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“97 years of Relentless Journey towards Engineering Advancement for Nation-Building”

Mr H C S Berry, FIE
President

Telephone: +91-33-2223-8311/14/15/16/34/40106299*, Fax: +91-33-2223-8345, Web: http://www.ieindia.org

Message

It is my proud privilege to learn that 31st
 
Indian Engineering Congress of The Institution of Engineers (India) on the 

theme “SMART Technologies for Natural Resource Conservation and Sustainable Development” is scheduled to 
be organized by the West Bengal State Centre of the Institution during December 15–18, 2016 at Kolkata. 

Nowadays, everyone is aware of his own impact on the environment, thus definition of conservation has expanded to 
address the effects of human consumption. We have now started encouraging the philosophy, “reduce, reuse, recycle, 
buy local and reduce carbon footprint”. The ultimate aim of these measures is to conserve the natural resources, such as, 
water and energy required for the human race to survive. To promote more resource efficient, greener and to make more 
competitive economy, it is clear that significant innovation is required with respect to sustainable growth that needs to 
go hand in hand with smart growth in order to reap the full benefits of green economy. India needs to reinforce synergies 
between development and sustainable growth to deal with the climate change, environment and energy demands as well 
as growing scarcity of natural resources. We need to change our policy currently based on overuse of natural resources 
into innovation-driven green policies. 

I am quite confident that this Congress will provide a common platform to the engineers and other stakeholders for 
interactions and deliberations on SMART technologies to check the depletion of natural resources in a sustainable 
manner. I am grateful to all the engineers, technocrats and policy makers of the country and to the foreign delegates for 
participating in this event to make it a grand success. 

I am sure that the papers presented during the Congress and published in this Technical Volume will create great impact 
towards advancement of engineering and technology in the country. 

Jai Hind

(H.C.S. Berry)



“97 years of Relentless Journey towards Engineering Advancement for Nation-Building”

Mr N B Vasoya, FIE
President-Elect

Telephone: +91-33-2223-8311/14/15/16/34/40106299*, Fax: +91-33-2223-8345, Web: http://www.ieindia.org

Message

I am very glad to know that The Institution of Engineers (India) is organizing the 31st
 
Indian Engineering Congress on 

the theme “SMART Technologies for Natural Resource Conservation and Sustainable Development” hosted by the 
West Bengal State Centre during December 15–18, 2016 at Kolkata. 

Over the last few decades, the world has witnessed phenomenal economic growth with the dissemination of new 
innovative technologies, accelerated globalization of the economy and implementation of various Government policies. 
Recent economic liberalization policies have seen new strides in technology up-gradation, cleaner fuels, efficiencies in 
production and environmentally sound practices. The planning process also seeks to diversify the economy further into 
industrial and service sectors, while accelerating the growth rate. Development has to be long-standing and inclusive, 
involving both the private and public sectors as partners. The national planning process emphasizes promotion of 
people’s participatory institutions and social mobilization, particularly through empowerment of women and other 
disadvantaged sections of the society, for ensuring environmental sustainability of the development process. Socio-
economic development consists of increase in the production, distribution, sale and consumption of food, goods and 
services. The planning process in India seeks to increase wealth and thereby human welfare and provides a safety net 
to the environment. 

I believe that deliberations during the 31st
 
Indian Engineering Congress will certainly enlighten us about SMART 

technologies in the current scenario of economic condition with respect to sustainable development. 

I wish the Congress a grand success. 

Wishing you all Merry Christmas and Happy New Year 2017 well in advance. 

Jai Hind
(N.B. Vasoya)



 Message

I am glad to know that The Institution of Engineers (India) is organising, the 31st
 
Indian Engineering Congress at 

Kolkata during 15–18 December 2016 with the theme as “SMART Technologies for Natural Resource Conservation 

and Sustainable Development”. 

Debates on conservation of natural resources and promotion of sustainable and inclusive development are incomplete 
without a comprehensive understanding of issues of Science, Technology and Innovation (STI). Access to smart and 
appropriate technologies will leverage steady improvements in living conditions, which will be a blessing for the most 
vulnerable populations, and drive productivity gains which ensure economic stability. 

In this context, I welcome and appreciate the efforts made by The Institution of Engineers (India) for choosing such 
an apt theme for the Congress, which shares so much in common with the vision of policy-makers across the globe in 
conserving as well as replenishing natural resources of the planet while dignifying the lives of the future generations. 

I am sanguine that all the emerging issues will be discussed during the Congress in its right perspective. I am happy to 
note that the edited Technical Volume of the Congress with ISBN No. will also be brought out on the occasion which 
will benefit the scientists, engineers, technologists, policy makers, academicians and others. 

I wish the Congress a grand success. 

(Ashutosh Sharma)

23rd November, 2016

Technology Bhavan, New Mehrauli Road, New Delhi - 110016
Tel: 00 91 11 26511439 / 26510068 • Fax: 00 91 11 26863847 • E-mail: dstsec@nic.in • website: www.dst.gov.in



Dr N R Bandyopadhyay, FIE, FAScT
Chairman, Technical Committee
31st Indian Engineering Congress
The Institution of Engineers (India)
and
Professor
School of Materials Science and Engineering
Indian Institute of Engineering Science & Technology
(IIEST), Shibpur, Howrah 711103, India

Prologue 
We are currently at the early but secure and irreversible stage of a remarkable and far reaching technological revolution. 
The mastery and control of advanced technologies are dominating several high technology field and major segments of 
manufacturing which emerged as a science based knowledge intensive high technology area with serious implications 
for technical change, competitiveness, growth in employment, trade patterns, location of manufacturing activities 
and global division of labour. Innovation driven growth is no longer the prerogative of the prosperous nations; some 
developing countries have achieved significant economic growth through the creation and deployment of smart and 
sustainable technologies. Issues of Science, Technology and Innovation need to be more participatory and inclusive, so 
that, there is public interface in the scientific endeavour from the entire gamut of social actors. Aligning our interest in 
synchronization with nature through adoption of smart technologies is a challenge which will keep motivating the entire 
scientific community. 

India has emerged as an economic and industrial power. As a member of the Group of Twenty (G20) and BRICS, it 
has now a rapidly growing economy facing challenges in social and environmental issues. The accelerated growth in all 
sectors and urban development in particular has thrown a challenge towards its natural resources. Modern protocols and 
treaties on environmental protection and natural resource management are highly technology dependent. Adoption and 
application of Sustainable, Manageable, Appropriate, Rational and Transferable (SMART) Technologies in all sectors 
of development will be the most befitting action for effective Natural Resource Management in a sustainable manner. 

Pursuant with this mission, the 31st  Indian Engineering Congress of The Institution of Engineers (India) is being 
organized on the theme “SMART Technologies for Natural Resource Conservation and Sustainable Development” 
at Kolkata during December 15–18, 2016. 

The Congress assumes huge response from the engineering fraternity across the country and abroad and is all set 
to discuss all the relevant issues pertaining to the theme of the Congress in its right perspective. There are also be 
concurrent Technical Sessions where peer-reviewed papers, encompassing various engineering disciplines from 
academic and industrial sector across the country, will be presented. On this momentous occasion, this Technical 
Volume of the Congress with ISBN no. is published containing the above mentioned presented papers. I am confident 
that this Technical Volume of the 31st  Indian Engineering Congress will benefit all practicing engineers, technocrats, 
policy makers, researchers and academicians in all respect. 

Let the Congress have its take-off! Meanwhile I extend my sincere thanks and gratitude to all the members of the 
Technical Committee as well as the team of Technical Department of The Institution of Engineers (India) whose untiring 
effort and relentless contributions have made this Technical Volume a reality. My sincere thanks are also due to the 
persons behind the scene, but for whose silent contributions this publication would not have been a success.

 
(Prof. N.R. Bandyopadhyay)
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Enhancing Facade Durability  
through Organosilane Nanotechnology 

Anupam Shil1  

Abstract: Every building commands its value in market by virtue of the appearance of its exterior face, whether 
well or ill maintained. No matter how good the interiors could be, without maintaining the exteriors neither the 
construction of a single structure nor of an entire town commands its appreciative value from its assessors. Here in 
this paper, we refer typically to Façade systems that are designed with conventional affordable building materials, 
like, bricks, silica mortar, fare-faced concrete, natural stones, etc. and how affordable organosilane nanotechnology 
can be used to maintain them effectively. These days many architects restrict use of these natural siliceous materials 
on the outer faces of a structure for the only reason being its questionable maintainability. Organosilane 
nanotechnology works by creating a hydrophobic zone over any façade substrate by penetrating and reacting with 
the inherent Silanol groups at a nano level. This makes the surface water resistant (tested by RILEM method to 
sustain Category 1 Hurricane) without compromising the breathability of natural cementitious/siliceous building 
materials. Apart from protecting the façade it makes the exterior walls damp resistant preventing seepage of water 
inside the building and creating aesthetic and habitability concerns for its occupants. 

Keywords: Nano; Silane; RILEM; Siliceous. 
 
Introduction 

n context to habitable structures, it would at the outset 
become essential to understand what causes ageing of 

cementitious/siliceous structures. What results in aesthetic 
and structural disintegration of that strong envelope which 
we build to protect ourselves from forces of nature? Because 
it is understood that all the source of cement, sand, stones, 
aggregates or iron shall not last forever, life extension of 
these materials is important not only from the perspective of 
façade maintenance but also for creating a culture that 
perceives sustainability as a way of life.  

How/Why Concrete Ages/Cracks? 
It is evident for a causal onlooker that more cracks surfacing 
over any concrete structure endorsers its degeneration. It 
displays its ageing. Factors that influence the life of a 
concrete structure and causes that attribute to appearance of a 
crack can be divided into two time zones, Pre-construction 
and Post-construction as shown in Figure 1. Till the time a 
structure gets completely erected, can be termed as the Pre-
construction time zone. During this period, conceptualizing, 
meticulous engineering, procurement of quality raw 
materials and synchronized construction process gets 
implemented. These can be termed as the basic deciding  
 

 
Fig. 1: Concrete Crack  

factors and a deviation from scientifically established norms 
shall have its effect in the integrity of a structure and its 
consequential fate. But, even structures that are well 
designed and systematically constructed with best quality 
materials does age and crack. This is attributed to changes 
taking place within the concrete which can be either, physical 
(dimensional) and/or chemical by nature, at the same time 
they are co-operational, i.e. chemical changes resulting in 
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generation of physical forces to bring about a permanent 
change in the constitution of the cementitious mass. 

Physical (Dimensional) Changes 
During the initial years, the following physical (dimensional) 
changes take place that results in occurrence of surface 
cracks: 
 1. Shrinkage Cracks: The process of hydration (chemical 

reaction between cement and water) completes 90–95% 
in first 28 days (typical setting time of concrete). Some 
part of it however continues in subsequent years  
causing volumetric shrinkage of the structure due to 
consumption of trapped moisture within it. This 
phenomenon results in appearance of plastic shrinkage 
cracks on the surface within first few years of 
construction, till the structure stabilizes. 

 2. Thermal Cracks: Such cracks develop due to differential 
expansion and contraction of several elements that are 
incorporated within a concrete super structure. The 
cement paste, coarse and fine aggregates, steel rebar, 
etc. each one has a different coefficient of thermal 
expansion when subjected to fluctuation in atmospheric 
temperature, induces internal stresses causing surface 
cracks in a limited surface area. 

Both the above stated phenomenon can be mitigated 
considerably, if not completely eliminated, by appropriate 
designing, selection of proper raw materials and following a 
methodical system of construction. However, since such 
effects cannot be eliminated completely they must be 
attended periodically as a part of routine maintenance plan, 
as these cracks are the potential entry points for external 
environmental elements, like, water, moist air, contaminant 
salts, etc. to penetrate inside a structure. 

Chemical Changes 
Water, while on one hand sustains life and nurtures the 
nature; on the other it also acts as the most destructive 
element that has the power to disintegrate matter back to its 
elemental form. Construction materials, by nature, are water-
loving. Whether it is soil or cement plaster or bricks or RCC 
it has a tendency to absorb water. Such ingress of water 
inside concrete results in various chemical changes within a 
structure that eventually results in its degeneration and 
ageing. Some of these chemical reactions are: 
 ASR (Alkali Silica Reaction): One of the most 

detrimental chemical reactions that take place in an 
alkaline environment within the concrete with its fine or 
coarse aggregates is ASR. This results in conversion of 
the amorphous silica to a gel form which not only 
creates internal stresses within the structure due to 
volumetric expansion but also acts as moisture 

reservoirs due to its inherent tendency of absorbing 
moisture. 

 Carbonation: Sometimes also referred as the corrosion 
of concrete, is a chemical reaction occurring between 
calcium hydroxide present inside the cement with 
Carbonic acid (formed by reaction of atmospheric 
carbon dioxide with moisture/water). This results in 
formation of Calcium Carbonate (Chalk) and free water. 
Even though this transformation forms a compound that 
has significant compressive strength, it reduces the pH 
environment (state of passivity) within concrete, making 
the rebar more prone to corrosion. 

 Acid Attack: Due to fast pace urban development and 
increasing industrial emissions the atmosphere contains 
a large reserve of SOx and NOx pollutants. These 
combine with moisture in the atmosphere (clouds) to 
form various acids, like, Sulphuric/Sulfurous acids, 
Nitric/Nitrous acids, etc. Upon coming in contact with 
concrete during rains, it initiates an acid-alkali reaction, 
resulting in breaking down of the crystalline lime within 
concrete. 

 Freeze-Thaw: In colder regions, due to atmospheric 
temperature dropping to subzero levels, water trapped 
inside concrete expands while it freezes. This causes 
internal stresses and such repeated cycles cause cracking 
and eventually spalling of concrete chunks, thus, 
disintegrating the structure. 

 Rebar Corrosion: Water ingress into concrete acts as an 
electrolyte resulting in ionic exchange between iron 
rebar and oxygen. This results in corrosion of the rebar, 
reducing its flexibility and strength, while at the same 
time causing volumetric stress due to physical swelling 
of the rebar. 

A closer look will reveal to us that ALL the above five 
concerns are mainly due to entry of water through the 
labyrinth of micro and nano-size pores inside a concrete 
structure. Water absorption by a concrete surface starts with 
primary deterioration of its aesthetic value by formation of 
fungus; inducing efflorescence; attracting dirt on the surface 
and causing paint peel off due to repeated dry & wet cycles. 
The maintenance of a façade starts with protection of its 
aesthetic value, at the same time; long term structural 
deterioration caused due to water induced damage must be 
dealt with equal importance. 

How Water Enters Inside Concrete? 
Although concrete is porous in nature (Figure 2), yet the pore 
sizes are much larger than size of a smallest water droplet 
(size of a water drop when in a cloud is 1,00,000 nm or  
0.1 mm). What then results in further break down of this 
water droplet so as to allow its penetration? Concrete, 
Bricks, Soil, Sand, Fly Ash, etc., most of all building 
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materials are siliceous, having high content of silicates. 
Silica being one of the most stable materials is ideal for 
construction due to retention of its molecular integrity when 
subjected to long term weathering conditions of fluctuating 
temperatures, UV rays, humidity and physical forces. It 
won’t be wrong if we say, “Earth is nothing but a ball of 

Silica”. Though internally silica is strongly bound together 

by polar covalent bonding of Si-O-Si, each particle of silica 
at its outer periphery contains a hydroxyl ion (Silanol group). 
This hydroxyl ion when comes in contact with water, forms a 
hydrogen bond with the water molecule, resulting in energy 
release and breaking the water droplet further into much 
smaller parts. Spread of these surface hydroxyl ions at the 
surface, breaks down the natural water droplet into extremely 
tiny parts and it gets sucked into micro and nano pores of the 
siliceous substrate. This phenomenon, with naked eyes, we 
witness as the absorption of water over siliceous substrates. 
 

 
Fig. 2: Rain Water through Nano Crack 

History of Silane 
In second half of last century, as Silicon was discovered and 
found its wide acceptance in the consumer market, its Silane 
derivatives were used in developing composite materials. 
This was due to its inherent capability to bond well with both 
organic as well as inorganic materials. It helped in imparting 
strength to organic formulations by reinforcing them with 
inorganic fillers, where Silane would act as a coupling agent. 
During this period, introduction of organosilane chemicals 
for treatment of siliceous building materials in order to attain 
water resistivity became popular with the mass production of 
silicon and its augmentative byproducts. Even though they 
did address the purpose, it lacked focused research in terms 
of providing a solution that is, easy to use, affordable and 
eco-friendly. Most formulations that were marketed required 
skilled manpower and protective surveillance due to its 
inflammability and high VOC content, which resulted in 
high end user costs. Nevertheless, from the 1970s till 
beginning years of 21st century Silane proved its mettle as an 
effective technology which can be used to protect siliceous 
building materials. 

Organosilane of this Millennium 
The new generation Organosilane has addressed all the 
issues which prevented widespread use of the solvent-based 
Silane technology for mass consumption. Salient features of 
this new formulation are: 
 Silane became Water dilutable (instead of Solvent), at 

20 times its volume (reducing transportation cost). 
 UV stable (UV stability upto 20 years). 
 Became easy to apply (high dilution ability allows 

flooding, eliminating misapplication). 
 Eco-friendly (meets the toughest Californian VOC 

norms). 
 Affordable for masses (high water dilution, spreadability 

and ease of application reduced material and labour 
costs significantly, placing it for low-cost mass housing 
consumption). 

How Organosilane Nanotechnology Works? 
Silane, in itself is a synonym for Nanotechnology (meaning 
that the molecule size of this material is always smaller than 
100 nm). Silicon in its smallest molecular form, that is, as a 
monomer, would contain one atom of Silicon bonded with 
other elements to form a molecule (usually < 10 nm). In this 
state it is referred as Silane. When a few similar Silane 
molecules polymerize together to form a slightly bigger 
molecule (usually between 50 to 100 nm), it forms an 
oligomer, referred as Siloxane. As the degree of 
polymerization increases they join together to form much 
larger size molecules that popularly are known as Silicon. 
Here it is important to understand that when sizes of these 
molecules change through polymerization, their combined 
physiochemical property also completely changes. When the 
surface area to volume ratio crosses beyond a certain limit, a 
material does not any more follow the principals of classical 
physics, rather it falls within the purview of quantum 
physics. Which is why, an elementally similar but constituted 
differently, material shall display different characteristics. In 
these lines, Silane, Siloxane and Silicon should not be 
misconstrued as one, even though they all are made up of 
similar fashioned silicon atoms. A Silicon atom (Atomic no. 
14; Electronic configuration – 2, 8, 4) due to the presence of 
four valence electrons shall make four bonds. Based on the 
functionality of these bonds, they are termed as, mono-
functional, bi-functional, tri-functional or tetra-functional. 
The new generation organosilane molecule comprises of an 
alkylalkoxy structure where one is an alkyl group long chain 
organic molecule (referred as R in Figure 3). 

The rest of the three belong to alkoxy groups which when in 
contact with siliceous materials, like, concrete, bricks, soil, 
plaster, etc. replaces the Silanol (OH⁻) ion at the surface and 
bonds the Silane molecule to the substrate. As these three  
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Fig. 3: Alkylalkoxy Structure 

groups bond with the substrate, the non-functional R group 
acts as an umbrella providing a hydrophobic nano layer over 
the surface. The structure of this long chain organic hydro- 
phobic R group is well researched (4/8/12/16/18 Carbon) in 
order to make it long lasting against UV rays and wind 
driven torrential rains. The reaction with the substrate is 
shown below in a simplified manner; however, it usually 
takes place in two steps. First, the alkoxy group hydrolyses 
to form a Silanol (Si-OH) group separating away the alkoxy 
(X-OH) element, and then the hydrolyzed Silane reacts with 
the substrate to permanently bond with it forming a Si-O-Si 
bond. Reaction with a Siliceous Substrate, 

–Si-OH + OH-Si–      –Si-O-Si–  +  H2O 
 Silanol + Substrate              Siloxane Bond + Water 

The treatment results in a permanent polarity change of the 
surface turning its nature from hydrophilic to hydrophobic. 

Life Expectation 
Apart from the reactive chemistry, Silane also has a major 
size advantage. Since the molecular size of this organosilane 
ranges from 4–6 nm, it actually can penetrate into the 
smallest pores, micro cracks and nano capillaries. Since the 
pore size of building materials (Figure 4) range from 5–2000 
nm, a molecule size as small as 4–6 nm ensures penetration 
into the substrate resulting in forming successive layers of 
nano molecules, that prevents ingress on water into the 
structure. 

 

 
Fig. 4: Particle Sizes in Several Kind of H2O  

Life of any rain water ingress prevention technology has a 
major concern with respect to its stability against UV rays. 

This formulation is tested against UV (as per ASTM G-154) 
and is estimated to have a stability of 20 years. 

Logic also tells us that the most detrimental UV ray (around 
the wavelength of 300 nm) photons only travel in a straight 
line. They cannot take a curvaceous path that is taken by 
liquids. This tells us that only the surface molecules of the 
reacted organosilane shall get affected by the UV exposure. 
Molecules that has penetrated and bonded 1 mm deep inside 
the surface shall remain unaffected. By this logic, a treatment 
with nanotechnology organosilane has a potential to protect a 
concrete structure for 100 years (considering an expected  
1 mm deep reactive hydrophobic transformation of the 
substrate against a globally accepted erosive loss rate of  
0.1 mm per decade). 

How to Reduce Façade Maintenance? 
In today’s context the popularly prevailing simplistic 

approach is – ‘COVER-IT-UP’ (Figure 4). We cover up the 
siliceous facades with various available material coatings 
striking a balance between availability and affordability; 
while always ending up with this coatings deteriorating 
(cracking, debonding or peeling-off) resulting in water 
ingress into the structure. Reason for this is due to gradual 
increase in permeability of these coatings. UV rays from the 
sun being most detrimental, breaks down the polymeric 
structure of any coating. This with the passing time allows 
more rain water across its film thickness to get absorbed by 
the siliceous substrate on which they are applied. 

While it is advised to continue this approach, less has been 
done to extend the useful service life of these coatings. 
Through penetrative nanotechnology the basic nature of the 
structure can be changed from hydrophilic to hydrophobic. 
In fact, all areas of a concrete structure that shall see direct 
water should be pre-treated with penetrative nanotechnology 
before covering them up. This will ensure that whenever due 
to UV rays, atmospheric forces and/or physical abrasion the 
film breaks-up; there will be a strong water resistance 
original surface, which will prevent lateral travel of water 
across the line of contact of the film and the substrate thus, 
preventing its premature debonding. This shall result in 
optimum resource preservation through significant extension 
in lifespan of these ‘cover-ups’, like, silicon coatings, paints 

and waterproofing membranes. 

