UP

Figure | shows the front view of the fabricated pedal
powered washing machine. It consists of a shaft (length 1
m, inner diameter = 0.04 m, outer diameter = 0.45 m)
which is connected to the sprocket of the cycle. The shaft
rotates when the cycle is pedalled. The inner drum with
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Abstract

The single-row facility layout problem (SRFLP), which deals with the placement of some
facilities along a row by minimizing the overall material flow cost among them, is usually
studied as an unconstrained problem allowing the placement of the facilities arbitrarily
without any restriction. But a practical SRFLP instance may require to respect certain
constraints imposed on the arrangement of its facilities. Such an SRFLP model, which
can be termed as a constrained SRFLP (cSRFLP), is studied here by requiring to place
some facilities in fixed locations, and/or in predefined orders with/without allowing the
arrangement of any other facility in between two ordered facilities. The handling of such
a complex problem generally requires a specialized algorithm incorporating some
problem-specific information for intelligent search. But the development of an algorithm
needs expertise, from which practitioners often suffer. Hence, it is shown here how the
c¢SRFLP can be tackled using a general-purpose algorithm with some repairing
mechanisms outside the algorithm for forcibly satisfying the constraints of the problem.
Employing a permutation-based genetic algorithm for this purpose, the potentiality of
the proposed procedure is demonstrated by applying it to a set of cSRFLP instances of
different sizes.
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Abstract

Females are generally more prone of falling down from bicycles. Although bicycle is
being analyzed on different aspects over the years, the exact science behind that
instability is not yet known. Analyzing the seating arrangement in a bicycle and the
nature of riding it, the present work explores the technical reasons behind the lower
stability of female bicyclists on sudden braking, and subsequently proposes a scientific
solution to the problem. The solution is an additional mechanism, fixed under the saddle
arrangement without interfering the existing design of a bicycle, which tilts the saddle
nose up and down automatically in order to prevent the forward sliding of the rider on
the saddle surface during riding as well as to allow her comfort mounting and
dismounting.
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