Application and Tests 
The organosilane chemical is applied by diluting with 
potable water (TDS < 1000) at 20 times its volume and spray 
flooding on the surface upto saturation i.e., till the surface 
stops absorbing any more. This normally is achieved by 
spraying 3–4 rounds within a gap of 30–60 seconds, till we 
see the water dripping down. Application is followed by  
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Fig. 5: Waterproofing Strategy 

allowing complete drying of the substrate, till all the 
moisture gets fully evaporated out. Water penetration tests 
are conducted under laboratory conditions according to 
ASTM E-514. This test uses a sheet of water cascading down 
the face of a brick assembly. Additionally, tests to check 
water absorption on architectural stone, masonry mortar and 
structural clay tiles are conducted through ASTM 1195, 
ASTM 1403 and ASTM C67 tests respectively. RILEM tests 
can be carried out on the treated surfaces in order to test 
achievement of complete water insulation on the treated 
areas. Treated building materials with this technology shall 
meet the above ASTM tests and RILEM 11.4 test to resist 
Category 1 Hurricane. A tropical storm becomes a Category 
1 hurricane when its winds near the center reach 120 km/hr. 
The RILEM test requires attaching a graduated tube on the 
treated outer surface on the structure which is filled with a 
water column. Also, a Scratch test to check the depth of 
penetration can be done on a treated surface. 

Conclusion 
With this water soluble 21st century Organosilane, we can 
redefine sustainability of façade structures, construction 
materials, paints, waterproofing membranes and also reduce 

C&D wastes (1.3 billion ton of solid C&D waste per year, 
globally). It can restrict usage of expensive glass and 
aluminium on building facades through encouraged use of 
natural siliceous building materials. Most importantly, the 
technology extends useful service life of valuable resources 
extracted from mother earth, thus, preserving a more likable 
planet for our future generations. 
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Identification of Stiffness and Damping Parameters  
at Element Level for Structural Health Monitoring  

Utilizing Time Domain Dynamic Response Data 

A. Debnath1 and S. Chakraborty2 

Abstract: The Structural Health Monitoring has attracted significant attentions worldwide utilizing dynamic 
response data. The application of time domain data based System Identification (SI) algorithms to identify stiffness 
properties at element levels are well known. The present study attempted to identify the stiffness as well as damping 
parameters at element level of existing structures utilizing time domain data. For this, the equation error based SI 
algorithm, found to be efficient for identifying element properties directly is readily developed in the framework of 
Finite Element Method to determine the element level damage stiffness and damping properties. The algorithm is 
demonstrated for a number of simulated damage scenarios utilizing artificially generated dynamic response data. 
The consistency and robustness of the algorithm is further studied by the Monte Carlo simulation based error 
sensitivity analysis.  

Keywords: Structural Health Monitoring, Stiffness and Damping, Element Level Identification, Time Domain Data. 
 
Introduction 

he conventional Non-Destructive Test (NDT) can assess 
the damage but they are ‘local’ inspection approaches 

and cannot quantify the damage scenarios. The need for 
quantitative global damage detection methods has led to the 
continued research. Extensive research has been made to 
develop methods for identifying damage in structures. These 
methods can generally be categorized as either dynamic or static 
responses based techniques. Dynamic-based techniques are 
developed using both the free-vibration and the forced-
vibration response in frequency domain and time domain as 
well. An excellent review article by Doebling et al. [1] 
summarized the various VBDD methods published up to 
1996. Chang et al. [2] reviewed the literature related to SHM 
of civil infrastructures mainly buildings and bridges. Sohn et 
al. [3] reviewed the SHM literature in a wider range for 
papers published between 1996 and 2001. The literature on 
damage detection based on the modal data have been 
scattered over various areas i.e. instrumentation for sensing 
and recording data, system identification and damage 
localization algorithm, effect of error in measured response 
etc. The basic approaches are frequency shift, changes in the 
mode shapes i.e. comparison of changes in the MAC values 
and also COMAC values. FRF data usually involve data 
reduction and feature extraction during the transformation of 
recorded data in time domain to features in frequency domain. 

 
The process may cause loss of information related to damage 
dynamics. This disadvantage could be avoided by directly 
using time response data. Another advantage of using time 
domain features is that non-linearity of responses raised by 
damage in a structure could be preserved further facilitating 
diagnostics. Numerous researchers demonstrated the 
potential of using time responses for identification of 
structural changes [4–10]. In this regard, the equation error 
approach is found to be efficient for identifying the element 
properties directly without iterations [11,12]. The application 
of the method is restricted to free vibration data to identify 
the damage stiffness only [11–14]. It has been seen that the 
element properties can be directly attained without iterations 
and the solution has unique and global minimal. The present 
study explored the equation error approach to identify the 
stiffness as well as damping parameters at element level of 
existing structures utilizing time domain data. For this, the 
equation error based SI algorithm, is readily developed in the 
framework of FEM to determine the element level damage 
stiffness and damping properties. The algorithm is 
demonstrated for a number of simulated damage scenarios. 
The consistency and robustness of the algorithm is further 
studied by the MCS based error sensitivity analysis.  

T 
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The Identification Algorithm 
The general equation of motion for a multi-degree of 
freedom system is:  

[M]{ü}+[C]{�̇�}+[K]{u} = {F}  ... (1) 
Where, [M], [C] and [K] are mass, damping and stiffness 
matrix respectively. {u}, {�̇�} and {�̈�} are displacement, 
velocity and acceleration vector respectively. {F} is force 
vector. For a damped MDOF system described by Eq. (1), 
the identification problem can be stated as the minimization 
of a nonnegative error norm ‘’ defined as, Minimize, 

ε = ∑ {([𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑢})𝑇
𝑡 = 0 − {𝐹}}2 ... (2) 

Assuming Rayleigh-type damping, the damping matrix [ci] 
for ith element is expressed as, 

[ci] = αi[mi]+βi[ki]  ... (3) 
Where, [mi] and [ki] are the mass and stiffness matrix of ith 
finite element, αi and βi are the real scalars. If the damping 
ratios ξ1 and ξ2 corresponding to the first two modal 
frequencies are known, the value of αi and βi are obtained by 
solving the following equation: 

1 1 1

2 2 2

1/1 =
1/2
    

    
    

  

  
  ... (4) 

Where, 1 and 2 is the first and second modal frequency. 
The global damping matrix for the entire structure is thus 
obtained as, 

         
n

T
i i i i i i

i=1

C = L ( m + k ) L     ... (5) 

In Eq. (5), n is the total number of elements. [Li] is an N × ndel 
matrix that connects the local dofs to global dofs of ith ele- 
ment, where ndel is the dofs of a local element, N is the total 
dofs of the whole structure. Substituting [C] in equation (2), 

ε = ∑ ([𝑀]{�̈�} + 𝛼[𝑀]{�̇�} + 𝛽[𝐾]{�̇�} +̇ [𝐾]{𝑢}𝑇
𝑡 = 0 − {𝐹})2  

 ... (6) 
Assuming conventional linear element, the stiffness of ith 
damaged element can be expressed as, 

 d i i u i u i[K ] ( )[K ] 1 [K ]ig      ... (7) 
Where, d i[K ] and u i[K ] are the damaged and undamaged 
stiffness of the ith element and gi is the parameter quantifying 
the damage of the ith element. Then the damaged stiffness 
matrix can be expressed, 

     
n n

T T
i d i i i i u i i

i 1 i 1

K L [ ] [L ] (g ) L [ ] [L ]k k
 

     ... (8) 

Obviously [Li], [ku]i are independent of the unknown stiffness 
parameter gi. Using equation (8), the following can be easily 
derived, 

          
n

T
i i u i i t

i 1

K g L [ ] [L ] P gu k u


 
  
  
   ... (9) 

Where, 
[Pt] = [L1][ku]1[L1]T{u} [L2][ku]2[L2]T{u} 
                                   ........ [Ln][ku]n[Ln]T{u}] 

       t 1 2 nP P  P ... P     
and   T

1 2 n[  g ...g ]g g  Again, 

using the results of equation (9), the following can be 
obtained, 

β[K]{�̇�} = [∑ (𝛽𝑖g𝑖)
𝑛
𝑖 = 1 [𝐿𝑖 ][ku]i[Li]T]{�̇�} = [Qt]{βg} 

              = [Qt]{h}  ... (10)  
Where, 

        t 1 2 nQ Q  Q ... Q  and   T
1 1 2 2[   ... ]n nh g g g     

α[M]{�̇�} = [∑ (𝛼𝑖)
𝑛
𝑖 = 1 [𝐿𝑖 ][m]i[Li]T]{�̇�} = [St]{α} ... (11) 

Where,  
[St] = [[L1][m1][L1]T{�̇�}.....[Ln][mn][Ln]T{�̇�}] 
       = [{S1} {S2}....{Sn}], {α} = [α1 α2..... αn]

T 

The multiplication of mass matrix and acceleration are 
considered as a vector {Rt} and subtracted from force vector 
to define {Wt} i.e.     tM u R  and      t t tF R W  . 
Substituting the results of equation (9) to (11) and {Wt} the 
error function becomes, 

ε = ∑ ([𝑃𝑡 ]{g} + [𝑄𝑡] {h𝑇
𝑡 = 0 }+[𝑆𝑡]{α}–{𝑊𝑡})2  ... (12) 

The unknowns are {g}, {h} and {α}. The minimum value of 
 can be obtained by 

Setting 0
{ }g





 , 0
{h}







 
and 0

{ }








 leads to following 

equations: 
∑ ([𝑃𝑡]𝑇[𝑃𝑡]{g} + [𝑃𝑡]𝑇[𝑄𝑡] {h𝑇

𝑡 = 0 }+ [𝑃𝑡]𝑇[𝑆𝑡]{α}–[𝑃𝑡]𝑇{𝑊𝑡}) = 0  
 ... (13) 
∑ ([𝑄𝑡]𝑇[𝑃𝑡]{g} + [𝑄𝑡]𝑇[𝑄𝑡] {h𝑇

𝑡 = 0 }+ [𝑄𝑡]𝑇[𝑆𝑡]{α}–[𝑄𝑡]𝑇{𝑊𝑡}) = 0  
 ... (14) 
∑ ([𝑆𝑡]𝑇[𝑃𝑡]{g} + [𝑆𝑡]𝑇[𝑄𝑡] {h𝑇

𝑡 = 0 }+ [𝑆𝑡]𝑇[𝑆𝑡]{α}–[𝑆𝑡]𝑇{𝑊𝑡}) = 0   
 ... (15)  

Those can be expressed in matrix form as, 

             [𝑃𝑡]𝑇    [𝑃𝑡]   [𝑃𝑡]𝑇  [𝑄𝑡]   [𝑃𝑡]𝑇  [𝑆𝑡]    {g}                      [Pt]T 

∑  [𝑇
𝑡 = 0 𝑄𝑡]𝑇   [𝑃𝑡]   [𝑄𝑡]𝑇 [𝑄𝑡]   [𝑄𝑡]𝑇  [𝑆𝑡]   {h}    =  ∑   [𝑄𝑡]𝑇𝑇

𝑡 = 0    {W}  

             [𝑆𝑡]𝑇    [𝑃𝑡]   [𝑆𝑡]𝑇  [𝑄𝑡]   [𝑆𝑡]𝑇  [𝑆𝑡]     {𝛼}                      [St]T 

i.e. [A]{X} = {b}  ... (16) 

Above equation can be solved to obtain {g},{h} and {α} for 
each element using time domain response data. 
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Numerical Study 
The proposed SI algorithm is demonstrated through numerical 
example of a one story one bay plane aluminium frame as 
shown in Figure 1. 

 
Fig. 1: Simple Plane Frame 

The theoretical responses of the numerical model are first 
calculated using the Numark’β method from known mass, 

stiffness and damping matrix. The cross sectional area of 
both beam and column are 1.32 cm2. The mass per unit 
length of all the beams and columns is 3.564 gm/cm. To 
generate response data artificially, the damping ratio has 
been taken corresponds to the first two modes is 1% and .5% 
i.e. ξ1 = 1% and ξ1 = 0.5%. Using Eq. (4) the (α) and (β) are 

obtained. The first and second modal frequencies of 
undamaged structure are 179.1 rad/s and 615.75 rad/s 
respectively. Now from Eq.(4) the calculated α and β are 

8.7952 and 2.8011 × 10–6 respectively. The defect free frame 
is excited by a harmonic force f (t) = 4.44 Sin (40t) N. 

The theoretical responses of the frame are calculated using 
MATLAB. The theoretical and identified stiffness of the 

three elements are shown in Table 1 for different damage 
cases. The damping identification results are shown in 
Tables 2 and 3. The results clearly indicate that the algorithm 
can identify the stiffness and damping parameters very well 
for various damage scenarios.  

To study the performance of the proposed algorithm under 
noisy responses, the noise free response data are further 
polluted by adding numerically generated noise following 
equation below: 

 0 1ij ij ijX X    ... (17) 

In the above, γ is the relative magnitude of the error and ζij is 
uniform random variate in range [–1, 1], 𝑋𝑖𝑗

0  is the response 
in the ith degree of freedom at the jth time step with no error. 

The standard MCS is performed to extract the statistical 
properties of the identified damage parameters to study the 
effect of errors in response data on the parameter 
identification process. The MCS is now performed with 1000 
simulation to obtain the mean value and percentage of error 
of various identified parameters. Table 4 shows the values of 
the identified damage parameters. 

It can be readily noted from the results that though the 
response data is noisy, the algorithm can detect the defect 
member and damage intensity. It can be also observed that 
percentage of error in identified parameters is small for the 
level of noise considered which establishes the robustness of 
the algorithm. The algorithm also identifies the mass and 
stiffness proportional damping coefficient from noisy time 
domain dynamic data. The results are shown in Tables 5  
and 6. 

Table 1: g Identification under Sinusoidal Load 

Damage Case 
Identified Damage Parameters in Each Member 
g1 g2 g3 

Damage free 1.00 1.00 1.00 
5% damage in member 1 0.95 1.00 1.00 
5% damage in member 1 & 10% in 2 0.95 0.9 1.00 
5% damage in member 1 & 10% damae in 2 & 3 0.95 0.9 0.9 
10% damage in member 1 & 15% damage in 2 & 3 0.9 0.85 0.85 

Table 2: α Identification under Sinusoidal Load 

Damage Case Input Mass Proportional 
Damping Coefficient (α) 

Identified Mass Proportional Damping  
Coefficients in Each Member 

α1 α2 α3 
Damage free 8.7952 8.7952 8.7952 8.7952 
5% damage in member 1 8.7097 8.7097 8.7097 8.7097 
5% damage in member 1 & 10% in 2 8.5353 8.5353 8.5353 8.5353 
5% damage in member 1 & 10% damage in 2 & 3 8.4305 8.4305 8.4305 8.4305 
10% damage in member 1 & 15% damage in 2 & 3 8.1978 8.1978 8.1978 8.1978 
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Table 3: β Identification under Sinusoidal Load 

Damage Case 
Input Stiffness 

Proportional Damping 
Coefficient (β) 

Identified Stiffness Proportional Damping  
Coefficients in Each Member 

β 1 β 2 β 3 
Damage free 2.8011 × 10–6 2.8011 × 10–6 2.8011 × 10–6 2.8011 × 10–6 
5% damage in member 1 2.8280 × 10–6 2.8280 × 10–6 2.8280 × 10–6 2.8280 × 10–6 
5% damage in member 1 & 10% in 2 2.8845 × 10–6 2.8845 × 10–6 2.8845 × 10–6 2.8845 × 10–6 
5% damage in member 1 & 10% damage in 2 & 3 2.9228 × 10–6 2.9228 × 10–6 2.9228 × 10–6 2.9228 × 10–6 
10% damage in member 1 & 15% damage in 2 & 3 3.0058 × 10–6 3.0058 × 10–6 3.0058 × 10–6 3.0058 × 10–6 

Table 4: Identification of g using Noisy Response Data 

 Damage Case Identified Damage Parameters in Each Member 
g1 g2 g3 

No noise Damage free 1.00 1.00 1.00 
2% noise 1.009 1.0004 1.0014 
Percentage of error 0.09% 0.04% 0.14% 
5% noise 1.0031 1.0030 1.0020 
Percentage of error 0.31% 0.30% 0.2% 
No noise 5% damage in member 1 & 10% damage in 2 0.95 0.9 1.00 
2% noise 0.9508 0.9007 1.000 
Percentage of error 0.084% 0.078% 0.0% 
5% noise 0.952 0.901 1.001 
Percentage of error 0.21% 0.11% 0.11% 
No noise 5% damage in member 1& 10% damage in 2&3 0.95 0.9 0.9 
Noise 2% 0.9495 0.8996 0.8994 
Percentage of error 0.053% 0.044% 0.067% 
5% noise 0.9533 0.9037 0.9024 
Percentage of error 0.35% 0.41% 0.27% 

Table 5: Identification of α using Noisy Response Data 

 Damage Case 
Identified Mass Proportional Damping 

Coefficients in Each Member 
 α1  α2  α3 

No noise Damage free 8.7952 8.7952 8.7952 
2% noise 9.255 9.0967 8.6351 
Percentage of error 5.23% 3.42% 1.82%  
5% noise 9.5914 9.5695 8.4175 
Percentage of error  9.05% 8.8%  4.3% 
No noise 5% damage in member 1 & 10% damage in 2 8.5353 8.5353 8.5353 
2% noise 8.7229 8.6853 8.4638 
Percentage of error 2.2%  1.76%  0.84% 
5% noise 9.3447 9.1885 8.1823 
Percentage of error 9.5%  7.65%  4.13% 
No noise 5% damage in member 1 & 10% damage in  

2 & 3 
8.4305 8.4305 8.4305 

Noise 2% 8.544 8.5476 8.3636 
Percentage of error  1.35%  1.39%  0.8% 
5% noise 9.2175 9.1816 8.0927 
Percentage of error  9.33%  8.9% 4.0% 
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forms such as beam, plate, etc. It needs to study further when 
a structural behavior becomes non-linear due to inception of 
damage. More general type of viscous damping model needs 
to be investigated further for identification of parameters by 
the proposed approach. The method should also be verified 
with real measurements. 
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0.79531224 
0.79530585 
0.79531436 
0.79530372 
0.79473345 
0.79519634 
0.79519417 
0.79530159 
0.79473562 
0.79575152 
0.79472477 
0.7947226 
0.79471826 
0.79472043 
0.79570874 
0.79510922 
0.79510703 
0.79510484 
0.79570659 
0.79616295 
0.79616724 
0.79509167 

SMART Tech

Lowest p-Value
225453.71 
226143.1036
231317.599
233266.5674
233677.9967
234151.9139
234652.0321
234693.09 
235252.0281
236998.3372
277473.119
277548.1263
279463.4277
281748.5009
293184.4617
296389.7577
297134.7879
297874.7803
300047.9057
300065.8335
300127.9783
300728.1053
301117.9306
301268.2175
304638.2037
305735.0284
306335.3751
308390.4526
309238.5796
309460.4003
312378.8149
317075.6988
319090.7598
320240.7678
320435.8316
327473.8469
328234.5715
328294.5108
329399.5225
331349.3546
331709.4233
331809.5689
335079.5532
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Title 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 

atural Resource 

Longitude 
79.51322455
79.50910955
79.50865233
79.50453733
79.50408011
79.50362289
79.59370572
79.59324849
79.59416086
79.46338783
79.45881571
79.46475947
79.4583585 
79.46521668
79.45790129
79.60468361
79.60194019
79.60148504
79.45744408
79.59553467
79.45698687
79.59599191
79.47253209
79.47207488
79.47481817
79.47298931
79.44829989
79.44555663
79.44509943
79.44875709
79.43778411
79.4373269 
79.43824132
79.43138323
79.43092603
79.42498237
79.42543958
79.43046882
79.41949594
79.41995314
79.41903874
79.41675273
79.41080674

Conservation an

Latitud
10.794637
10.794617
10.794615
10.794595
10.794593
10.79459
10.793205
10.793203
10.793659
10.794393
10.79437
10.794400
10.794368
10.794402
10.794366
10.792350
10.792338
10.791884
10.794364
10.793213
10.794362
10.793215
10.794439
10.794436
10.794450
10.79444
10.794318
10.794304
10.794302
10.794320
10.794265
10.794263
10.794267
10.794233
10.794230
10.794200
10.794203
10.794228
10.794172
10.794175
10.794170
10.794158
10.794580

nd Sustainable D

de Lowest
742 3394
761 3409
541 3419
554 3694
333 3703
112 3729
544 3786
336 3787
958 3803
388 3817
114 3822
069 3826
886 3827
296 3834
658 3836
098 3847
859 3850
446 3851
43 3858
374 3869
202 3878
582 3887
917 3919
691 3952
045 3964
142 3970
857 4037
479 4050
25 4051
086 4065
564 4125
333 4133
795 4140
325 4162
093 4177
073 4184
306 4203
861 4206
275 4372
508 4379
041 4388
872 4398
027 4663

Development 

t p-Value 
459.7868 
979.3039 
969.2931 
420.5715 

50.5485 
960.6807 
680.6777 
715.6625 

35.969 
719.4106 
288.6366 
684.6976 
718.5482 
454.7551 
603.4694 
788.0901 
027.7163 

92.6262 
38.5237 

946.7554 
23.5605 

777.2053 
986.5855 
241.6217 
422.2359 
076.8824 
792.7412 
087.2673 

27.1506 
08.0409 
51.1465 
96.0439 

006.242 
219.9821 
799.959 
448.8273 

08.9664 
614.9783 
238.3242 
933.4311 

13.3309 
57.8183 
47.3706 
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Title Long
205 79.41
206 79.40
207 79.40
208 79.41
209 79.40
210 79.39
211 79.40
212 79.39
213 79.39
214 79.39
215 79.39
216 79.39
217 79.39
218 79.39
219 79.39
220 79.50
221 79.49
222 79.49
223 79.49
224 79.49
225 79.48
226 79.47
227 79.48
228 79.47
229 79.37
230 79.37
231 79.37
232 79.37
233 79.37
234 79.37
235 79.37
236 79.37
237 79.35
238 79.35
239 79.35
240 79.35
241 79.34
242 79.34
243 79.34
244 79.34
245 79.33
246 79.33
247 79.33

ogies for Natura

gitude 
035192 10

0989472 10
0943752 10

126632 10
0898032 10
9252119 10
0760872 10
9389278 10
9297839 10
92064 10
9434998 10
9755275 10
9480957 10
9709555 10
9526677 10
0180296 10
9311584 10
9357306 10
9265863 10
9403028 10
8031384 10
7985662 10
8077105 10
7939941 10
7838936 10
7793218 10
77475 10
7701782 10
7427473 10
7381755 10
7336037 10
7198884 10
5415892 10
537042 10
5233022 10
5187304 10
4912999 10
4867282 10
4684412 10
4821565 10

40458 10
999149 10
358863 10

al Resource Cons

Latitude 
0.79412589 
0.79412354 
0.79412119 
0.79413059 
0.79411884 
0.79403375 
0.79411178 
0.79404088 
0.79403613 
0.79403138 
0.79404325 
0.79360782 
0.7935936 
0.79360545 
0.79359597 
0.79277406 
0.79273188 
0.7927341 
0.79272965 
0.79273633 
0.79266926 
0.79266702 
0.79267151 
0.79266477 
0.78627537 
0.78627298 
0.78627058 
0.78626818 
0.78625379 
0.78625139 
0.78624899 
0.78624178 
0.78614749 
0.78569305 
0.78613777 
0.78613533 
0.78612072 
0.78611828 
0.78610852 
0.78611584 
0.78558788 
0.78516779 
0.78558542 

servation and Su

Lowest p-Value
468757.2849
470607.2139
471092.1757
473212.6008
474612.1499
475833.4363
476221.9215
477893.8305
477923.6013
478778.3922
480528.9631
480844.6798
485999.1569
487854.7398
489594.3613
503569.3159
509597.6968
510067.7993
511762.7362
513773.2223
543466.7148
544151.6678
544856.8928
552077.0179
596866.5801
600996.5131
605536.3891
609041.3235
614540.5382
614650.3892
615035.2722
615484.8989
660779.5125
664844.3599
665208.9248
665453.7878
697532.7928
700722.6158
704926.9926
705017.4063
735132.102
735734.348
738956.9164
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Title 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 

lopment

Longitude 
79.33450297
79.33084561
79.33038844
79.32993127
79.3294741 
79.31758273
79.31072523
79.3111824 
79.31163957
79.30661075
79.31712556
79.29975583
79.30021046
79.31301106
79.29564138
79.3180399 
79.29929867
79.29244125
79.28329807
79.28375523
79.28421495
79.29426735
79.28284091
79.29106977
79.29061261
79.27095743
79.27050027
79.27141458
79.27004312
79.26501443
79.26547159
79.26684304
79.26638589
79.2577 
79.25724285
79.24489982
79.24535697
79.24352838
79.2567857 
79.24444267
79.2549571 
79.23941406
79.23895691

Latitud
10.785590
10.785570
10.785568
10.785565
10.785563
10.786402
10.786365
10.786368
10.786370
10.786343
10.786400
10.785853
10.786307
10.786378
10.785830
10.786405
10.785850
10.785813
10.785762
10.785765
10.785315
10.786275
10.785760
10.785805
10.785803
10.78524
10.785239
10.785244
10.785236
10.785208
10.78521
10.785218
10.785216
10.785167
10.785165
10.785095
10.785097
10.785087
10.785162
10.785092
10.785152
10.785064
10.78506

de Lowest
034 7417
064 7592
818 7656
571 7730
324 7741
29 8020
555 8036
804 8038
054 8047
307 8068
041 8087
347 8122
799 8126
802 8134
085 8152
538 8155
096 8156
321 8352
265 8361
518 8372
571 8373
53 8375
011 8388
565 8392
312 8393
195 8688
94 8695
45 8702
684 8726
87 8842
126 8873
894 8888
638 8909
762 9096
505 9121
532 9180
791 9185
754 9187
248 9190
273 9191
217 9213
417 9455
157 9457
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t p-Value 
777.2353 
260.6944 
615.3764 
055.0398 

64.9494 
059.8136 
687.1755 

52.2615 
707.5285 

35.4547 
749.489 
287.6024 
677.8191 
472.7074 
245.9615 

14.8395 
632.3753 
213.9552 

30.1628 
240.3051 

15.4531 
54.5891 
39.8522 

293.3307 
93.0585 
43.2498 
98.1138 

223.3767 
667.6578 
234.9024 

70.0639 
90.6606 

945.276 
690.4224 

45.0847 
044.0174 

29.1642 
798.2672 
034.5305 

18.6446 
73.5369 
94.6732 

764.4372 
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Title Long
291 79.23
292 79.23
293 79.22
294 79.23
295 79.22
296 79.22
297 79.21
298 79.21
299 79.22
300 79.21
301 79.21
302 79.21
303 79.21
304 79.21
305 79.20
306 79.20
307 79.20
308 79.19
309 79.19
310 79.19
311 79.19
312 79.18
313 79.18
314 79.18
315 79.18
316 79.18
317 79.17
318 79.17
319 79.17
320 79.17

From the above
at and long 

ascending orde
which represen
ocated for 1km

done by displa
result can be an

Mapping the R
The result gene
out the location
Once all the op
ocated accordi

values spread a
he map after ad

gitude 
667118 10
712833 10

2341401 10
027116 10

2295687 10
2021402 10

518547 10
198282 10

2570237 10
335424 10
564261 10
152568 10
107121 10
061407 10

0146863 10
0192577 10
0009722 10
9415715 10
9964278 10
9370002 10
9324019 10
8684301 10
8501448 10
8455735 10
8364309 10
8318596 10
7587187 10
7541474 10
7404335 10
7450048 10

e table, the op
values are ra

er. A total of 3
nts that on an
m length of the 
aying of the lo
nalyzed in a be

Result 
erated is display
ns and to specif
ptions are set 
ingly with resp
along the study
dding the data 

Latitude 
0.78504856 
0.78505116 
0.78497277 
0.78501204 
0.78497014 
0.78495439 
0.78492544 
0.78535896 
0.78453389 
0.78536687 
0.78492807 
0.78535632 
0.78490169 
0.78489905 
0.78529805 
0.78530071 
0.78529008 
0.78480349 
0.78483544 
0.78480082 
0.78525013 
0.78476074 
0.78475002 
0.78474734 
0.78474198 
0.7847393 
0.78469629 
0.78469359 
0.78468551 
0.78468821 

timal p-values
anked from lo
320 optimal va
n average of 4

road. The bett
ocations in map
tter way. 

yed in the Arc 
fy necessary re
automatically 

pect to the long
y area. The p-
are shown in t

SMART Tech

Lowest p-Value
952532.8839
953983.0579
970770.0947
971068.6225
974139.5581

1001241.36 
1001683.621
1002111.977
1003824.043
1004082.436
1005903.688
1006896.227
1009256.112
1012185.586
1017215.311
1017570.454
1018164.433
1019705.961
1019773.977
1024180.332
1029079.929
1031345.95 
1050368.259
1059072.247
1064741.235
1064891.12 
1091424.389
1094738.793
1097632.722
1097673.034
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Severe Contamination of Large Quantity of Groundwater  
by Bleaching and Dyeing Effluents at Maheshtala Textile Cluster, 

West Bengal: Seasonal Assessment by Multivariate Approach 

Biman Gati Gupta1, Jayanta K. Biswas*1 and Kamalesh M. Agrawal2  

Abstract: The study was conducted for four years (2012–2016) to assess the contamination of groundwater due to 
the discharge of huge quantity of hazardous effluent (2000 MLD) from small scale (SSI) textile bleaching, dyeing 
units (800 No.) located at Kalikapur and Mahispota under Maheshtala textile cluster (22.290N, 88.110E), 24-
Parganas, West Bengal. The large quantity of water required for textile processing is drawn from groundwater by 
pumps. An enormous quantity of effluent is directly discharged to the nearby open land (60%), nallah (10%) and 
canal (30%). Apart from effluent, groundwater aquifers also receive sewage and other household wastewater left 
unattended by treatment infrastructure lacking in the area. The physicochemical analysis of groundwater drawn 
from 30 m depth and measured as per APHA (2001) reflected pH (8), carbonate (804 mg/l), nitrate (22.2 mg/l), total 
dissolved solids (4769 mg/l), sodium (1117.6 mg/l), fluoride (0.49 mg/l), iron (0.68 mg/l), lead (0.058 mg/l), SAR 
(22.5) and EC at 250C (7.9 µS/cm), all exceeding the maximum permissible limits as laid down by both EPA (2016) 
and WHO (2003). The multivariate approach of physico-chemical parameters and statistical analyses was used in 
this study to find out the seasonal groundwater quality variation. Study indicated that quality of groundwater is very 
poor for domestic, industrial and agriculture uses. Thus, this study reflects the usefulness of the analysis of quality 
assessment. From the study it also appears that contaminated groundwater requires total treatment to arrest the 
production of degraded agricultural crops, fruits, vegetable and drinking water required for human consumption to 
save from epidemic gastrointestinal (GI) disorder, hepatitis, skin allergy, renal disorder etc. in a populated area 
near Calcutta. The findings of the study will help formulating water treatment processes to generate safe water for 
domestic, agriculture and industrial uses. 

Keywords: Bleaching and Dyeing Effluents; Groundwater; Contamination; Assessment of Seasonal Quality. 
 
Introduction 

bout 74% of the wells in West Bengal has witnessed 
decline in water level during 2006 to 2016 as per the 

study conducted by CGWB (2016). With the continuing 
business as usual scenario of water uses, it will undoubtedly 
become more intense and about half of the global population 
will be affected with severe water crisis by 2030 (UNICEF 
and WHO, 2010). Among different industries, textile 
industries draw large quantity of water from different surface 
and underground sources for process requirement. The 
wastewater generated from textile industries contains large 
quantities of dyes and chemicals that create major 
environmental challenges by degrading surface water, soil,  

 

agricultural land and underground water due to lack of 
proper infrastructure. Majority of tiny and small scale 
bleaching and dying units discharge textile wastewater to 
open drains, canals and even lands. Continuous discharge of 
wastewater over decades impose loads of Biochemical 
Oxygen Demand (BOD), Chemical Oxygen Demand (COD), 
Total Dissolved Solids (TDS), Total Suspended Solids 
(TSS), dyes, nitrate (NO3), sulphate (SO4), carbonate 
(CaCO3), fluoride (Fl), sodium (Na), iron (Fe), heavy metals 
like lead (Pb), Chromium (Cr) that contaminate of surface 
and ground water resources, soil and air (Vega et al., 1998). 
The effect of this long time discharge created major 
environmental risk in the form of loss of agricultural and 
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aqua cultural production, accumulation of heavy metals in 
fruits and vegetable, non-availability of drinking water 
(Simenonov et al., 2003) in the study area. The yearly con- 
sumption of groundwater has been estimated at 600,000 ML 
(@2000MLD and 300 working days) at Maheshtala Textile 
cluster. Decrease in annual rainfall and lack of treatment 
facilities for reusing of wastewater will create water shortage 
in the cluster area in near future. Several positive inter- 
ventions have been adopted in Tirupur Textile cluster in 
Tamilnadu, India to mitigate the ecological risk in the region. 
Only oxidation process as operational in the common 
effluent treatment plant at Tirupur if replicated in the present 
study area will not be sufficient to get potable and reusable 
water for bleaching and dying industries. Common effluent 
treatment plant with zero discharge facilities will help puri- 
fication of ground and underground water (Tchobanoglous 
and Burton, 1995). Treatment of effluent will save further 
degradation of water quality, soil, air, agricultural produces 
and human health through food chain. Considering these 
facts, the present assessment of untreated ground water and 
underground water and their effects on the environment will 
help selection of treatment process to get quality and 
reusable water for textile industries and to protect the area 

from degradation of agriculture produces, soil quality, and 
change in characteristic of canal, depleting water table and 
human health risk.  

Study Area 
Maheshtola (44.77 km2) is an urban area having administra- 
tive headquarter at Alipore of South 24-Parganas district of 
West Bengal lies between 10.450 N latitude to 75.90°E 
longitudes. Chatta canal running through Chatta and 
Kalikapur (1.85 km2) is selected for the study. Open land 
receives maximum effluent from bleaching and dyeing units 
from these area. Existing canal, nallah and pond also receive 
sewage and household wastewater and effluent from 
bleaching and dying units from different interconnecting 
drains of the neighborhood and waste water percolates to the 
underground water aquifer. The water carrying capacity of 
Chatta canal is reducing over the years due to improper 
cleaning and siltation. Collection of underground water 
samples at station A and B have been set up and collected in 
summer, rainy and winter seasons. The map of West Bengal 
and map of South 24-Parganas along with location of 
Maheshtala are given in Figures 1 and 2 respectively. 

 

Fig. 1: Map of West Bengal Fig. 2: Map of South 24-Parganas & Mahestala 
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Materials and Method 

Collection of Samples 
Total 36 underground water samples were collected at two 
monitoring stations (A & B) in the canal stretch at 500 m 
apart during summer, rainy and winter seasons every year 
during 2012–2016. April, May and June are considered as 
summer season. Similarly, July, August and September have 
been considered as rainy season and November, December 
and January months form the winter season. The collection 
station A was the point of direct collection of raw 
underground water used in textile industries and near a 
populated area whereas the station B was the point near the 
normal flowing stretch of canal at 30 m depth, also being 
utilized in bleaching and dying units. 

Methodology 
Samples were regularly brought to the laboratory and 
analyzed using the standard methods as per American Public 
Health Association (APHA, 2001). Temperature and pH 
were measured on site by a mercury thermometer having 
range from 0°C–100°C and with digital portable pH meter 
respectively. TDS was determined by filtering a measured 
amount of sample through a standard glass filter. The filtrate 
(i.e., filtered liquid) was then added to a pre-weighed 
ceramic dish that was placed in a drying oven at a 
temperature of 103°C. After the sample dried, the 
temperature was increased to 180°C to remove occluded 
water, i.e., water molecules trapped in mineral matrix. TDS, 
dissolved oxygen, salinity, turbidity were determined by 
water analyzer (Systronic-371). Alkalinity was measured by 
titrametric method. Sodium, potassium and calcium were 
measured by Flame-photometric method. Nitrate was 
measured by UV spectra photometric screening method with 
the help of Zuconyl indicator. Heavy metal samples were 
acidified and were digested with concentrated HNO3 (0.1%) 
acid on a hot plate and analyzed after filtration by Whitman 
filter–paper No. 42. For determination of metal ions atomic  
 

absorption spectrophotometer (OMA 300 process analyzer) 
was used. For analysis of COD, samples were stabilized by 
acidifying with H2SO4 below 2 and it was measured by 
dichromate titration method (APHA, 2001). 

Results and Discussion 
The discharge of effluent from bleaching and dying units of 
the cluster contained very high quantities of chemicals, dyes 
and heavy metals. The raw effluent was discharged to open 
land, existing canal, nullah and water bodies due to lack of 
infrastructure in the cluster. This effluent percolates through 
the different strata and contaminated the underground 
aquifer. 

Physico-Chemical Analysis 
The study shows heavy contamination of underground water 
as reflected by the physicochemical parameters which 
exceeded Secondary Maximum Concentration Level 
(SMCL) specified by United States Environmental Protection 
Agency (EPA, 2016). EPA sets a Maximum Contaminant 
Level Goal (MCLG) based on human health effects. The 
MCLG is the maximum level of a contaminant in drinking 
water allowing an adequate margin of safety. The pH of 
underground water is found to vary between 7.5–7.9. High 
alkalinity of underground water is due to excessive use of 
salt and acids like sodium carbonate, sodium bicarbonate, 
sodium hydroxide, sodium silicate, sodium peroxide, sodium 
bi-sulphate, bleaching powder, sulphuric acid, acetic acid, 
and tannic acid, detergents in various preparatory and dyeing 
processes of grey clothes. The maximum TDS (4769 mg/l), 
carbonate (815 mg/l), Fe (0.68 mg/l), Fl (22.2 mg/l) and 
sodium (1117 mg/l) ions formed the bulk quantity of the 
dissolved solids. The seasonal results of underground water 
are presented in Table 1. The assessment of quality of 
underground water against SMCL of different chemicals and 
metals are taken from US-EPA for drinking water and are 
given in Table 2. 

Table 1: Physicochemical Parameters of Underground Water Collected from 30 m Depth at Station A and B 

 



SMART Technologies for Natural Resource Conservation and Sustainable Development 
  
 

76 

Table 2: Seasonal Contamination Level vis-à-vis Condition of Physicochemical Parameters of Underground Water 

 
* Mean/SMCL indicates the mean value of parameter studied/SMCL. Mean values are given in Table 3. 
a. Allowable limit of mean/SMCL = 1. 
b. NA indicates not acceptable. 

 
From the seasonal assessment it is evident that the 
contamination level of carbonate, nitrate, iron, fluoride and 
sodium are not acceptable during all summer, rainy and 
winter seasons. Total dissolved solids are also not acceptable 
in all seasons excepting the winter. As per ground water 
information booklet, South 24–Parganas issued by Central 
Ground Water Board, Govt. of India, the iron content of 
groundwater at Maheshtala varies from 0.44 mg/l to 2.91 
mg/l, chlorine level varies from 99 mg/l to 110 mg/l and no 
significant levels of fluoride, nitrate and sodium are found. 
But the present study shows that very recently due to heavy 
industrialization through textile industries the underground 
aquifer of the study area has been heavily contaminated with 
higher levels of Fe, Fl, NO3 and Na content coming from the 
textile bleaching and dyeing units of that area. 

Statistical Analysis  
All the data of physiochemical parameters of underground 
water samples were presented as mean values and were 
analyzed using descriptive analysis. We used Standard 
Deviation (SD) for describing the spatiotemporal degree of 
variations of the observed water quality parameters during 
different seasons. One-way analysis of variance (ANOVA) 
showed that for all water quality variables the samples 
reflected significant differences among the sites (p < 0.05). 
Figure 3 shows the underground water condition during 
summer, rainy and winter season while the descriptive 
statistical analysis is presented in Table 3. 

Table 3: Descriptive Statistical Analysis of Underground Water for Summer, Rainy and Winter Season 
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Fig. 3: Underground Water Quality during Summer,  

Rainy and Winter Season 

Seasonal Analysis 
Table 3 shows that almost five parameters comprising of 
TDS (4754.33 ± 17.32 mg/l), CaCO3 (809 ±4.49 mg/l), NO3 
(21.03±0.85 mg/l), Fe (0.32±0.51 mg/l) and Fl (10.66±1.52 
mg/l) of underground water during summer season exceeded 
SMCL limits for drinking water quality as per EPA (2016). 
Similarly, in rainy season concentration of TDS (1894± 
2480), CaCO3 (360±), NO3 (12± 0.88), Fe (0.33±0.08) and 
Fl (19.6 ± 2.66) also exceeded beyond their standard limits 
of EPA for drinking water. Further, in winter season the 
concentration of TDS (375.66 ± 1.95) NO3 (10 ± 10.5) 
CaCO3 (786 ± 6.11 mg/l), Fe (0.51 ± 0.035 mg/l) and Fl 
(10.66 ± 1.52 mg/l) also exceeded their limits for drinking 
water as per EPA standards. 

Effect of High Total Dissolved Solids  
and Nitrate in Water 
The high values of pH, TDS, CaCO3, NO3, Fe and Fl 
indicate that water quality of underground water is very poor 
and therefore, adversely affect the domestic uses and 
agricultural production (Balchandra et al., 2010). Higher 
concentration of TDS is not suitable for irrigation purpose 
(Kannan and Thavamani, 1993). High level of hardness 
creates leaching of calcium and magnesium and other 
polyvalent cations from soil by natural process. Hardness in 
water may cause heart diseases (Mason Alma and Ahmed, 
2002). High nitrate concentrations in water indicate organic 
pollution in the water due to heavy industrialization 
particularly discharging chemicals (Satyr et al., 2003). High 
total dissolved solids may affect the aesthetic quality of the 
water, interfere with washing clothes and corroding 
plumbing fixtures. For aesthetic reasons, a limit of 500 mg/l 

has been specified as part of the Secondary Drinking Water 
Standards (EPA). Nitrate poisoning includes increased heart 
rate and respiration.  

Effect of Higher Level of Iron and  
Fluoride Content in Water 
High level of Fe and Fl in water causes gastro-intestinal 
disorder, neurological problems, paralysis and carcinogenic 
affect to human health. Irrigation with poor quality 
underground water influences reduced germination, root 
growth, absorption of water and nutrients (Solaimalai and 
Saravanakumar, 2004). The results of the physico-chemical 
parameters of underground water from Chatta and Kalikapur 
area show that six parameters out of 8 parameters analysed 
crossed the permissible limit of water required for domestic 
and irrigation purpose. It indicates 75% of the parameter 
failed to meet the secondary concentration limit specified for 
domestic purpose. Hence, the underground water is not safe 
for domestic and agriculture production (Balchandra et al., 
2010). The findings and approach adopted in assessing the 
water quality in the present study can be corroborated with 
several other studies of textile hubs at Vapid, Gujarat, India 
(Joshi and Santani, 2012), at Coimbatore, Tamilnadu, India 
(Balachandran et al., 2010) and at Karur District, India 
(Kannan et al., 2005). 

Conclusion  
Both the results obtained from physico-chemical parameters 
and statistical analysis indicate that the underground water at 
Chatta, Kalikapur and Mahispota of Maheshtala textile 
cluster are very poor in summer and poor in rainy and winter 
season. The underground water is not suitable for drinking, 
domestic, and agriculture purpose. The time is long overdue 
to take a hard look at this undesirable and unplanned growth 
of these bleaching and dyeing units. Further, it requires to 
take corrective measures through recyclable zero discharge 
treatment process to prevent environmental risks and 
depletion of water level around the cluster. 

References 
 [1] APHA (2005). Standard methods of chemical analysis of 

water and waste water. 21st edition, American Public Health 
Association, Washington, USA. 

 [2] Balachandra, D., Sundarraj, P., Ruthaevel, M.K. and 
Kumarswamy, K. (2010). An investigation of ground water 
quality and its suitability to irrigated agriculture in 
Coimbatore district, Tamilnadu, India, A GIS approach. 
International Journal of Environmental Science, 1(2),  
pp. 176–190. 



SMART Technologies for Natural Resource Conservation and Sustainable Development 
  
 

78 

 [3] CGWB, 2016, Central Ground Water Board, Ground water 
data in different parts of the Country, India. 

 [4] EPA (2016). National primary drinking water contamination. 
Environmental Protection Agency, United States, available at 
http://water.epa.gov/drink/contaminant/upload/mcl-2.pdf 

 [5] Joshi, V.J. and Santani, D.D. (2012). Physicochemical 
characterization and heavy metal concentration in effluent of 
textile industry. Universal Journal of Environmental 
Research and Technology, 2/2, pp. 93–96. 

 [6] Kannan, V., Ramesh, R. and Sashikumar, C. (2005). Study on 
ground water charectaristic and the effects of discharged 
effluents from textile units at Karur District, India. Journal of 
Environment Biology, 26(2), pp. 269–272. 

 [7] Kannan, V. and Thurman, E.M. (1993). Assessment of 
industrial ground water pollution potential from correlation of 
parametric ratio—Dye industry. Indian Journal of 
Environmental Protection, 13(5), pp. 346–348.  

 [8] Mason, Alma and Ahmed, A. ( 2002). Water quality in and 
around Industrialized city of Delhi East and Sahibabad. 
Indian Journal of Environmental Protection, 22 (8), pp. 900–
904. 

 [9] Simenon, V., Simenon, P., Samara, C., Zachariadis,, G., 
Vousta, D., Anthemidis, A., Sofonious, M. and Kouimtzis, T. 
(2003). The assessment of the surface water quality in 
Northern Greece. Water Research, 37(17), pp. 4119–4124. 

[10] Solaimalai, A. and Saravanakumar, R. (2004). Assessment of 
irrigation water qualities, In Water pollution assessment and 
management, Daya publishing House, New Delhi, pp 389–
395. 

[11] Shastry, C.K., Aboo, A.M., Bhatia, H.L. and Rao, A.V. (1970). 
Pollution of upperlake and its effect on Bhopal water supply. 
Journal of Environmental Health, 12, pp. 218–238. 

[12] Tchobanoglous, G. and Burton, F.L. (1995). Wastewater 
Engineering: Treatment, disposal and reuse. TATA- MaGraw 
Hill Publishing India Limited, New Delhi. 

[13] Vega, M., Pardo, R., Barrado, E. and Deban, L. (1998). 
Assessment of seasonal and polluting effects on the quality of 
river water exploratory data analysis. Water Research, 32(12), 
pp. 3581–3592. 

[14] WHO and Unicef (2010). Progress on sanitation and drinking 
water. Joint monitoring Programme data Published by 
WHO/Unicef, 2010.  

 



1R

 

C

r
c
c
in
p
a
H
b

W

R&D Centre for Iro

Appl

S. M

Abstract: 
it has been
scarcity an
going to be
estimated t
The challe
consumptio
circumstan
in future. 
significant 
sector. Ou
(commonly
technologi
other aspe
possible w
application
volume of 
of water p
water use, 
monitoring
integrated 
minimalist 

Keywords

Concept of In
ater, esp
finite re

resource is def
context of wate
can be defined
ndustrial produ

productivity of
added in mon
However, con
because low le

W 

31st Indian Enginee
The Institution of E
Theme: SMART Te

on and Steel, Steel

lication 
for Im

Secto

Mitra Mazu

India has 18%
n predicted tha
nd water quali
e significant ch
that with curre
nge originates
on and agricu
nces, neither se
Doubling of i

t improvement 
ut of various w
y referred as ze
es for recycling

ects of increasi
water consumpt
n of cascaded 
discharge. A n
roductivity. Th
application of

g techniques a
INTELLIGEN

t SMART tools 

s: Water Produ

INTROD

ndustrial Wa
pecially fresh w
esource, unles
fined by the ef
er, the product
d in terms of 
uction based u
f water can b
netary terms p
ncept is also 
evel of industr

ering Congress, Kolk
Engineers (India) 

Technologies for Natu

l Authority of India

of Minim
mproving
or with S

umder*1, A.K

% of the world’
t India might b
ity are predicte
hallenge for In
ent growth rat
s from the fact 
ultural require
ectoral share o
industrial prod
in “Water Pro

ways of increa
ero discharge)
g, which gener
ing water prod
tion per unit o
recycling etc. 

number of SMA
hese include, c
f physical simu
nd tool based 

NT TOOLBOX
and techniques

uctivity, Condu

DUCTION 

ater Producti
water in a parti
s reused. Pro

fficiency of res
tivity of water
the economic

upon the water
be defined as 
per unit of w
socio-technol

rial water prod

kata, 2016 

ural Resource Conser

a Ltd., Ranchi, Ind

malist “
g Water
Special 

K. Jha1, K.

’s population a
be the most wa
ed to be one of
ndian Industria
te, Indian indus
that continuin
ements of wa
of water consu
duction withou
oductivity” of a
asing water pro
) is widely ackn
rally is achieve
ductivity attrac
of production, 
have the poten

ART tools and 
conductivity ba
ulation tools, k
approach to m

X approach to
s in industrial 

uctivity, Cycle 

ivity 
icular region, 

oductivity of 
source use. In 
r used in indus
c value added 
r withdrawn; i

economic va
water withdraw
ogical in nat

ductivity may 

rvation and Sustain

dia. * smm@sail

“SMART
r Produc
Referen

Bhattachar

and 4% of the w
ter-stressed am
f the largest e
al sector in ge
strial sector is
g economic gr

ater necessitate
umption by indu
ut any signific
almost all unit
oductivity, asp

knowledged and
ed at high capi
ct less attentio
maximizing C

ntial to ensure
techniques can

ased approach 
key parameter 
management of

owards increas
sector with spe

of Concentrati

is a 
any 
the 

stry 
by 

i.e., 
alue 
wn. 
ture 
not 

mean l
multitud
is used
abundan
calculat
the term
industria
improve
• imp
• ado
• high
• reu

nable Development

l-rdcis.com 

T” Tool
ctivity in
nce to St

rjee1, M. Ch

water resource
mong G-20 nat
conomic conce

eneral and stee
s poised to dou
rowth will resu
ed by increas
ustry nor patte

cant increase i
t operations an
pects of reduct
d is often addr
ital cost and si
n. Some of the

Cycles of conce
e both reductio
n be adopted t
of water mana
based decision

of cycle of con
sing water pr
ecial reference

on, Recycling.

low level of 
de of situations
d for low val
nt in a parti
tion of industri
m remains in 
al perspective 
ement in indust
provement in in
option of water
h level of wate
se and minimiz

ls and T
n Indust
teel Plan

houbey1 and

es. Due to this 
tions by 2025. 
erns in the com
el sector in par
uble its produc
ult in steady ris
sed demand fo
ern of use can 
in fresh water
nd unit process
tion in industr
ressed through
ignificant recur
ese aspects viz
entration, setti
on in fresh wat
to address thes
agement, index
n making, appl

ncentration. Th
roductivity thro
e to Indian stee

. 

development
s- either water 
lue applicatio
icular country
ial water produ

the domain o
the factors th

trial water prod
ndustrial techn
r saving measur
er circulation  
zation of water

Techniqu
trial  
nts 

d A. Gupta1

uneven distrib
Consequently, 
ming decade. T
rticular becaus
ction in next de
se of both per 
for food. Unde
change signifi

r intake will r
ses across indu
rial water disc
 adoption of va
rring cost. How
z. ensuring min
ing benchmark
ter consumptio
se in-process a
x based appro
lication of surr

his work sugge
ough applicat
el plants.  

t; this may 
is undervalued

ons or simply
y or region. 
uctivity in stric
of economists

hat directly co
ductivity are: 

nology  
res  

r withdrawal. 

ues  

bution, 
 water 
This is 
se it is 
ecade. 
capita 
er the 

ficantly 
equire 
ustrial 
charge 
arious 
wever, 
nimum 
ks and 
on and 
aspects 
ach of 
rogate 
ests an 
ion of 

indicate a 
d, or water 

y water is 
Although 

ct sense of 
s, from an 
ntribute to 



8

N
i
I
in
e
m
r
e
w
w
a
in
a
g
in
(
it
 

IV
S

I
a
th
in

 
 

80 

Need for Imp
n Indian Ind
ndian economy
n foreseeable 

expected to gro
ment for indust
requirements 
environmental 
widely discuss
water availabil
and indirect req
ncluding indus

agricultural req
get additional a
ndustrial wate
Table 1) indust
ts water produc

Fig. 1: Pe
(Source: Bull

Table 

Country 

Japan 
Korea 
UK 
Netherlands 
Germany 
USA 
China 
India 

VA: Industrial Va
Source: Bulletin of

ndustry is the
actual demand 
he purpose of 
n industrial w

proving Wate
dustrial Secto
y is expected t
future. There

ow at a simila
trial sector is a
by various s
consequences

sed. Economic
lity decreases 
quirement of w
stry sector. Ho
quirement it w
allocation for i
er productivity
trial sector in I
ctivity before a

er Capita Water 
letin of Indian Soc

1: Industrial Wa
in some Se

IVA 
2001 

Ind. 
use, 

1890 
286 
340 
120 
748 

2148 2
594 1
120 

alue Added, in 199
f Indian Society of

e second large
largely depend
water withdraw

water productiv

er Productiv
or 
to grow at an a
efore, industri
r or higher rat

a small percent
sectors but d
s of discharge
c growth will 

continuously 
water will incre
owever, consid
will be signific
industrial secto
y is significan
ndia has to sign
additional alloc

Availability, M3

iety of Soil Scienc

ater Use and Pro
lect Countries 

Water. 
km3/yr P

16 
3 
7 
5 

32 
221 
162 

35 
5 constant US $ 

f Soil Science, No.

st user of fres
ds on the type 
wal. The need

vity arises from

SMART Tech

vity  

average rate of 
ial sector is a
te. Water requ
tage of total wa
due to negat
e, the impact
entail that wh
(Figure 1) dir

ease for all sect
dering primacy
cantly difficult
or in future. Si
ntly low in In
nificantly incre
cation is sough

3/capita/year 
ce, No. 29, 2014)

oductivity  

Ind. Water. 
Productivity, 
US $ IVA/m 
119.62 

93.66 
47.28 
25.17 
23.43 

9.73 
3.67 
3.42 

. 29, 2014. 

sh water. But 
 of industries a

d for improvem
m the fact that

hnologies for Na

7% 
also 

uire- 
ater 
tive 
t is 
hile 
rect 
tors 
y of 
t to 
ince 
ndia 
ease 
ht.  

 

the 
and 

ment 
t in 

general 
actual c
Various

Water 
Energy
Coolin

Proces

Water 
Produc

Water 
Mediu
Waste

Aspect
Contex
It is es
sector h
increase
improve
operatio
“water 
unit am
becomes
Althoug
be benc
ment of
water pr
• Min

or s
• Min
• Ma

wat
• Min

env
• Bey

and

Generi
Water 

Collabo
Cascade
goal of 

atural Resource 

water withdra
onsumption/ne

s types of indus

Table 2: Va
of Wa

for 
y 

e.g

ng Water Co
lar
pur

ss Water e.g
var

for 
cts 

Ma
pha
is a
hum

as a 
um for 

Disposal 

Wa
the
com

ts of Water U
xt of Steel Ind
stimated that w
has to double
e in fresh wate
ement in “Wa
ons and unit 
use efficiency”

mount of wa
s related to r

gh water produ
chmarked unle
f an operation o
roductivity can
nimum possibl
services 
nimum possibl

aximizing cycle
ter 
nimum possib
vironment 
yond norms of 
d reuse. 

ic Tools and 
Productivity

orative Cascad
ed use of water
minimal water

Conservation an

awal by indus
eed of water fo
strial water usa

arious Large Sca
ater in Industrial

g., Large hydro p

ooling in thermal
gest single use o
rposes 

g., Use of water t
rious process or 
any industrial se
armaceutical and
an ingredient of 
man consumptio
ater removes any
e manufacturing 
mmonly known 

Usage and Re
dustry 
with current g
e its produce 
er intake. This
ater Productiv
processes acr

” indicates the
ater, “water p
reciprocal of 

uctivity of a pro
ess the “theore
or a process is

n be tracked thr
le water consum

le withdrawal o
es of Internal a

ble discharge 

f discharge, me

Techniques 
y 

ding  
r is an importa
r discharge. H

nd Sustainable D

stry is much h
or industrial ap
ages are given i

ale Applications 
l Context 

projects  

l power generati
of water for indu

to make steam, u
chemical reactio
ctors, mostly the
d beverage, whe
the end products

on 
y raw material n
process as waste
as wastewater 

eduction in th

growth rate In
without any 

s will require 
vity “of almos
ross steel sec
e amount of pr
productivity” 
“water use e

ocess or operat
etical minimum
s known, impro
rough:  
mption per un

of fresh water
and external re

of water to

eet standards o

of Increasing

ant tool for ach
owever, a stru

Development 

higher than 
pplications. 
in Table 2. 

 

on is the 
ustrial 

use in 
ons 
e food, 

ere water 
s for 

not used in 
e and is 

he 

ndian steel 
significant 
significant 
st all unit 
ctor. Since 
roduce per 
essentially 

efficiency”. 
tion cannot 

m” require- 
ovement in 

it of goods 

ecycling of 

o external 

f recycling 

g  

hieving the 
uctured and 



S

in
r
in
to
in
in
E

D
K
C
c
T
r
c
f
s
w
o
p
“
p
“f
in
m

D
W
im
u
th
s
p
s
m
(
r

SMART Technolo

ntegrated appr
reported in av
ndustry in gen
owards cascad
n the vicinity
nvolve both u

Exhibit elucida

Table 3

Sl. 
No. 

I Assume
II Conside

with rec
III Recycle

the qual
IV Use tre

of potab
cooling

V Reuse w
VI Treat an

Development
Key Tool for 
Conventional 
components, na
The green wat
rain water. T
consumption o
footprint is the
system and de
would be requi
on existing w
particular conte
“water footprin
particular proc
“footprint” of 
nefficiencies 

marking. 

Development
Water Quality 
mproving wate

use, recycle and
he most effect

simple indices.
physico-chemic
sample. These 
making/inform
Table 4) or for

recycling and d

ogies for Natura

roach for casc
vailable literat

neral and steel i
ding need to c
y of an indust
use of incomin
ates sequential 

3: Sequential Ste

Steps 

e unavailability o
er replacement 
cyclable water  
e water on-site. 
lity required by 
ated municipal a
ble supplies for 

g etc 
water sequentiall
nd reclaim used 

t and Use of W
Benchmark
concept of “F
amely, green, 
er footprint re

The blue wa
of surface and 
e polluted wa
escribed as th
ired to assimil
water quality 
ext of various
nt” implies the 
cesses. Therefo

different pro
and facilitate 

t and use of I
Index (WQI)

er productivity
d discharge. Fr
tive ways to ex
. Indices are b
cal and biolo
indices either 
ation dissemin
r direct implem
discharge (Tabl

al Resource Cons

cading of wat
ture in the c
industry in par
over “maximu

trial unit wher
ng water and 
steps of cascad

eps of Cascaded 

of Water Usage

of potable water
of all potable 

Match the qual
the use. 
and industrial w
landscape irriga

ly 
water 

Water Foot P
king and Deci

Foot Print” c
blue and gray

efers to the co
ater footprint 

ground water
ater released b
he volume of 
ate the load of

standards. H
s units and sho

pattern of use
ore there is a 
cesses for ide
decision mak

Index based T
) can be an im
y through optim
rom industry p
xploit this tool 
based on the v
ogical parame
can be used f

nation regarding
mentation in a c
le 5). 

servation and Su

ter has not b
ontext of Ind

rticular. The ef
um possible ar
re cascading w
discharge wa

ded water use.

Water Use 

e 

r 
water use poin

lity of water wi

wastewater instea
ation, dust contro

Printing as a
ision Making
consists of th

y water footprin
onsumption of 

relates to 
r. The grey wa
by the product

fresh water t
f pollutants ba

However, in 
ops of steel pl
e and discharge

need to deve
entifying proc
king and ben

Techniques 
mportant tool 
mization of wa
perspective one

is to use suita
values of vari

eters in a wa
for quick decis
g quality of wa
control system 

ustainable Devel

een 
dian 
ffort 
rea” 
will 
ater. 

nts 

th 

ad 
ol, 

a 
g 
hree 
nts. 
the 
the 

ater 
tion 
that 

ased 
the 

lant 
e of 
elop 
cess 
nch- 

for 
ater 
e of 
able 
ious 
ater 
sion 
ater 
for 

Ta

Param

pH 
DO (m
Turbid
(NTU)
Condu
(us/cm
Hardn
(mg/l)
Alkali
(mg/l)
BOD (
No3 
Total

Highest W
water qu
paramete
based on

T

LSI

–2/–3
1/–2
0/–1

0 
0/+1

+1/+2

+2/+3
> 3

The two
aggressiv
(RI) and
standard 
paramete

Use of 
Water 
Althoug
are avai
availabl
various 
paramet
of the c
chemica
paramet

lopment

able 4: Relative

meter Water
Stand

6
mg/l) 
dity 
) 
uctivity 
m) 

2

ness 
 

1

nity 
 

1

(mg/l) 

 

Weight assigned
uality assessment
er that may not 
n ecological impa

Table 5: Water B

3 Very stron
2 Strong Ag

 Moderate 
Stable Wa

 Lightly sc

2 Moderatel

3 Strongly s
Severe sca

o most import
ve tendency of 
d Langelier Sat

numerical r
ers. 

Simulation T
Treatment, 

gh individual e
ilable in literat
le in public d
ionic, surface

ters of water, o
chemicals use
als, scientific d
ters is also not

Weight of Wate

r Quality 
dard 

As
W
(A

6.5–8.5 
5 
5 

250 

00 

00 

3 
50 

d to parameter th
t, while the smal
be harmful. We
act. 

Behaviour Acco

Water Behavi

ng aggressivenes
ggressiveness 
Aggressiveness

ater 
caling water 

ly Scaling water

scaling water 
aling 

tant indexes fo
cooling water 

turation index (
relationship be

Tools for Op
Use and Rec

effect of many 
ture, very little
domain about 
 and particulat

on water system
d for water tr

data on their re
t available in p

er Quality Param

ssigned 
Weight 
AW) 

Re
We
(R

2.1 0.1
4.0 0.2
2.4 0.1

2.7 0.1

1.1 0.0

1.7 0.0

3.0 0.1
2.2 0.1

19.2 1

hat has major im
llest weight assi
eight values can

ording to LSI and

our 

ss 

 

r 

or measuring t
are Ryznar Stab
(LSI), calculate
etween select 

timization of
cycling 
water quality p

e technical info
the combined
te properties a

ms. Moreover,
reatment are p
al effect on wa

public domain.

  
 

81 

meters 
elative 
eight 
W) 
109375 
208333 
125 

140625 

057292 

088542 

15625 
114583 

mportance in 
igned to that 
n be decided 

d RI 
RI 

>0 
8/9 
7/8 
6/7 
6/5 

5/4 

4/3 
<3 

the scaling/  
bility Index 
d based on 

monitored 

f  

parameters 
ormation is 
d effect of 
and quality 
since most 
proprietary 
ater quality 
. However, 



8

th
o
S
o
w

“
T
t
ti
w
d
b
in
•
•
•
•

A
E
e
b
o
s
f
f
l
p
d
s
d

A
W
I
h
m
a
w
f
m
p
f
p
S
f
in
th
q
o

 
 

82 

his informatio
optimization 
Simulators, of 
of these simula
water productiv

“Intelligent” 
Technologies 
elecommunica
ime reliable da

water manage
distribution sys
be made part 
ndustries in a p
• Flow 
• pH 
• Conductivi
• Turbidity. 

Application o
Expert/Decision
effective tool 
based on own d
others. For thi
structure of w
form the back
framework tha
earning at any

proper security
decision points
system should 
define and cust

An Integrate
Water Produ
n steel industr

having signific
major ways of 
are like in any
wastewater, tre
feasible based 
makeup water
probably differ
fact that there
potential applic
SMART Toolb
for both decis
ncreasing wate
he complex fu

quality paramet
of treatment pro

on is extreme
of water tre
simulation too

ation tools can 
vity. 

Water Grid 
such as sm

ation sensors a
ata which can 
ment while r
stem. To begin

of water gri
particular regio

ity 

of Expert/De
n Support Tec
for water man

data as well as 
is, all industri
ater managem

k-end of an op
at would be e
y time by respo
y, it must be e
s are is availa

provide a fl
tomize to suit i

d “Smart To
uctivity in Ste
ry there are a 
cantly varied 
f increasing wa
y other sector 
eatment and re

on applicatio
r consumptio
rs from many 
e exists large
cation within th
box arises from
sion making a
er productivity
unctional relat
ters, impact pa
ocess: 

ely important 
eatment, use 
ols, bridge the 

help in signif

Managemen
art metering, 

allow for the p
significantly h

reducing wate
n with four pa
id managemen
on. These are: 

ecision Suppo
chnology can 
nagement for 
learning from 
ies need to de

ment database. 
pen architectu
easy to access
onsible industry
ensured that d
able in a real
lexible structu
ndividual requ

oolbox” for I
eel Sector 
large number 
water quality 
ater productivi
i.e., reduction

ecycle of was
on/use need a
on. However,
other industrie
 number of 
he plant premi

m the fact that 
and treatment 
y. The complex
tionship betwe
arameters and f

SMART Tech

and crucial 
and recycli

gap. Applicat
ficantly increas

nt  
SCADA, G

provision of re
help in improv
er losses in 
arameters need
nt system acr

ort Systems 
be an extrem
decision mak
data generated
evelop their o
The data sho

ure expert syst
s and update 
y personnel. W
data, analysis a
l-time basis. T

ure that user 
uirements.  

mproving 

of water circu
need. The th

ity in steel sec
n in discharge
tewater where
and reduction
, steel indus
es because of 
opportunities 
ises. The need 
there exists n
optimization 

xity of arises fr
een various wa
functional aspe

hnologies for Na

for 
ing. 
tion 
sing 

GIS, 
eal-

ving 
the 

d to 
ross 

mely 
king 
d by 
own 
ould 
tem 
the 

With 
and 
The 
can 

uits 
hree 
ctor 
e of 
ever 
n in 
stry 
the 
for 
for 

need 
for 

rom 
ater 
ects 

• pH 
• pH
• Sca
• Cor
• Sca
• Coa
• Coa

Tem
• Alk

Har
• Sca
• Sca
• Con
• Me
• Tur

Adopti
Target
As per 
determin
tion/floc
example
suspend
removed
water is
mixed w
recyclab
does no
order to
optimal 
analysis
than vis

atural Resource 

= f (Hardness)
= f (Alkalinity

ale formation =
rrosion = f (pH
ale formation =
agulation = f (A
agulant dose 
mperature) 
kalinity = f (pH
rdness) 
ale formation =
ale formation =
nductivity =f (p
tal solubility =
rbidity = f (Tem

ion of Electro
ted Reduction

conventional 
nation of chem
cculation aime
e, this test is c
ded solids fro
d before the w
s required to b
with additiona
bility of suspe
ot meet the obj
o identify the 

coagulation-
s (Figure 2) (o
sual observation

Fig. 2: Ele

Conservation an

) 
y) 
= f (pH 7+) 
H 7–) 
= f (TDS) 
Alkalinity, pH)

rate = f 

H, Carbonate H

= f (Alkalinity) 
= f (CoC) 
pH, temp, Flow

= f (Solution Ac
mp, pH, Alkali

o-Kinetic Ch
n of Suspend
practice, off-l

mical dosing r
d at reduction 
critical in clar
om gas clean
water is recycl
be either blow
al make up w
ended solids 
ective. As per 
optimal dosing
-flocculation, 
on-line/off-line
n based conven

 

ectro-kinetic Cha

nd Sustainable D

) 
(Turbidity, 

Hardness, Non

w) 
cidity) 
inity). 

harge Analys
ded Solids  
line jar test is
requirement fo
in Suspended 

rifier water cir
ning is requir
led. However, 

wed down or n
water to achiev

since treatmen
current advan

g point, this c
electro-kineti

e) can be mor
ntional jar test.

 
arge Analysis 

Development 

Alkalinity, 

n carbonate 

sis for 

s used for 
or coagula- 
solids. For 

rcuit where 
red to be 

often this 
need to be 
ve level of 
nt process 

ncement, in 
can lead to 
ic charge 
e effective 
. 



S

I
c
m
a
1
 

I
T
W
W
p
p
d
th
a
a
lo
to

M
c
t
o

SMART Technolo

n one such cir
conventional j
more than 300
analysis based 
100 mg/l. (Figu

Fig. 3

Improved Co
Treatment th
Water Qualit
Water is the co
plants. In many
processes, wate
during BOF ste
he gas tempera

about 75°C, wh
absorbed by th
osses of water 
o the system. 

Make up wate
closed circuit w
emperature. U

of oxygen gets

ogies for Natura

rcuit while Su
ar test based 
0 mg/l, where
optimization it

ure 3). 

: Optimally Trea

ontrol over C
hrough On-li
ty Parameter

ooling media in
y circuits, parti
er is used at ve
eelmaking betw
ature has to be
here the heat, 

he hood coolin
takes place fo

Fig. 4a: Closed

er adds dissolv
water is mainta

Under high pre
s dissolved in

al Resource Cons

spended Solid
optimization 

eas after elect
t came down c

ated Water for R

Closed Loop W
ine Monitorin
rs like, Disso
n all closed loo
icularly in iron
ery high pressu
ween hood inle
e brought down
by radiation a

ng water. Evap
r which make 

 

d Circuit of Wat

ve oxygen in 
ained at very h
ssure relatively

n water. In co

servation and Su

ds level even a
was consisten

tro-kinetic cha
consistently bel

Recycling 

Water 
ng of Key 

olved Oxygen
op circuits of st
n and steel mak
ure. For examp

et and hood out
n from 1000°C
and convection
poration and ot
up water is add

 
ter 

the circuit. T
high pressure 
y large quanti
ld water, oxyg

ustainable Devel

after 
ntly 
arge 
low 

 

n  
teel 

king 
ple, 
tlet, 
C to 
n, is 
ther 
ded 

This 
and 
ities 
gen 

normall
water i
problem
oxygen 
well as
possible
sample 
cooling 
for imp
level in
(right si

Dynam
Param
Closed
High pr
require 
scaling 
integrate
quality 
required
maintain
approac
maintain
monitor
impact 
Cooling
control 
of treatm
address 
situ sys
for direc
quality 
quality 
formatio
System 
paramet
effective

lopment

y has little co
s heated, the 

ms. A combina
from circuit 

s monitoring 
e through on-li

designed circ
water circuit. 
roving water p

n cooling wate
ide) treatment.

Fig. 4b: DO 
with

mic Monitorin
meters for Mo
d Loop Water

ressure closed
continuous ch
and bio-foul

ed facility to 
parameters in 

d for improved
ned through 

ch where pr
ning system 
ring of water q

parameters (
g Water System
over Cooling W
ment cost as w
this gap, a sta
tem was conc
ct and surrogat
and impact pa
related prob

on, corrosion e
uses relation

ters measured 
eness of water

orrosive effect
oxygen can 

ation of chem
water. Improv
of consistenc

ine monitoring
cuit is given 
Such treatmen
productivity. F
er circuit with

 

Level in Coolin
hout and with Tre

ng of Water 
onitoring of E
r Treatment 
d loop water 
hemical treatm
ling under c

monitor (on-
such circuits 

d control action
a third party

roprietary che
water quality

quality parame
(e.g. corrosio
m “owner” (i.e
Water System 

well as water c
ate-of-the-art c
ceptualised, de
te monitoring o
arameters aime
lems like, bi

etc in this close
ship between 
through on li

r treatment. T

t. In contrast, 
cause serious

micals is used 
vement in eff
cy of this tre
g of dissolved 

in photograp
nt consistency i
Figure 4b show
hout (left side)

ng Water Circuit
eatment 

Quality Imp
Effectiveness

systems in st
ment to keep 
heck. There 
-line and in-s
in steel Plant

n. The system i
y “system ma
emicals are 

y with periodi
eters (e.g. pH) 
on). This ent
e. plant) had l
“Managemen

consumption. I
composite on-li
signed and im
of requisite coo
ed at preventio
iocide format
ed loop water c

various wate
ine analyzers t
his shifting of

  
 

83 

when the 
 corrosion 
to remove 

ficiency as 
eatment is 
oxygen (a 

ph) in the 
is essential 
ws the DO 
) and with 

 
t  

pact 
s of 

teel plants 
corrosion, 
exists no 

situ) water 
ts which is 
s generally 
intenance” 
used for 

ic off-line 
and target 

tailed that 
little or no 
t” in terms 
In order to 
ine and in-

mplemented 
oling water 
on of water 
tion, scale 
circuit. The 
er qualities 
to monitor 
f paradigm 



8

f
“
r
r
th
w
f
“
c

A
S
p
r
to
tr
d
d

 
 

84 

from third par
“parametric ap
resulted in imp
reduction is d
hrough gradua

without negativ
formation, corr
“control" data
corrosion poten

Fig. 5: Se

Fig. 6: Ma

Application o
Since iron and 
processes, stee
resource. While
o a water body
reatment, clos

design, with o
down and reple

rty based “syst
pproach” has
proved control
discharge and 
al increase in 
vely affecting

rosion or bio-fo
a generated o
ntial of cooling

ection of Installat

aximum Corrosio

of Physical W
steel making 

el industry reli
e contact wate
y after a series
sed loop wate
only a very p
enished throug

tem maintenan
s, over a per
l over water sy

make up wa
Cycle of Con

g the system i
ouling. Figure 
online, i.e. th
g water. 

 

tion of Closed W

on Potential of C

Water Treatm
involves very 
ies on water a
er is recycled a
s of physico-ch
r is continuou

percentage dis
gh make up wa

SMART Tech

nce” approach
iod of time 
ystem, as well
ater consumpt
ncentration (Co
in terms of sc
6 shows a sam

hat of maxim

 
Water System 

Cooling Water 

ment Simulat
high temperat

as a very criti
and/or discharg
hemico-biolog
usly recycled, 
charged as bl
ater. The mak

hnologies for Na

h to 
has 
l as 
tion 
oC) 
cale 

mple 
mum 

 

tor 
ture 
ical 
ged 
ical 
by 

low 
eup 

water co
largely 
closed 
dimensi
stresses 
challeng
need o
problem
of make
 

Althoug
are avai
availabl
various 
paramet
the chem
on real 
public d
vis-a-vi
There 
chemica
water tr
and dev
9 show 
decision

F

atural Resource 

onsumption an
on efficiency 
loop circuit 

ional that req
arising out of

ges are further
f recycling w

m gets accentua
eup water. 

Fig. 7: Closed 

gh, individual e
ilable in literat
le in public d
ionic, surface

ters of water o
micals used ar
effect on wate
domain. The e
s generic che
exists no too
als for their tre
reatment simul
veloped to bridg

the data gene
n making. 

Fig. 8: Closed L
Rate w

Conservation an

nd discharge wa
of water treat
water manag

quires taking 
f dynamic natu
r increasing be
wastewater int
ated since with

Loop Circuit W

effect of many 
ture, very little
domain about 
 and particulat

on flow loop an
re proprietary c
er quality param
effectiveness o
emicals is als
ol for compa
eatment effectiv
ator has been 
ge this gap (Ph
erated in such

oop Conductivit
without pH/DO A

nd Sustainable D

ater volume is 
tment. The cha
gement is th
care of vario

ure of the proc
ecause of the 
ternally. Mor

h reduction in a

Water Manageme

water quality p
e technical info

the combined
te properties a
nd system. Sin
chemicals, scie
meters is not a
of proprietary 
so not well e
arison betwee
veness. The re
conceptualised

hotograph). Fig
h system whic

ty against Corro
Adjustment 

Development 

dependent 
allenges of 
hus multi-
ous system 
cesses. The 

increasing 
eover, the 
availability 

 
nt 

parameters 
ormation is 
d effect of 
and quality 
nce most of 
entific data 
available in 

chemicals 
established. 
en various 
ecirculation 
d, designed 
gures 8 and 
ch helps in 

 
sion  



S

D
S
M
b
E
t
d
s
H
d
o
p
th
s
(
i
p
d
p
d
u
o
c
m
c

SMART Technolo

Fig. 
Con

Development
Scaling/Corr
Maximizing C
both Blow Do
Effectiveness 
endency is d

dosing (equiva
settling) when 
However, there
dosing rate is 
out of which 
predominates (
he dosing syst

situ tests and m
preferably eve
s manually ad

practically imp
determination 
parametric rela
dosing. An effo
uses generic an
on-site relation
can be devel
maintenance o
controlled dosin

Fig

ogies for Natura

9: Closed Loop 
ductivity with pH

t of Applicati
rosion Contro
Cycle of Con
own and Ma
of dosing fo
ependent on 
alent to point

level of wate
e exists no def
non-linearly d
turbidity, co

(as per technic
tem can be eff

monitoring are c
ery hour) using
djusted based 
possible, there
of optimal d

ationships bas
ort has been ma
nd empirical re
nship data so th
loped. This a

of CoC can be
ng of any chem

g. 10: Snapshot 

al Resource Cons

Corrosion Rate 
H > 8 and DO <

ion-Specific A
ol in Water S
ncentration a
ke-up Water

for reducing 
reaching an 

t of zero cha
er hardness b
fined relations
dependent on 
onductivity, pH
cal literature). 
fective if a lar
carried out at a

g jar test metho
on results. S

e is a require
dosing based 
sed algorithm 
ade to develop

elationships ava
hat an integrate
algorithm alo
e used as a s

mical.  

of Standard Rela

servation and Su

against  
< 4 mg/l 

Algorithm fo
System for 
and Reducing
r Intake 
deposit form
optimal point 

arge for partic
ecomes minim
hip since optim
many paramet
H and alkalin
This entails t

rge number of 
a periodic inter
od and dosing r
ince the same

ement of on l
on some in
and system 

 an algorithm t
ailable along w

ed control strat
ong with pro
starting point 

 
ations 

ustainable Devel

 

or 

g 

ming 
of 

cles 
mal. 
mal 
ters 
nity 
that 

f in-
rval 
rate 
e is 
line 

ntra-
for 

that 
with 
egy 

oper 
for 

On-line
Mainta
As wate
recircula
blowed 
contami
Cycle o
concent
that in f
removin
the sam
producti
(CoC). 
safe lev
corrosio
the Cyc
concent
system m
4, while
concent
cycle o
conduct
will req
paramet
conduct
generate
affected
conduct
 

Fig

Off-lin
Open C
Water tr
water c
various 
chemica
well as 
are com
the syste
situation
multiple

lopment

e Conductivi
aining Optim
er gets evapor
ation of water 
down to main

inants so that s
of Concentrat
tration of cont
fresh make up 
ng a portion of

me with fresh m
ivity demands 
This blow dow
vel so that s
on, fouling etc
cle of Concen
tration also dep
may not get af
e some other sy
tration of 4. Th
of concentratio
tivity and cont
quire setting of
ter like hardn
tivity of wat
ed is shown in
d based on blee
tivity level can

g. 11: Inlet Total

ne Multi-Para
Circuit Wate
reatment is a k

circuit. The tre
chemicals f

al treatment p
output water q

mpeting needs. 
em in terms of
ns there is an o
e parameters. S

ity Analysis b
mal Cycle of C
rated or contam
stream, a part 

ntain optimal c
system does no
tion (CoC) ge
taminants in r
water. Blowin

f this concentr
make up wate
higher level o

wn is generally
system impact
c are minimize
ntration. Besi
pends on a pa
ffected with a c
ystem may get
his offers the o
on based on 
trolling of ble
f a relationshi
ness (to be m
er. A sample
n Figure 7 On
ed set at a part

n be gradually s

l Hardness again

ametric Opti
er Treatment
key requiremen
eatment progra
for achieving 
rogram varies
quality and cha
While jar test

f suspended sol
optimal quality
Since no such a

based Blow D
Concentratio
minants get ad
of water is req

cycle of conce
ot get affected
enerally refers
recirculation o
ng down is the 
rated water and
er. Higher leve
f Cycle of Con
y set at a pred
t like, scale 
ed. However, 
des, effect of

articular system
cycle of conce
t affected with
opportunity of 

on-line mon
eed based on s
ip between wa
monitored off
e of such re
nce system do
ticular conduct
set upwards. 

nst Outlet Condu

imization of 
t 

nt of open recir
am comprises 

end user n
s depending on
aracteristics. O
t does help in 
lids/turbidity, i
y requirement i
apparatus exist

  
 

85 

Down for 
on 
dded to the 
quired to be 
entration of 
d. The term 
s level of 

of water to 
process of 

d replacing 
el of water 
ncentration 
determined 
formation, 
this limits 

f cycle of 
m. i.e., one 
entration of 
h a cycle of 
f increasing 
nitoring of 
same. This 
ater quality 
f-line) and 
elationship 

oes not get 
tivity level, 

 
uctivity 

rculation of 
dosing of 

eeds. The 
n input as 

Often, there 
optimizing 
in practical 
in terms of 
ts an effort 



8

w
o
th
m
p
r

 
 
 

 
 

86 

was made to 
optimizing ope
hat using th

maintaining tar
parameters in a
range of off-lin

Fi

develop an a
en circuit wate
e dosage pa
rget parameters
actual circuit c
ne optimized va

ig. 12: Chemical

apparatus whic
er treatment. I
ttern determin
s using the app

could be mainta
alue. 

 

l Treatment Prog

SMART Tech

ch could help
t was establish
ned off-line 
paratus, the tar
ained within 1

 
gram 

hnologies for Na

p in 
hed 
for 

rget 
0% 

Conclu
The set
significa
producti
general.

Refere
 [1] Rep

ref
 [2] Rep

ref
 [3] Rep

ref
 [4] Rep

ref
 [5] Rep

ref
 

atural Resource 

usion 
t of tools su
antly contribu
ivity in not on
. 

nces 
port of RDCI

ferences/technica
port of RDCI

ferences/technica
port of RDCI

ferences/technica
port of RDCI

ferences/technica
port of RDCIS

ferences/technica

 

Conservation an

uggested and 
ute to incre
nly steel sector

S project No. 
al publications 
S project no. 
al publications 
S project No. 
al publications 
S project No. 
al publications 

S project No. S
al publications 

nd Sustainable D

experimented 
easing industr
r but industria

65:49:80 and

65:49:87 and 

65:76:03 and 

65:76:09 and 

STA:65:051 and

Development 

with can 
rial water 
al sector in 

associated 

associated 

associated 

associated 

d associated 



 

 
1Department of Civil Engineering, Indian Institute of Technology Roorkee, India. * gargifce@iitr.ac.in 

Tackling Corrosion and Bio-Film Formation in Water 
Distribution Systems for Sustainable Supply of Water 

D. Bhaskar1 and G. Singh*1  

Abstract: While the recent internal tussle over sharing water resources on national and international level 
exemplifies the severity of the water woes in India, the jaundice outbreak earlier this year in Shimla highlighted the 
urgency to ensure safety of water. Hence, there is an urgent need to balance the efforts for intelligent and fair 
utilization of water as is the case with the outline for the SMART cities with the efforts to assure potability of the 
supplied water. Preventing corrosion and biofilms from forming within the water network are the two avenues for 
effective utilization and safe reuse of water, which have so far been largely over-looked. The role of a healthy water 
distribution network in assuring the quality and quantity of water supplied to the public is emphasized here with the 
objectives of preventing wastage of water, ensuring effective utilization of water, and safety of recycled water. This 
paper highlights that operational factors such as type and dosage of the disinfectant, flow regimes, and pipe 
material influence the corrosion and biofilm development within the water distribution network. Together they 
impact the efficacy of water distribution infrastructure adversely by permitting water loss, metal contamination, and 
pathogen intrusion, re-growth and persistence. Further, a roadmap is laid for research to establish an efficient 
water model for safely supplying and reusing water to meet the ever-increasing demands. 

Keywords: Water Distribution Network, SMART Cities, Sustainable Water, Biofilms, Corrosion. 
 
Introduction 

ater is a scarce resource in India and its long term 
availability cannot be ensured in the urban and peri-

urban under the current setup. Additionally, the mismatch 
between the demand and supply of water is continually 
aggravated [1]. The ever increasing strain on water in urban 
and peri-urban region necessitates prevention of water 
wastage and contamination; the key intervention being 
proper management of water and water network. Leakages in 
the water network and subsequent intrusion of nutrients and 
microbes fail the efforts of disinfection to keep the drinking 
water clean. The intermittent water supply and subsequent 
water stagnation, and low hydraulic pipeline pressure further 
drive the deterioration of water quality. A comprehensive 
management approach, which encompasses all the stages of 
the water cycle and is scientifically informed, is urgently 
needed to ensure adequate quantity and quality of water. In 
order to successfully conserve water, leak-proof water 
networks with intelligent distribution and use of water are 
needed [2, 3]. The serious concern regarding the quality of 
water also needs to be taken into account. It has been 
reported that 70-80% of water consumed across the globe 
does not meet the WHO standards [4]. The current strategies 
to prevent deterioration of water resources emphasize 

development of watersheds, protection, management, and 
increment of water utilization capacity, and improvement of 
physical, chemical and biological characteristics of water [2, 5]. 
In this context the safe reuse of water requires addressing the 
accumulation of persistent contaminants with every cycle of 
use [6–8]. The paucity of water and explosion of the 
population, whose lifestyle is trending towards increasing 
consumption of resources has thinned out the current 
interventions of privatization and making conservation of the 
available water resources imperative [1].  

As of now, the integrity of water networks in India (Figure 1) 
is challenged by: (a) leaky joints in fractured and corroded 
pipes resulting in the entry of microbes and nutrients within 
the water network [3]; (b) leaching of heavy metals such as 
Lead, Copper, Cadmium in water from water supply pipes; 
often due to corrosion [9]; (c) deterioration in the water 
quality due to decay of disinfectant in pipelines [3]; and  
(d) disintegration of pipe due to inappropriate or inefficient 
water supply regimes that result in sudden changes in water 
demand, main breaks, or pump outages [3, 10]. These four 
challenges can be traced back primarily to two phenomenon 
of corrosion and formation of biofilms. Corrosion literally 
“opens the doors” for entry of microbes and nutrients into 
the water distribution network. These microbes along with 
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those that survive disinfection often contribute to formation 
of biofilms. The biofilms trap nutrients and efficiently utilize 
the additional surface made available by corrosion and 
permit proliferation of a rich community of heterotrophs  
[9, 11–13].  

Often the ageing and mismanaged water infrastructure of the 
developing countries allows for intrusion of pathogens in 
water distribution systems and accelerates the ageing process. 
To ensure sustainable maintenance of water supply in cities, 
it is crucial to control contamination via effective monitoring 
and technical interventions that account for both the 
chemistry and the microbial ecology of the water in the 
water network [14]. In this context the establishment of 
SMART cities with “intelligent” water distribution network 
presents a unique opportunity to lay down water networks 
that besides being conducive to monitoring and pro- 
portioning of water resources, also incorporates the design 
and operation elements, which would safeguard against leaks 
and contamination of water at source, treatment plant, water 
distribution network, or the point of use [3, 15]. While, the 
“intelligent” aspect of the water networks of the SMART 
cities is informed by advancements in public policy, 
information technology, and related fields, the “sustain- 
ability” aspect suffers in want of knowledge about the bio-
chemical factors that enhance or attenuate corrosion and 
biofilm formation [5, 12]. Any approach proposed for 
ameliorating the water woes of India need to incorporate 
interventions for limiting both of them. Thus, the two major 
scientific challenges facing the water networks in India today 
are the scientific understanding of various factors that 
together result in corrosion and biofilm formation. 

Biofilms and Corrosion 
Biofilms develop within the water networks owing to 
colonization of microbes that survive the disinfection or 
intrusion of the microbes that manage to disrupt the integrity 
of water distribution network. Biofilms can results in 
numerous problems ranging from Microbial Induced 
Corrosion (MIC) of water pipelines, to persistence of 
pathogens in drinking water [12, 16]. Under certain 
conditions such as slow and interrupted flow regimes [13], at 
some temperature ranges [13, 17, 18], and when the water 
networks are comprised biofilms are known to proliferate 
heterotrophs including pathogens. As a result the traditional 
water treatment efforts have failed to limit the number of 
microbes including Coliforms in drinking water [19]. Many 
urban areas have interrupted supply of water and resulting 
stagnation that gives increases the water age and encourages 
growth of microorganisms in drinking water system [20]. 
The generation of negative hydraulic pressure in case of hilly 
towns that have elevation difference between pipe ends 
sucks in the microbes and nutrients through the leaky pipes 

from the contaminated vicinity and further encourages 
biofilm formation. This in turn accelerates the corrosion rate 
of metallic pipes due to metabolic activity of micro- 
organisms [15, 21, 22]. Though corrosion is largely 
dependent upon the metal properties, electrochemistry, and 
bulk water chemistry, the attachment of biofilm to metal 
surface and colonization of microbial consortium is 
identified as the foremost source of MIC. Further, the spatial 
distribution of biofilms affects the microbial corrosion 
processes and distribution of corrosion events within the 
water distribution network [23]. Corroded pipes aggravate 
both the microbiological and chemical quality of water and 
potentially pose serious health burden in developing 
countries. The community and functional profile of the 
microbes residing within the biofilms, availability of 
nutrients such as assimilable Carbon and dissolved oxygen, 
type and dosage of the disinfectant, and the flow regime are 
known to influence the extent and type of corrosion event 
and biofilm formation [13, 17], [24–29]. Therefore, it can be 
concluded that both corrosion, an abiotic event and biofilms, 
a biotic phenomenon persist and proliferate with an unusual 
symbiotic relationship and are aggravated by a common set 
of triggers. It is speculated that limiting either of the 
corrosion or biofilm formation will have a desirable impact 
on the status of both the corrosion events and heterotrophs 
population in the drinking water and will improve the health 
of water distribution network and water quality. Since both 
of these phenomena share triggers, effective management of 
the common contributing factors is hypothesized to reduce 
both frequency of corrosion events and biofilm formation. 
While disinfection and maintenance of certain level of 
residual disinfectant has been widely used and promoted as 
an effective strategy for ensuring the microbiological quality 
of drinking water, this approach too is neither entirely 
reliable nor without any repercussions. 

Biofilms and Resistance to Disinfection 
Disinfection by chlorine has had served as a reliable and 
effective method to ensure safety of drinking water for many 
decades [30]. At the same time, chlorination is not without 
the inherent risk of damaging public and environmental 
health due to formation of organic halides, and when over-
dosed directly impacting human health, leading to corrosion, 
and perhaps even proliferating microbial resistance to chlo- 
rinetion [31–33]. The organic halides, which are disinfection 
by-products have adverse long term side effects on both the 
environment and humans [34–37]. Biofilms provide micro- 
bes with an enclosure of extracellular polymeric substances 
that protects them from direct onslaught of disinfectants, 
traps nutrients in an otherwise oligotrophic environment, and 
provides a reservoirs for the development of microbial 
consortia including heterotrophs and potential pathogens  
[38, 42, 43] Long-term chlorination can encourage resistance 
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to disinfection within the water microbiome. Subsequently 
the resistance-conferring genetic elements may be transferred 
to pathogens [38–41]. Thus, the harsh environment of a 
water distribution network is quickly transformed into a 
nutrient rich refuge that is suitable for growth and sustenance 
of heterotrophs and other microbes. Despite wide-spread use 
of Chlorine based disinfectants such as bleaching powder, 
hypochlorous acid, and chloramine in water treatment plant, 
pathogens are still detected in the drinking water. Apparently 
mere disinfection cannot ensure safety of drinking water [38, 
39, 44, 45]. Probably the biofilms-refuge of the microbes is 
the source for pathogens and heterotrophs in the drinking 
water in absence of microbial intrusion. Tachikawa et al. 
showed that the biofilm formation lowered the biocidal 
efficacy of disinfectant [44]. The potency of HOCl was most 
markedly affected by biofilm formation among the biocides 
tested in that study [9]. Dan Li et al. (2013) revealed that 
contrary to the prevalent belief that chlorine reduces the 
growth and reactivation of bacteria, there was sustained 
prevalence and re-growth of bacteria including Coliforms 
and Enterococcus after disinfection despite high chlorine 
dosage i.e. 69 (mg·min)/L in reclaimed water [31]. 
Disinfection may be efficient for reduction of free floating 
bacteria but have none or little effect on microbes within the 
biofilm because of the shielding effect of the biofilm. 
Codony et al., chlorination permitted growth of biofilms and 
observed increased resistance of bacteria within the biofilm 
to Chlorine [46]. The factors which promote the growth and 
proliferation of microbes within the water distribution 
networks include the type of pipe material, temperature, 
water source and age, disinfectant type, storage retention 
time [9, 12, 13, 18, 26].  

Technical Challenges Associated with Urban and 
Peri-Urban Regions in India 
Urban and peri-urban regions in India face nearly all of the 
multiple challenges enumerated in this paper: 1) The 
intermittent water supply leads to water stagnation providing 
more time for the microbes to re-grow inside the distribution 
system; 2) The cracks and leakage in the often deteriorated 
water distribution network provide a potential portal for 
intrusion of contaminants including pathogens and nutrient 
into the treated drinking water; 3) Often water supply 
pipelines are laid in proximity with the sewage pipelines. 
When both the pipelines are compromised the risk of 
pathogen intrusion into drinking water is very high. It is 
notable that the fecal pathogens and culturable human 
viruses have been observed in the soil and water outside the 
water distribution pipelines; 4) The subsequent intrusion of 
nutrients and microbes encourages development of biofilm 
within the water distribution network providing a safe haven 
for opportunistic pathogens to grow and promote the 
corrosion of pipe materials; and 5) The shedding of cells 
after maturation of biofilms causes the dissemination of 

microbes within water network providing “seed” for newer 
biofilms and populate the drinking water. Depending upon 
the water age and the cycle of water supply, public can be 
exposed to these microbes, which are released from biofilms. 
Notably, these microbes might include pathogens.  
Substandard information on the magnitude of health burden 
of water-borne diseases does not allow adequate portrayal of 
the shortcomings of the current water distribution infra- 
structure. Little research has been devoted to the disease 
outbreaks in India in context of the water network in the 
country. An example of a failing water network is the recent 
jaundice outbreak in Shimla, which was coincident with the 
mismanaged and ill-maintained water treatment plants and 
water distribution network [47]. Hepatitis E Virus (HEV),  
a fecal-orally transmitted viral infection was discovered in 
water networks and was suspected to be the major fomite for 
this outbreak [48]. Ageing infrastructure and inefficient 
running of sewage treatment plants in Shimla and discharge 
of improperly treated wastewater into the raw drinking water 
might have contributed to the intrusion of HEV in the water 
distribution network [49]. The current strategy of over 
chlorination of water is expected to clear pathogens off the 
Shimla’s water network but might have severe repercussions 
in the long run [50, 51]. Heavy chlorination as currently 
practiced here is commendable in context of protecting 
public from exposure to HEV. However, a sustainable 
solution would require analysis of possible contamination 
hotspots, the role of various factors that contribute to 
corrosion and biofilm formation, and the long term impact 
on environmental and public health of any proposed 
intervention. Our knowledge of the mechanisms of microbial 
growth and colonizing behavior within the water distribution 
network in the presence of disinfectants is superficial, and 
studying the microbial ecology and metabolism in 
distribution systems will provide deep insights to resolve the 
current public health concerns associated with microbial 
growth in these engineered systems [15]. 
The current research at the home institute of the authors aims 
to investigate the factors responsible for corrosion within the 
water network to prevent deterioration of water distribution 
network and the water quality. Further, efforts are underway 
to limit the extent of microbial intrusion, re-growth, and 
potential for resistance to chlorine disinfection. This study 
incorporates the contribution of physico-chemical factors 
such as pipe material, stagnation time, disinfection type, 
dosage and temperature ranges. Further, the biofilms will be 
monitored for the prevalence and persistence of pathogens 
and microbes in general within the water supply systems. 
The recent outbreak in Shimla serves as a source of 
inspiration for the experimental design of this project and is 
intended to assist delineating the factors associated with the 
water quality in Shimla. A lab scale simulation of water 
distribution network would establish the proof of concept 
prior to the field study. 
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Fig. 1: The Water Network of Shimla  

There are four points of chlorination: a) pre-treatment of raw 
drinking water b) post-treatment of drinking water, c) after 
storage in water tank, and d) before discharge to stream. The 
point of pathogen intrusion and re-growth of have been 
denoted here.  

Conclusion 
Deficiencies in water distribution systems such as corrosion, 
intermittent water supply, and poor residual disinfectant, 
biological and chemical contamination have adversely 
impacted both the quality and quantity of water in most 
developing countries. The fast urbanization is a crisis 
situation given the lack of adequate water infrastructure and 
as a result the problems associated with the upkeep of the 
water distribution systems have increased. Poorly operated 
and maintained engineered systems designed to treat and 
transport drinking water now serve as the transmission 
vehicles of pathogens and cause serious disease outbreaks. 
The primary reason behind the failure of distribution 
networks may be linked to corrosion and biofilm formation. 
To ensure effectiveness of any intervention it is quintes- 
sential to study the various factors that accelerate deteriora- 
tion of water networks in context of developing countries. A 
study such as the one currently being conducted by the 
authors can provide insights for setting truly sustainable and 
long-lasting water networks in the proposed SMART cities 
and elsewhere. The repercussions of such a feat would 
translate into improved public health and lesser economic 
and resources losses.  

References 
 [1] Carc, A., “For 1 Billion People: Safe Water is Scarce,”  

pp. 1–4, 2016. 
 [2] Meanausa, “Kerala Water Resource – Threats and Manage- 

ment Issues,” Meanausa. Org, 2016. 
 [3] Ercumen, A., Gruber, J.S. and Colford, J.M.J., “Water distri- 

bution system deficiencies and gastrointestinal illness: a 
systematic review and meta-analysis.,” Environ. Health 
Perspect., Vol. 122, pp. 651–660, 2014. 

 [4] Times of India, “80% of India’s surface water may be 
polluted, report by international body says - Times of India,” 
Times of India, pp. 1–34, 2016. 

 [5] Hegde, N., “Water scarcity and security in India,” Indian Sci. 
Congr., pp. 1–18, 2012. 

 [6] Gabarrón, S., Gernjak, W., Valero, F., Barceló, A., Petrovic, 
M. and Rodríguez-Roda, I., “Evaluation of emerging conta- 
minants in a drinking water treatment plant using 
electrodialysis reversal technology,” J. Hazard. Mater., Vol. 
309, pp. 192–201, 2016. 

 [7] Gavrilescu, M., Demnerová, K., Aamand, J., Agathos, S. and 
Fava, F., “Emerging pollutants in the environment: Present 
and future challenges in biomonitoring, ecological risks and 
bioremediation,” N. Biotechnol., Vol. 32, pp. 147–156, 2015. 

 [8] Leinmiller, B.M., “Smart Water: A Key Building Block of the 
Smart City of the Future,” pp. 10–13, 2016. 

 [9] Edwards, M., Pruden, A., Falkinham, J., Brazeau, R., 
Williams, K., Wang, H., Martin, A. and Rhoads, W., 
“Relationship between Biodegradable Organic Matter and 
Pathogen Concentrations in Premise Plumbing,” Water Res 
Found., pp. 111, 2013. 

[10] Lehtola, M.J., Miettinen, I.T., Keina, M.M., Kekki, T.K., 
Laine, O., Hirvonen, A., Vartiainen, T. and Martikainen, P.J., 



SMART Technologies for Natural Resource Conservation and Sustainable Development 
  
 

91 

“Microbiology, chemistry and biofilm development in a pilot 
drinking water distribution system with copper and plastic 
pipes,” Vol. 38, pp. 3769–3779, 2004. 

[11] Wang, H., Edwards, M., FalkinhamIII, J.O. and Pruden, A., 
“Molecular Survey of the Occurrence of Legionella spp., 
Mycobacterium spp., Pseudomonas aeruginosa and Amoeba 
Hosts in Two Chloraminated Drinking Water Distribution 
Systems,” Appl. Environ. Microbiol., Vol. 78, pp. 6285–6294, 
2012. 

[12] Wang, H., Masters, S., Edwards, M.A., Falkinham, J.O. and 
Pruden, A., “Effect of disinfectant, water age and pipe 
materials on bacterial and eukaryotic community structure in 
drinking water biofilm,” Environ. Sci. Technol., Vol. 48, pp. 
1426–1435, 2014. 

[13] Rhoads, W.J., Ji, P., Pruden, A. and Edwards, M.A., “Water 
heater temperature set point and water use patterns influence 
Legionella pneumophila and associated microorganisms at the 
tap.,” Microbiome, Vol. 3,, p. 67, 2015. 

[14] Berry, D., Xi, C. and Raskin, L., “Microbial ecology of 
drinking water distribution systems,” Current Opinion in 
Biotechnology 2006, Vol. 17, pp. 297–302, 2006. 

[15] Lee, E.J. and Schwab, K.J., “Deficiencies in drinking water 
distribution systems in developing countries,” pp. 109–127, 
2005. 

[16] Simões, L. Chaves and Simões, M., “Biofilms in drinking 
water: problems and solutions,” RSC Adv., Vol. 3, p. 2520, 
2013. 

[17] Boulay, N. and Edwards, M., “Role of temperature, chlorine 
and organic matter in copper corrosion by-product release in 
soft water,” Water Res., Vol. 35, pp. 683–690, 2001. 

[18] Ji, P., Parks, J., Edwards, M.A. and Pruden, A., “Impact of 
Water Chemistry, Pipe Material and Stagnation on the 
Building Plumbing Microbiome,” PLoS One, Vol. 10, pp. 
1014–1087, 2015. 

[19] Berney, M., Vital, M., Hlshoff, I., Weilenmann, H.U., Egli, T. 
and Hammes, F., “Rapid, cultivation-independent assessment 
of microbial viability in drinking water,” Water Res., Vol. 42, 
pp. 4010–4018, 2008. 

[20] Lautenschlager, K., Boon, N., Wang, Y., Egli, T. and 
Hammes, F., “Overnight stagnation of drinking water in 
household taps induces microbial growth and changes in 
community composition,” Water Res., Vol. 44, pp. 4868–
4877, 2010. 

[21] Lechevallier, M.W., Gullick, R.W., Karim, M.R., Friedman, 
M., Funk, J.E. and Funk, J.E., “The Potential for Health risks 
from Intrusion of Contaminatnts into distribution sytem from 
pressure transients,” J. for Water and Health, pp. 3–14, 2003. 

[22] Lenhart, T.R., Duncan, K.E., Beech, I.B., Sunner, J.A., Smith, 
W., Bonifay, V., Biri, B. and Suflita, J.M., “Identification and 
characterization of microbial biofilm communities associated 
with corroded oil pipeline surfaces.,” Biofouling, Vol. 30, pp. 
823–35, 2014. 

[23] Sarin, P., Snoeyink, V.L., Bebee, J., Kriven, W.M. and 
Clement, J.A., “Physico-chemical characteristics of corrosion 
scales in old iron pipes,” Water Res., Vol. 35, pp. 2961–2969, 
2001. 

[24] Little, B.J., Lee, J.S. and Ray, R.I., “Diagnosing micro- 
biologically influenced corrosion: A state-of-the-art review,” 
Corrosion, Vol. 62, pp. 1006–1017, 2006. 

[25] Mcneiill, L.S. and Edwards, M.A., “Iron pipe corrosion in 
distribution systems,” Am. Water Work. Assoc., Vol. 93, pp. 
88–100, 2001. 

[26] Dudi, M.E.A., “Role of chlorine and chloramine in corrosion 
of lead-bearing plumbing materials,” J. Am. Water Work. 
Assoc., Vol. 96, pp. 69–81, 2004. 

[27] Wang, H., Masters, S., FalkinhamIII, J.O., Edwards, M.A. 
and Pruden, A., “Distribution System Water Quality Affects 
Responses of Opportunistic Pathogen Gene Markers in 
Household Water Heaters,” Environ. Sci. Technol., Vol. 49, 
pp. 8416–8424, 2015. 

[28] Nguyen, C.K., Stone, K.R., Dudi, A. and Edwards, M.A., 
“Corrosive Microenvironments at Lead Solder Surfaces 
Arising from Galvanic Corrosion with Copper Pipe,” Environ. 
Sci. Technol., Vol. 44, pp. 7076–7081, 2010. 

[29] Edwards, M.A., Ferguson, J.F. and Reiber, S.H., “The pitting 
corrosion of copper,” J. Am. Water Work. Assoc., Vol. 86, 
1994. 

[30] Sedlak, David L. and Gunten, Urs von, “The Chlorine 
Dilemma,” Science, Vol. 331, pp. 42–43, 2011 

[31] Li, D., Zeng, S., He, M. and Gu, A.Z., “Water Disinfection 
Byproducts Induce Antibiotic Resistance-Role of 
Environmental Pollutants in Resistance Phenomena,” 
Environ. Sci. Technol., Vol. 50, pp. 3193–3201, 2016. 

[32] Li, D., Zeng, S., Gu, A.Z., He, M. and Shi, H., “Inactivation, 
reactivation and regrowth of indigenous bacteria in reclaimed 
water after chlorine disinfection of a municipal wastewater 
treatment plant,” Vol. 25, pp. 1319–1325, 2013. 

[33] Bougeard, C.M.M., Goslan, E., Jefferson, B. and Parsons, 
S.A., “Comparison of the disinfection by-product formation 
potential of treated waters exposed to chlorine and 
monochloramine,” Water Res., Vol. 44, pp. 729–740, 2010. 

[34] Hua, G. and Reckhow, D.A., “Comparison of disinfection 
byproduct formation from chlorine and alternative 
disinfectants,” Water Res., Vol. 41, pp. 1667–1678, 2007. 

[35] Puget, S., Beno, N., Chabanet, C., Guichard, E. and Thomas-
Danguin, T., “Tap water consumers differ from non-
consumers in chlorine flavor acceptability but not sensitivity,” 
Water Res., Vol. 44, pp. 956–964, 2010. 

[36] Sun, Y.X., Wu, Q.Y., Hu, H.Y. and Tian, J., “Effect of 
bromide on the formation of disinfection by-products during 
wastewater chlorination,” Water Res., Vol. 43, pp. 2391–
2398, 2009. 

[37] Goslan, E.H., Krasner, S.W., Bower, M., Rocks, S.A., 
Holmes, P., Levy, L.S. and Parsons, S.A., “A comparison of 
disinfection by-products found in chlorinated and 
chloraminated drinking waters in Scotland,” Water Res., Vol. 
43, pp. 4698–4706, 2009. 

[38] Goel, S. and Bouwer, E.J., “Factors influencing inactivation 
of Klebsiella pneumoniae by chlorine and chloramine,” Water 
Res., Vol. 38, pp. 301–308, 2004. 

[39] Power, K.N., Schneider, R.P. and Marshall, K.C., “The effect 
of growth conditions on survival and recovery of Klebsiella 
oxytoca after exposure to chlorine,” Water Res., Vol. 31, pp. 
135–139, 1997. 

[40] Cargill, K.L., Pyle, B.H., Sauer, R.L. and McFeters, G.A., 
“Effects of culture conditions and biofilm formation on the 



 
 SMART Technologies for Natural Resource Conservation and Sustainable Development 

92 

iodine susceptibility of Legionella pneumophila,” Can J 
Microbiol, Vol. 38, pp. 423–429, 1992. 

[41] Kilb, B., Lange, B., Schaule, G., Flemming, H. and 
Wingender, J., “Contamination of drinking water by coliforms 
from biofilms grown on rubber-coated valves,” Vol. 573, 
2003. 

[42] Juhna, T., Birzniece, D., Larsson, S., Zulenkovs, D., Sharipo, 
A., Azevedo, N.F., Mnard-Szczebara, F., Castagnet, S., 
C.Fliers and Keevil, C.W., “Detection of Escherichia coli in 
biofilms from pipe samples and coupons in drinking water 
distribution networks,” Appl. Environ. Microbiol., Vol. 73, 
pp. 7456–7464, 2007. 

[43] Wingender, J. and Flemming, H., “International Journal of 
Hygiene and Biofilms in drinking water and their role as 
reservoir for pathogens,” Int. J. Hyg. Environ. Health, Vol. 214, 
pp. 417–423, 2011. 

[44] Tachikawa, M., Tezuka, M., Morita, M., Isogai, K. and 
Okada, S., “Evaluation of some halogen biocides using a 

microbial biofilm system,” Water Res., Vol. 39, pp. 4126–
4132, 2005. 

[45] Howard, K. and Inglis, T.J.J., “The effect of free chlorine on 
Burkholderia pseudomallei in potable water,” Water Res., 
Vol. 37, pp. 4425–4432, 2003. 

[46] Codony, F., Morat, J. and Mas, J., “Role of discontinuous 
chlorination on microbial production by drinking water 
biofilms,” Water Res., Vol. 39, pp. 1896–1906, 2005. 

[47] IITR, “IITR Report on Shimla STP,” 2016. 
[48] Stories, T.O.P., Modi, P.M., Pak, I. and Shimla, S., “Shimla, 

Solan under Hepatitis – E threat, all water samples fail test,” 
pp. 1–3, 2016. 

[49] Chobe, L.P. and Arankalle, V.A., “Investigation of a hepatitis 
A outbreak from Shimla Himachal Pradesh,” Indian J. Med. 
Res., Vol. 130, pp. 179–184, 2009. 

[50] World Health Organization, “Water and Public Health 
Session Objectives,” Water Public Heal., pp. 1–19, 1995. 

[51] Chalmers, T.C. and Angelillo, I.F., “Chlorination, Chlorina- 
tion By-products, and,” pp. 955–963, 1992. 

 



Electrical Engineering

G
ro

u
p
 B

 Computer Engineering

Electronics & 
Telecommunication 
Engineering





 

 
1 

 
I

d
s
9
(
in
T
f
m
e
a
A
b
a
im
e
a
p
w
e
a
in
s

M

Department of Nu

Re

Abstract: 
myocardia
interpretat
99 mTc M
myocardiu
reduction i
injection a
There were
sub infero 
were calcu
the quality
myocardia

Keywords

Introduction 
yocardia
detect, as

damage. One 
study with an i
99 m Techne
99 mTc MIBI
n the gamma 

Tomographic (
for making th
mitochondria 
emission from 
also cleared by
Abdominal act
because there 
activity. When
mage artifacts 

effects [1]. The
associated with
projection ima
wise low-count
estimation of 
activity into th
n the patient a

stomach, may 

M

31st Indian Enginee
The Institution of E
Theme: SMART Te

uclear Medicine, T

eduction
Perfu

Myocardial p
al damage. Dis
tion is made w

MIBI seen in th
um and makes
in the uptake of

and image acq
e two groups o
septal, sub inf

ulated in both g
y of myocardia
al wall. 

s: Myocardium

l Perfusion I
ssess the exten
day stress, res
intravenous inj
etium labelled
I). Images are 

camera. Sing
SPECT) image
he interpretati
of the cardia
99 mTc is use

y the liver and 
tivity after re
is no exercis

n one uses fi
can be caused

e halo effect is
h the impleme
ges, with foca
t surroundings
the inferopost

he myocardium
ssociated with 
result in an ov

ering Congress, Kolk
Engineers (India) 

Technologies for Natu

Tata Main Hospita

n in Sub 
fusion Im

Gopa

perfusion imag
stribution of 99
ith the Single P
he sub-diaphra
 the interpret

of 99 mTc MIBI
uisition. This s

of patients, one
nfero lateral an
groups and an

al perfusion SP

m, Sub-Infero S

Imaging is ro
nt and severity 
st protocol is 
ection of a rad

d Methoxy Is
acquired in va
le Photon Em
es are reconstr
ion. 99 mTc 
accells, and 

ed for imaging
excreted by th

est injection m
se effect to re
iltered back p

d by so-called h
s a reconstructi
entation of FB
ally increased 
s. This may re
teroseptal wal

m, resulting fro
activity in the

verestimation o

kata, 2016 

ural Resource Conser

al, Jamshedpur, Ind

Diaphr
maging w

al Sonai Mu

ging is routine
9 mTc Methoxy
Photon Emissio
amatic region 
tation of imag
I in the sub-dia
study was don
e with intake of
nd myocardial
alysed. Admin

PECT images a

eptum, Sub-In

outinely used 
of the myocard
followed in t

diopharmaceuti
soButyl Isonit
arious projecti

mission Compu
ructed that is u

MIBI binds 
the gamma 
. 99 mTc MIB
he biliary syste
may be eleva
educe splanch
projection (FB
halo and spill o
ion artifact tha
BP on attenua

activity in ot
esult in an und
lls. Spill over
om photon sca
e liver, bowel, 
of this area. B

rvation and Sustain

dia. * gopalsona

ramatic 
with the

uthu*1 and S

ely used to de
y IsoButyl Ison
on Computed T
causes overla

ges more diffic
aphragmatic re

ne on 117 pati
of water and an
l regions were 
istration of wa
and facilitates 

nferolateral, Up

to 
dial 
this 
ical 
trile  
ons 

uted 
used 

to 
ray 

BI is 
em. 
ated 
hnic 
BP), 
over 
at is 
ated 
ther 
der- 
r of 
atter 
and 

Both 

artifacts
predict. 
mention
informa
An ade
SPECT.
activity 
and gas
uptake 
inferopo
mTc M
overlap 
myocard
(Figure

This stu
uptake o
lateral r
injection

nable Development

aimuthu@gmail.co

Activity
e Intake

Sujata Mitra

etect and asse
nitrile (MIBI) i
Tomographic (
ap of activity 
cult.This study
egion, in respo
ents who unde
nother without

measured in 
ater to the pati
the improved 

ptake, Ratio. 

s are patient d
Although b

ned in articles
ation is availab
equate clearan
. However, by
may be transf

stric activity a
in the visual 

osteroseptal m
MIBI seen in 

of activity
dium and ma
1).  

Fig. 1: Short Ax
with High

udy was under
of 99 mTc MIB
regions, in res
n and image ac

om 

y in Myo
e of Wat

a1 

ess the extent 
in the myocard
(SPECT) imag
in the inferior

y was underta
onse to the inta
erwent myocar
t intake of wate
a projection im
ents at the spe
interpretation 

dependent and 
oth halo and
s on myocard
ble on avoidan
nce is prereq
y stimulating t
ferred to anoth
are as great a
and quantitati

myocardial wal
the sub-diap

in the inferi
akes the inter

 

xis SPECT Imag
h Sub-Infero La

rtaken to quan
BI in the sub-in
sponse to the i
cquisition. 

ocardial
ter 

and severity
dium images a
ges. Higher upt
r wall region 
aken to quantif
ake of water be
rdial perfusion
er. The uptake 
mage. Uptake 

ecified time imp
of the infero-l

their severity 
d spill over
dial SPECT, 
nce of these ph
quisite for hig
the clearance, 

her area. Increa
a problem as 
ive interpretat
ls. Higher upt

phramatic regi
ior wall regio
rpretation mor

ges of Myocardiu
ateral Uptake 

ntify the reduc
nfra septal and
intake of wate

l  

of the 
nd the 
take of 
of the 

ify the 
etween 
n scan. 

in the 
ratios 

proves 
lateral 

is hard to 
are often 
very little 
henomena. 
gh quality 
the radio- 

ased bowel 
high liver 

tion of the 
take of 99 
ion causes 
on of the 
re difficult 

 
um  

tion in the 
d sub infero 
er between 



9

M
T
m
T
w
th
m
s
5
1
o
1
d
A
4
a

 
O
P
b
3
in
w
M
H
O
a
d
o
s
in
C
ti

U
d
a
c
u
m
th
o
c

 
 

96 

Materials and
This study w
myocardial per
There were 45
water in betw
here were 72 p

mL of water 10
studies (Table 
58.7 ± 13.7 yea
10.8 years in G
of 60.0 ± 5.4 ye
11.4 years in G
drink water afte
All the 72 patie
450 ml of wate
and rest studies

T

 
Pa

Ma
N 22
Mean 58
SD 13

One day stress-
Perfusion Scin
bicycle ergom
300–400 Mega
njected intra v

were acquired 
Millennium M
H3000ZL, seri
October 2006)
and a Xeleris p
done the inject
of 99 mTc M
studies and the
njection. SPEC

Cardiac Toolbo
ion correction.

Uptake of 99 
diaphramatic re
amount of activ
clinical conditi
uptake of 99 
myocardial reg
he uptake in b

of the detec
corresponding t

d Method 
was done on 
rfusion scan d
5 patients in G
een injection 
patients in Gro
0 min after the 
1). There wer
ars and 23 fem

Group-1. There 
ears and 32 fem

Group-2. All the
er the injection
ents in Group-
er 10 minutes a
s. 

Table 1: Age and

Group-1 
atients without W

Intake 
ales Fem
2 23 
8.7 60.7
3.7 10.8

-rest protocol w
ntigraphy [2]. 

meter similar t
a Becquerel (
venously at th
30–40 minute
G dual head g
ial Number 5
 with a Genie

post processing
tion for stress 

MIBI was injec
e images were
CT images we
ox in the Xeler
. 

mTc MIBI in
egion depend u
vity injected, B
ion of the pat

mTc MIBI 
gions was com
both groups. S
ctor-1 from 
to the Left Ant

117 patients 
during January 
Group-1 with n

and the scan 
oup-2 who hav

injection in bo
e 22 males wi

males with a m
were 40 males

males with a m
e 45 patients in
n in both stress
-2 were advised
after the inject

d Sex of the Pati

Water Pat

ales Ma
32

7 60
8 5

was followed i
Stress study 

to Bruce pro
(MBq) of 99 
e peak of the 
es after the inj
gamma camera
1432, manufa
eacq image ac

g workstation. 
studies. Abou

cted 3 hours a
e acquired 30 
ere reconstruct
ris workstation

n the myocard
upon many fac
Body Mass Inde
tient. Hence t
in the sub-d

mputed in this 
ame projection
the stress i
terior Oblique 

SMART Tech

who underw
2016–July 20

no administrat
acquisition, 

e had at least 4
oth stress and r
ith a mean age
ean age of 60.
s with a mean 

mean age of 60.
n Group-1 did 
s and rest stud
d to drink at le
tion in both str

ients  

Group-2 
tients with Water

Intake 
les Female
2 40 
0.0 60.8
5.4 11.4

in the Myocard
was done in

otocol and ab
mTc MIBI w
exercise. Ima

njection, on a 
a (Model num

acturing date 
cquisition syst
Rest studies w

ut 800–1000 M
after for the r
minutes after 
ted in the Em

n, without atten

dial and the s
ctors including 
ex (BMI), and 
the ratio betw
diaphramatic 
study to comp
n image (imag
image data 
(LAO) view) w

hnologies for Na

went 
016. 
tion 
and 
450 
rest 
e of 
7 ± 
age 
.8 ± 
not 

dies. 
east 
ress 

r 

es 

dial 
n a 
bout  
was 
ages 
GE 

mber 
17th 
tem 

were 
MBq 

rest 
the 

mery 
nua- 

sub-
the 
the 

ween 
and 

pare 
ge 1 
set, 
was 

used in 
(Figure
linearity
Electric
Atomic 
were w
radioche
chromat
98% in 
expected

(b)

A circu
the myo
drawn i
(SIL) re
with co
datasets
region. 
and sub
between
(SIS/M)
myocard
This an
Student
the two
statistica

Result
There is
patients
in Grou
did not 
Figure 3
water b
Figure 3
diagnos

atural Resource 

all the patien
2). The dail

y and Centre o
al Manufactu
Energy Regu

within the ac
emical purity o
tographic meth
all the days th

d level of purit

Fig. 2: Regi
) Sub Infero Sept

lar region of i
ocardial activity
in the sub infe
egions. The RO
onstant image 
s, to measure 
Radiation coun
b infero-latera
n the sub in
) and the ratio 
dial uptake (S
nalysis was d
’s-t test was u

o groups. p-va
ally significant

s an improvem
 in Group-2, w

up-1. Figure 3a
drink water be

3b is the SPEC
between injecti
3b make the in
is.  

Conservation an

nts for measur
ly and the pe
of Rotation (C
urers Associat
ulatory Board 
cceptable lev
of 99 mTc MIB
hod and was f
hese scans we
ty was greater 

 

ions of Interest: (
tal and (c) Sub-I

interest (ROI) 
y (M) (Figure 

fero-septal (SIS
OIs in SIS and 

area of 25 p
the activity 

nts in the myo
al regions we
nfero-septal a
between the s

SIL/M) were c
done in both 
used for statisti
alue less than 
t. 

ment in the qua
when compared
a is the SPECT
etween injectio

CT images of an
ion and image

nterpretation ea

nd Sustainable D

ring the radiat
eriodic QA (u

COR) as per th
tion (NEMA)
 (AERB) req
els. The QA
BI was done by
found to be gr
ere performed, 
than 90%. 

 
(a) Myocardial, 
Infero Lateral Re

was used for 
2). Two more 
S) and sub inf
SIL regions w

pixels in all 
in the sub-dia
cardial, sub in
re measured. 
and myocardi
sub infero-later
calculated and
the groups o

ical significanc
0.05 was con

ality of the ima
d with that in t

T images of a p
on and image a
nother patient 
e acquisition. 
asier to make a

Development 

tion counts 
uniformity, 
he National 
) and the 
quirements) 
A for the 
y the paper 
reater than 
where the 

 
egions 

measuring 
ROIs were 
fero-lateral 

were drawn 
the image 
aphramatic 

nfero-septal 
The ratio 

ial uptake 
ral and the 

d analysed. 
of patients. 
ce between 
nsidered as 

ages in the 
he patients 

patient who 
acquisition. 
who drank 
Images in 

an accurate 



S

T
u
a
p

*

T
u
w
w
m
p
d
3
a
w
w
 

SMART Technolo

(a) SPEC

(b) SPE
Fig. 3: Rec

(b

The ratio betw
uptake (SIS/M)
and the myoc
patients are sho

 

Gro

(SI
Mean 0.3
SD 0.0

*M–Myocardial, S

The ratio betw
uptake (SIS/M
who did not dr
water. The r
myocardial upt
patients who di
drank water. T
32.3% and 45.
and sub infero
water, when co
water (p < 0.00

M–Myocard
Fig. 4: R

99 mT

ogies for Natura

CT Images in a P

ECT Images in a
constructed SPE
b) Low Sub-Dia

ween the sub
) and the ratio
cardial uptake
owing in Table

Table 2: U

oup-1 Patients w
 Water Intake

N = 45 

IS/M)* (S
34 0
07 0

IS–Sub-Infero Sep

ween the sub
M) has come d

rink water to 
ratio between
take (SIS/M) h
id not drink w

There is a stati
.6% of the up
o lateral regio
ompared with 
01) (Figure 4). 

dial, SIS–Sub-Infe
Reduction in Su
Tc MIBI in Resp

al Resource Cons

Patient with no W
 

 Patient with Wa
ECT Images with
aphragmatic Acti

 infero-septal 
o between the 
e (SIL/M) in 
 2. 

Uptake Ratios 

without 
e 

SIL/M) (SI
0.28 0
0.05 0

ptal, SIL–Sub-Infe

 infero-septal 
down form 0.3
0.23 in the pa

n the sub in
has come down

water to 0.15 in
stically signifi

ptake values in
ons in the pat
the patients w
Relatively red

ero septal, SIL–Sub
ub-Diaphramatic 
ponse to Intake o

servation and Su

Water Intake 

ater Intake 
h (a) High and 
ivity 

and myocard
sub infero-late
both groups 

Group-2 
Patients with 
Water Intake 

N = 72 
IS/M) (SIL/M
0.23 0.15
0.06 0.04

ero Lateral. 

and myocard
34 in the patie
atients who dr
nfero-lateral 
n form 0.28 in 
n the patients w
icant reduction
n subinfero-sep
tients who dr

who did not dr
duced reduction

 
b-infero lateral  
Uptake of  

of Water 

ustainable Devel

 

 

dial 
eral 

of 

M) 
5 
4 

dial 
ents 
ank 
and 
the 

who 
n of 
ptal 
ank 
rink 
n in  

uptake 
region d
intake o

Discuss
One of 
period o
in the s
this pati
perfusio
reversib
repeated
better a
pixels, r

Althoug
articles 
availabl
of areas
liver, ca
correctio
more s
the pro
unscatte
equally 
reconstr
diminish
spill ov
imaging
the scat
incorpor
system i

Several 
ous cho
Others i
and carb
carbona
known 
intake is
reduces 
migratio
Activity
abdome
Howeve
be used
90 minu
clearanc

Conclu
Adminis
improve

lopment

of 99 mTc M
due to the liv

of water.  

sion 
the patients ha

of this study du
sub diaphrama
ient without ad
on defects with
bility and show
d with adminis
and the same p
reversibility of 

gh both halo a
on myocardi

le on avoidanc
s of high activ
an be elimina
on [4]. Some a
serious on at
ocedure canno
ered photons

during attenu
ruction will el
h scatter. To d
ver effects ca
g techniques. I
tter componen
rate the depth
in the reconstru

protocols inclu
olecystokinin to
include giving
bonated lime o

ated lime is re
ailments. Wat
s not restricted

activity in t
on of biliary se
y dispersed m
en is less like
er some patient

d in these patie
utes post inje
ce in some pati

usion 
stration of wat
es the quality o

MIBI is seen i
er uptake that

ad to undergo a
ue to very high
atic region. Th
dministration o
h a size of 35 

wed an Ejection
stration of wate
patient showed
f 56% and an E

and spill over 
al SPECT, ve

ce of these phe
vity close to th
ated by the ap
authors state th
ttenuation cor
ot distinguish 
[5]. Both com

uation correctio
liminate the h
date, the probl
an only be p
It is necessary 
nt from the m
h-dependent re
uction algorith

ude the use of 
o stimulate hep
 patients a drin
or water [8–13
estricted in so
er is tried in t

d in most of the
the gastric fu
ecreted activity
more diffusely
ely to cause 
ts showed high
ents, if not con
ction also pro
ients.  

ter to the patie
of myocardial p

in the sub inf
t is not diluted

a repeat study 
h uptake of 99
he first SPECT
of water show
pixels did not

n Fraction of 4
er, the image q
d a perfusion 

Ejection Fractio

are often me
ery little info
enomena [3]. T
he myocardium
pplication of a
hat scatter effe
rrected image

between scat
mponents are 
on. In addition
halo effects bu
lems caused by
partially solved

to estimate an
measured sign
esponse of th

hms [6].  

f a fatty meal o
patobiliary cle
nk of milk, a m
3]. But intake 
ome patients w
this study beca
e patients. Intak
undus and spe
y through the b
y throughout 

reconstruction
her liver uptake
ntra-indicated.
ovides good b

ents at the spec
perfusion SPEC

  
 

97 

fero septal 
d with the 

during the 
mTc MIBI 

T study on 
wed 2 small 
t show any 
48%. When 
quality was 
defect 128 

on of 48%. 

entioned in 
rmation is 
The effects 

m, as in the 
attenuation 
cts may be 
s because  
ttered and 

amplified 
n, iterative 
ut will not 
y halo and 
d by new 
nd remove 
nal and to 
he imaging 

or intraven- 
arance [7]. 
milk shake 
of milk or 
with some 
ause water 
ke of water 
eedsup the 
bowel [14]. 
the entire 

n artifacts. 
e. Milk can 
Scan done 

background 

cified time 
CT images, 



9

th
m

R
 

 

 

 

 

 

 

 

 
 

98 

hus facilitating
myocardial wal

References 
[1] Middleton,

of techneti
Nucl Med.,

[2] Strauss, H.
Myocardial
Tech., 3, 15

[3] AJ van Do
and Gastric
Med., 41, 1

[4] Nuyts, J., D
S., Seutens
artifact in 
(1995). 

[5] Ficaro, E.P
P.A. and C
myocardial
attenuation
463–473 (1

[6] Hutton, B.
perspective
Nuc. Med.,

[7] Ramin, S.
diaphragma

g the better int
ll. 

 G.W. and Willi
um-99 m-MIBI 
 35, 619–620 (1
.W., Miller, D.D
l Perfusion Ima
55–161 (2008). 
ongen and PP va
c Activityin My
1315–1317 (2000
Dupont, P., Van
s, P. and Mortelm
emission tomog

P., Fessier, J.A., 
Corbett, J.R., S
l perfusion tom

n corrected Tc-S
1996). 
F., Hudson, H.

e of accelerated
 24, 797–808 (1
. and Vahid, 
atic Activity on

terpretation of 

iams, J.H., Signi
in SPECT myo

994). 
D., et al., Proce
aging version 3

an Rijk. Minimi
yocardial Perfusi
0). 
n den Maegdenb
mans, L., A stud
graphy. J Nuc M

Shreve, P.D., Kr
imultaneous tra

mography: Diagn
Sestamibi SPEC

M. and Beekm
d statistical reco
997). 
R.D.K. et al

n the Myocard

SMART Tech

f the infero-late

ificant gastric ref
ocardial imaging

edure Guideline 
3.3, J. of Nuc M

izing Liver, Bow
ion SPECT. J N

bergh, V., Vleug
dy of the liver-h
Med., 36, 133–

ritzman, J.N., R
ansmission/emiss
nostic accuracy

CT. Circulation,

an, F.J., A clin
onstruction. Eur.

l., Persistent S
dial Perfusion S

hnologies for Na

eral 

flux 
g, J. 

for 
Med 

wel, 
Nucl 

gels, 
heart 
–139 

ose, 
sion 
y of 

93, 

nical 
. Jl. 

Sub-
Scan 

wit
(20

 [8] Ga
asp
ses

 [9] Hu
Inv
act
Cli

[10] Bo
wa
191

[11] Ma
Dri
99
the
Cli

[12] Ha
Lem
Art
Me

[13] Sum
Pum
99
16(

[14] Ru
hyp
sub

atural Resource 

th 99 mTc-Sest
008) 
arcia, E., Cooke
pects of myocard
stamibi., Am J. C
urwitz, G.A., Cl
vestigation of m
tivity on rest m
in. Nucl. Med., 1

oz, A. and Kar
all evaluation: a 
16–1917 (1996)
alhotra, G. and U
ink Intake Prior 
m MIBI Reduc

e Image Quality
in. Nuc. Med., 35
adi, M., Raheleh
mon Juice on V
tifacts in Myoca
ed., 4(4), e29235 
mina, G., Sriniv
mp Inhibitors an
mTc-Sestamibi 
(2), 91–94 (2013

usso, A., Fraser,
perglycaemia o
bjects. Diabetolo

Conservation an

tamibi, Iran J. 

e, C.D., Van Tr
dial SPECT ima

Cardiol., 66 (sup
lark, E.M., Slom
measures to red

myocardial image
18, 735–741 (199
rayalcin, B., W

full or empty s
. 
Upadhye, T.S., e
to Myocardial P

ce the Extracard
y and Leads to 
5(3), 151–221 (2

h, H., et al., The
Various Sub diap

ardial Perfusion
(2015). doi: 10.5

vas, B. and  DeP
nd H2 Antagonis
Cardiac Imaging
3) 10.5603/NMR

R. and Horowi
on small intes
ogia, 39, 984–98

nd Sustainable D

Nucl Med., 16

rain, K.F., et al
aging with techn
ppl), 80E–90E (1
mka, P.J. and S
duce interfering
es with Tc-99 m
93). 

Which is better 
stomach. J. Nuc

et al., Can Carbo
Perfusion Imagin
diac Activity Th

Fallacies in Int
2010). 
e Effect of Milk
phragmatic Activ
n Imaging. Res.
5812/cardiovascm

Puey, E.G., Effe
sts on the Stom
g. Nuclear Medic
R.2013.0042. 
itz, M., The effe
stinal motility 
89 (1996). 

Development 

6(1), 52–56 

l. Technical 
netium-99 m 
1990). 
iddiq, S.K., 

g abdominal 
msestamibi., 

for inferior  
c. Med., 37, 

onated Lime 
ng With Tc-
at Degrades 
terpretation? 

k, Water and 
vity-Related 
Cardiovasc 

med.29235. 
ct of Proton 
ach Wall in 

cine Review, 

fect of acute 
in normal 



 

 
1Department of Computer Science & Engineering, National Institute of Technology, Durgapur, India.  sarkergoutam@yahoo.co.in 

A New Technique for Extraction Based Text Summarization 

Goutam Sarker1 

Abstract: Text summarization is the process of reducing a text document with a computer program in order to 
create a summarized text that retains the most important information of the original text. Text summarization is an 
area of data mining and in turn Artificial Intelligence. The present work is one new type of extrinsic technique of 
summarization, which finds a representative subset of the original textual sentence set, and thereby contains the 
precise and salient information of the original text. 

Keywords: Text Summarization, Sentence Weight, Clustering, Redundant Sentence. 
 
Introduction 

 summary [1] of a text is produced from one or more 
texts that conveys important and salient information in 

the original text(s), and is shorter in length than the original 
text(s). The goal of automatic or machine generated text 
summarization is to condense the source text(s) into a shorter 
version, preserving its content information and overall 
meaning. A summary can be effectively and efficiently 
employed either in an indicative way as a pointer to some 
parts of the original text, or in an informative way to cover 
all salient and relevant information of the text. In both cases 
the most important advantage of using a summary is its 
reduced reading and/or post processing time. 

Text summarization [2, 3] methods can be broadly classified 
under two categories namely extrinsic or extractive sum- 
marization and NLP based or intrinsic summarization. An 
extractive summarization method consists of selecting 
important sentences, paragraphs etc. from the original text 
and concatenating them into shorter form by eliminating less 
important, redundant irrelevant and useless sentences. 
Intrinsic summarization requires the understanding of the 
inner meaning of sentences of the text and is thereby more 
hard and complex. The importance of the sentences are 
decided based on the weight of sentences. In this paper a 
new novel technique of extractive text summarization 
method is focused. 

Automatic or machine generated text summarization [4, 5] is 
the technique, where a computer system summarizes a text. 
A text is entered in the system and a summarized text is 
returned as output, which is a non-redundant extract from the 
original text. A redundant set of sentences is a sentence set 
having more or less identical meaning of all the sentences in 
that set. 

The technique was originated in the 60's and has been 
developed through 60 years. Today, with the internet and the 
worldwide web, the technique has become more important 
and finds versatile applications. 

Text document summarization can be used: 
• To summarize news to SMS or WAP-format for mobile 

phones. 
• To let a computer synthetically read the summarized 

text. Written text can be to long and boring to under- 
stand. 

• In search engines to present compressed descriptions of 
the search results (e.g. internet search engine Google). 

• In keyword directed subscription of news which are 
summarized and pushed to the user. 

• To search in foreign languages and obtain an automatically 
translated summary of the automatically summarized text. 

In the present novel approach, text document summarization 
is based on weight of the sentences, where the sum- 
marization system calculates how often certain set of 
keywords appears in the text file and/or a set of text files. 
The keywords belong to the so called open class words. The 
summarization system calculates the ‘intra’ and ‘inter’ 
frequency of the key words in the given text set, to 
ultimately compute the weight of each sentence. Then it 
arranges the sentences in descending order of weight after 
eliminating the redundant sentences through clustering. The 
representative sentences (with minimum sentence length) in 
the cluster of same-meaning sentences are the most optimal 
ones with the same meaning as the other sentences in the 
group or cluster. This improves the quality of summary. A 
certain percentage of sentences in weight-wise descending 
order are selected, while others are deselected. Then, the 
selected sentences are compared with the original text to find 
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their right order and right position to form a meaningful 
qualitative summary. After this, the machine generated 
summarized texts are compared with human generated 
summaries for those texts to evaluate the summary system in 
terms of accuracy. 

Basic Ideas and Theory of Operation 

Text Mining 
Text mining [6], also referred to as text data mining [7–10] 
roughly equivalent to text analytics, refers to the process of 
deriving high-quality information from text. High-quality 
information is typically derived through the devising of 
patterns and trends through means such as statistical pattern 
learning. Text mining usually involves the process of 
structuring the input text (usually parsing, along with the 
addition of some derived linguistic features and the removal 
of others, and subsequent insertion into a database), deriving 
patterns within the structured data, and finally evaluation and 
interpretation of the output. 'High quality’ in text mining 
usually refers to some combination of relevance, novelty, 
and interestingness. 

Text Pre-Processing 
Figure 1 presents the steps used for text pre-processing. The 
first step in text pre-processing is to transform documents, 
which typically are strings of characters, transformed into a 
representation suitable for the learning algorithm and the 
classification task. The text transformation usually is of the 
following kind:  
• Word separation, sentence splitting. 
• Remove HTML or other tags. 
• Remove stopwords, punctuations.  

The stopwords are frequent words that carry no information 
i.e. pronouns, prepositions, conjunctions, etc. 

 
Fig. 1: Schematic of Text Pre-Processing 

Multi-Text Summarization 
Multi-Text summarization is an automatic procedure aimed 
at extraction of information from multiple texts written about 
the same topic. The resulting summary report allows 
individual users, such as professional information consumers, 
to quickly familiarize themselves with information contained 
in a large cluster of texts. In such a way, multi-text sum- 
marization systems are complementing the news aggregators 
performing the next step down the road of coping with 
information overload. 

Overview of Current Approach 
In this work, the Extractive method is used to get the 
summary of the input texts. In order to extract the summary, 
we use the following features are used: 
 1. Content Words or Keywords (wk): During preprocessing, 

after removing the stop words the remaining words are 
treated as keywords. The total number of keyword is 
taken during assigning the weight to each term. 

 2. Term Frequency (tf): The frequency of the keyword 
which are frequently occurring in the text. 

 3. Sentence Feature: Usually first sentence of first para- 
graph of a text document are more important and are 
having greater chances to be included in summary. So in 
the present system, the inclusion of first sentence and 
counting the number of sentences in the text has been 
made. Have been assigned Weights to the keywords to 
find the weight of the sentence. Sentence weight is 
calculated according to original text and then sorted in 
descending order of sentence weight. 

 4. Normalized Term Frequent (tf): Normalized term 
frequency of the ith keyword is given by,  

  
1 2 ...

i
f ki n

f
t wf f f

⎛ ⎞
= ×⎜ ⎟+ + +⎝ ⎠

,  

  Where fi = frequency of the keyword for ki for 1 ≤ i ≤ n; 
and wk is the Total number of keywords. 

 5. Inter Document Frequency (IDF): Inter Document 
frequency IDFi of the keyword ki is the ratio of the 
number of text files in which that keyword ki is 
occurring (ni) and the total number of text files (n), 

  Therefore, i
i

n
IDF n=  

 6. Weight of the keywords ki in a sentence is assigned by 
( )i f ii

s t IDF= + , so that weight of a sentence can be 

expressed by the terms 1
j

f ii i
t IDF= +∑  where there are 

j different keywords in sentence si. Now the sentences 
are arranged in descending order of their weights, after 
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removal of redundant sentences through ‘sentence 
clustering or grouping’. 

  Sentence Clustering or Grouping: Here each sentence 
from the texts are compared with every other sentence in 
that text file to form a group or cluster [11–14] of 
similar sentences having same meaning. If a cluster is 
having cardinality greater than one then normalized 
weight of all sentences of the clusters are computed by 
the formula,  

  weight of the sentence
lenght of the sentencesi

w =  

  where, wsi is the weight of the sentence and si is the 
cluster or group. 

  Then the sentence si in the cluster for which wsi is 
maximum, is selected and all the others are deselected 
and thus are regarded as redundant sentences. 

 7. Evaluation: Evaluation of the system in terms of accu- 
racy is done by comparing the system generated 
summary with the same benchmark or standard sum- 
mary usually human generated summary. 

Algorithm for Present Technique 
The text summarization tasks can be classified into single-
document (like images, videos, audios, texts, etc.) and multi-
document (like images, videos, audios, texts, etc.) sum- 
marization. In single-document summarization, the summary 
of only one document is to be built, while in multi-document 
summarization the summary of a whole collection of 
documents is built. In the paper, different subject texts 
collected from the internet as the documents to work on has 
been used. 

Algorithm for Single Text File 
Input: Text file for summarization, stop words, file for 
extracting keywords and threshold. 

Output: Sorted sentences in descending order of the sentence 
weight. 

Steps: 
 1. Extract keywords ki in the text 
 2. Determine the keywords in the text greater than 

threshold (th) i.e. ki > th 
 3. Determine weight of keyword ki, 

  f
i

t
w n=  

 4. Determine the weighted sum of all the sentences 

  
1

ti
t

w
w n=  i = 1 to n 

  Where, wts = effective weight of the sentence. 
  wt1, wt2, wt3, .... wtn are the weights of individual terms in 

that sentence. n = total number of terms in that sentence. 
 5. Finally, arrange the sentences in descending order of 

weighted sum. 

Algorithm for Multiple Text file 
Input: Text file for summarization, stop words file for 
extracting keywords and threshold. 

Output: Sorted sentences in descending order of the sentence 
weight 

Steps: 
 1. Extract keywords ki 
 2. Find occurrence of keywords ki in the text 
 3. Determine the keywords in the text 

  f
i

t
w n=  

  Where tf is the term frequency of the keyword greater 
than threshold (th) i.e. ki > th. 

 4. Determine weight of keyword ki, 
 5. Compute Inter Document frequency (IDF) as the ratio of 

the number of text files in which that word is occurring 
(ni) and total number of text files (n).  

        niIDF n=  

 6. Compute the weight of the sentence in that text file as, 

  1
j

f ii i
t IDF= +∑   

  where, “j” is the total number of keywords in the given 
sentence. This in performed in all the text files in the 
folder. 

 7. Determine the weighted sum of all the sentences 

  1
1

t
t

w
w n=     i = 1 to n  

  Where, wts = effective weight of the sentence. 
  wt1, wt2, wt3, ...., wtn are the weights of individual terms 

in that sentence. 
  n = total number of terms in that sentence. 
 8. Cluster all the redundant sentences by comparing each 

sentences from the text with every other sentence in that 
text file to represent the sentence having the maximum 
ratio of the cluster i.e. 

  max ( )i

i

w
l   

  Where, wi = weight of the keywords, 
  li = length of the sentences 
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 9. Step 1 to step 8 is repeated for all the text files in the 
folder. 

10. Finally, sequentially arrange the sentences in descending 
order of weighted sum in all the text files of the folder 
and select first 25% sentences and deselect the others. 

Algorithm for Clustering Meaningful Sentences 

Input: Text files for clustering, pre -defined threshold. 

Output: A set of sentences with maximum ratio of ( ).i

i

w
l  

Steps: 
 1. Extract weighted sentence, wts in a text file. 
 
 2. Grouping sentences based on commonality of keywords 

between the sentences, given a pre-defined threshold 
‘th’. 

 3. For 1≤i≤n wsi є Gi 
 4. Then, redundancy is removed by keeping the sentence 

which has maximum ratio i.e. max( ).i

i

w
l  Where wi = 

weight of the key words (ki) and li = length of the 
original sentences. 

 

 5. Finally, meaningful sentences obtained from text file. 

Experimental Results 
The system is evaluated using an Intel® Xeon® CPU E5645 
@2.40 GHz having 8GB RAM and Windows 7 64-bit OS. 

The English text file data of different subjects like Account- 
ing, Geography, Biology, Economics, Artificial Intelligence 
(AI) etc. is collected from internet (www.worldscienti 
fic.com, en.wikipedia.org, scienceworld.scholastic.com 
www.ncert.nic.in/ncerts/textbook/textbook 
www.textbooksonline.tn.nic.in/books and many more). 

Due to lack of benchmark texts with corresponding human 
generated summaries in the internet, benchmark texts 
(www.worldscientific.com, en.wikipedia.org, scienceworld. 
scholastic.com, www.ncert.nic.in/ncerts/textbook/textbook 
www.textbooksonline.tn.nic.in/books and many more using 
textsummarization.net/text-summarizer) was used, and 
human generated summaries for them all was utilized for the 
purpose of system generated summary evaluation. 

It is observed from Table 1 that the time for summarization 
is affordable. To evaluate the system in terms of accuracy, 
human generated summary was used, which is usually 
intrinsic rather than extrinsic and is based on the conceptual 
meaning of the text. With that also the accuracy of 
summarization is adequate in most cases and is acceptable 
for all practical purposes while enjoying the simplicity of 
design. 

Table 1: Performance Evaluation 

Sl. 
No. 

Input 
Folder 

Input Text 
File 

No. of 
Input 
Texts 

Time for 
Summmarization 

(seconds) 

Accuracy of 
Summarized Text Average Accuracy 

1. ACC ACC1.TXT 7 348.36 54.44 38.6 
 TXT      
  ACC2.TXT  171.66 64.55  
  ACC3.TXT  1135.5 36.67  
  ACC4.TXT  1054.27 37.78  
  ACC5.TXT  1371.41 28.18  
  ACC6.TXT  184.38 31.42  
  ACC7.TXT  816.52 17.14  

2. AI AI1.TXT 6 628.88 54.44 40.96 

 TXT      

  AI2.TXT  1167.64 45.71  

  AI3.TXT  1287.47 29.05  

  AI4.TXT  1763.79 41.57  

  AI5.TXT  1358.62 37.27  

  AI6.TXT  1443.6 37.77  
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Sl. 
No. 

Input 
Folder 

Input Text 
File 

No. of 
Input 
Texts 

Time for 
Summmarization 

(seconds) 

Accuracy of 
Summarized Text Average Accuracy 

3. BIO BIOLOGY1. 5 501.36 75 48.9 
 TXT TXT     
  BIOLOGY2.  293.76 75  
  TXT     
  BIOLOGY4.  100.84 32.22  
  TXT     
  BIOLOGY5.  386.33 35  
  TXT     
  BIOLOGY6.  1160.42 27.65  
  TXT     

4. ECO ECO1.TXT 8 527.31 60 46.34 
 TXT      
  ECO2.TXT  931.48 55.45  
  ECO3.TXT  585.78 68.6  
  ECO4.TXT  299.69 26.67  
  ECO5.TXT  618.78 50  
  ECO6.TXT  507.99 35  
  ECO7.TXT  526.06 35  
  ECO8.TXT  575.26 40  

5. GEO GEO1.TXT 6 374.44 55.45 53.68 
 TXT      
  GEO2.TXT  1791.71 50  
  GEO3.TXT  491.83 60  
  GEO4.TXT  365.29 55.45  

  GEO5.TXT  1445.95 38.57  
  GEO10.TXT  935.77 62.63  

 
Conclusion 
An Extrinsic Summarization System has been designed and 
developed, which is able to summarize a set of texts based 
on term frequency and inter document frequency of the 
keywords of the text set. It is able to deselect the redundant 
sentences by detecting the presence of same or almost same 
set of keywords in the sentence set. 

Since the summarization is extrinsic and not intrinsic 
technique, it might happen that the meaning of two or more 
sentences are same, but different set of keywords are used. 
Although this situation is rare in a text, those conceptually 
same or similar meaning redundant sentences remain un- 
detected thereby slightly degrading the quality of summary. 
Of course, this drawback is resolved in intrinsic sum- 
marization at the cost of complicacy of design. 

The time for summarization is affordable. Also the accuracy 
of the system is acceptable for all practical applications if the 

simplicity of the design of the present novel system is 
considered. 
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An Intelligent Home Automation System  
Using Internet of Things Framework 

Arindrajit Pal1 and Amitava Nag2 

Abstract: The advancement of automation technology, life is getting simpler and easier in all aspects. In today’s 
world automatic systems are being preferred over manual system. The rapid increase of the number of users of 
internet over the past decade has made internet as an essential part of the life, and the Internet of Things (IoT) is the 
latest and emerging internet technology. In this paper, we develop a home automation system is developed by using 
the Raspberry Pi, a microprocessor based on-board computer system. Raspberry Pi has ethernet port and some 
general input-output pins that can connect different home gadgets through internet. Techniques are being developed 
techniques to operate it by our smart phone and control the devices. In our work, web-cam is also used for 
capturing the photos and live streaming and watch it through the smart phone.  

Keywords: Internet of Things (IoT), Raspberry Pi, Home Automation. 
 
Introduction 

he Internet of Things (IoT), can be looked as an 
intelligent network [1] which is equipped with a very 

large number of smart objects. The ‘things’ in IoT are smart 
objects such as home appliances, surveillance cameras, 
monitoring sensors, displays, etc. that have the ability to 
collect, store and transfer data over internet without manual 
assistance [2]. It provides the intelligent services such as 
locating, tracking, monitoring, and managing things [1], [3]. 
Nowadays, researchers from both industry and academia are 
focusing on IoT to make the existing domestic appliances 
more efficient with the help of local networking or by remote 
control [4]. This paper aims to design a home automation 
system based on IoT using Raspberry pi. Raspberry pi is a 
credit card-sized microprocessor based single-board computer 
with a Linux operating system [5], [6]. This minicomputer 
can provide all the services of a normal desktop computer 
[7]. It is now being widely used for various applications such 
as home automation, robot, smart parking systems, etc. [8]. 
In this paper, a mechanism is proposed to develop a smart 
home automation system that uses Raspberry Pi to enabling 
easy access and interaction with home appliances. 

Implementation of Home Automation Model 

Working Principles  
In this paper, the authors have developed a system which can 
help user to operate home appliances from far away from 

their home through internet with the help of the smartphones. 
It also helps the physically challenged or elder persons to 
live independently in their house. This is one of the 
important applications of IoT. Because, the normal remote 
control system can work within a room and bluetooth 
enabled devices can operate within a few meter range. But, 
the IoT technology can be used anywhere of the world if 
Internet is available. The user can operate different home 
appliances by a smart phone. Several applications can be 
developed regarding this purpose. The sensors of the home 
appliances should be connected through the Raspberry Pi kit. 
In this way the physically challenged or elderly persons can 
monitor their total house and operate on different devices 
like fans, lights and several home appliances by sitting on a 
room. Another objective of this application is to develop a 
security system and a door sensor notification in our home 
using webcam surveillance and Raspberry pi together. The 
user can monitor his house through is smart phone or some 
monitoring devices also from faraway of his home. In 
absence of the owner of a house, this security system can 
help to protect that house from intruder. If any unauthorized 
person may try to enter his house, the proprietor can get an 
automatic notification or alarm from his house and watch the 
live stream pictures of his house in the monitor. To establish 
this security system, the users has to apply the IoT 
technology. The webcam surveillance and the door sensors 
are connected with the Raspberry Pi which is an Internet 
enable device. This Raspberry pi can transmit data to the 
user’s smart phone and he can notify to the security or police. 
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This technology also helps those persons who live alone in 
their house. So, the objective of this work is to help the 
different persons in the society to live better and secure life. 

Hardware Components 
Raspberry Pi It is a microprocessor based single board 
computer interface with the android module to perform the 
automation which is shown as Figure 1(a). It has been 
developed by the Raspberry Pi Foundation, UK. It receives 
signals from the smart phone and processes it to perform 
several tasks. There are in two board configurations of 
Raspberry Pi: a) Broadcom BCM2835 System on a chip 
(SoC), which includes an ARM1176JZFS 700 MHz 
processor, Video Core IV GPU and 256/ 512MB of RAM. 
There is no built in HDD or solid state drive in it. It uses an 
SD card for booting and storage purpose. Different switches, 
door sensors and webcam control systems need to be 
integrated with the Raspberry Pi. It is easy to install and low 
cost.  

Magnetic Door Sensors: This is a reed switch covered in an 
ABS plastic shell. They are often used to detect when a door 
is open or close as shown in Figure 1(b). This is connected 
with Raspberry pi and notifies the status to the pi. 

Wifi Router: This device is attached with the Raspberry pi 
kit and transmits data to the user’s smart phone through 
Internet as shown in Figure 1(c). It actually communicates 
with the local server or Internet router.  
 

 
Fig. 1: (a) Raspberry Pi Model B (b) Magnetic Door Sensors  

(c) WiFi Router 

PiCam/Surveillance Camera: It is a high resolution video 
camera that streams the images in real time and transfer to 
users monitoring device as shown in Figure 2(a). It is also 
possible to save the images to the storage unit or clouds. This 
device can attach with Raspberry Pi through the USB port. 

HDMI Monitor This device is used for monitoring the live 
stream from the surveillance camera as shown in Figure 2(b). 
It can directly attach with Raspberry Pi through the HDMI 
port and display the live stream from the surveillance 
camera. 
 

 
Fig. 2: (a) Surveillance Camera (b) HDMI Monitor 

Software Requirements:  
 1.  OS-Rasbian Jesse (version- 4.4)  
 2.  PHP  
 3.  Python 3.0  
 4.  HTML/CSS/JavaScript  
 5.  MJPEG Streamer  
 6.  ngrok.io and pagekite.py for port tunneling.  

Proposed System 
After preparing the template, now all the development work 
is integrated to make a complete interface. The user display 
and the controls are managed by the python code. There are 
different software packages which provide various views to 
control. The lights and sensors are connected to the 
Raspberry Pi. The server and client applications are written 
in Python to the interface for Raspberry Pi. The application 
software produces the built in functions as well as user 
defined methods to the smart phone. An android application 
can be developed using the Android Developer Tools to run 
the programs on mobile devices that communicates between 
pi and home appliances easily.  

The operational overview of the proposed work is in Figure 
3. Here, the system is divided in two parts namely server side 
and client side. Server side consists of ON/OFF switches and 
live-feed button and user interface that allow us to turn 
ON/OFF a device and to see the live feed also. This is 
normally the devices used by the user like smart phone,  
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Fig. 3: Operational View of the System 

computer etc. It consists of PHP and HTML files and Python 
modules. The client side has the Raspberry Pi module which 
consists of relay circuit connected with GPIO pins. In the 
client side, all the switches, home appliances and routers are 
connected with the pi. The pi runs a python program for each 
ON/OFF button. In case of live feed we use picam. 
Whenever the live feed switch is ON, the Mjpg Streamer 
performs the streaming. In Figure 4, the user interface (UI) 
consists of four switches which are synchronized with each 
other and a button which gives the live stream. This UI is 
present in the user’s smart phone. User can control the 
different switches which are connected to the lights or 
gadgets of his home by this UI. ON/OFF states show the 
current status of the switches. Figure 5 shows the security 
system of the house, where the Surveillance camera and 
sensors are attached to the Raspberry Pi. This security 
system involves the notification to the smart phone through 
the Internet and also the live stream to the users monitoring 
devices.  
 

 
Fig. 4: User Interface in Smart Phone 

 
Fig. 5: Security Module Using Surveillance Camera and Sensors 

Conclusion  
IoT is an emerging technology in modern science. In present 
days, internet can be accessed by the common people with a 
reasonable cost. The people can also access internet through 
different pocket devices which are not so costly. So, they are 
trying to live a better comfortable and secure life using these 
gadgets. So, day-to-day different technologies are invented 
to serve the societies requirement. The IoT may enhance a 
new potential by enabling communications between objects 
and human, making a smarter and intelligent planet. This 
proposed work can build up easily by using some small 
devices like Raspberry Pi, few sensors, relays, modules etc. 
This work can help the user to control the switches, gadgets 
by his smart phone through the internet. It also helps the 
disable or older persons to live independently. Our future 
work is to develop a new technology where the home 
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automation can be controlled by artificial intelligence system 
and reduces the human activities.  
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Statistical Relevance of Sweat on Bloodstain  
Pattern Documented on Linen Surface 

Nabanita Basu1 
 

Abstract: Bloodstain patterns are considered as static evidence of dynamic consequences that had occured at a 
crime scene. Stain patterns are used in coherence with other circumstantial evidence for reconstruction of crime 
scene. As compared to non-absorbant, non-porous, smooth surface stains on fabric surfaces are difficult to 
interpret. Sweat is a natural reaction to human fear and anxiety. The effect of sweat on fabric surface and it’s effect 
on the stain pattern formed still remains undocumented within the scientific community. Again, experiments in 
relation to sweat are difficult to re-create owing to the large variability in sweat composition of different individuals 
owing to the varied food habits and environmental conditions in which individuals survive. In this work artificial 
acidic sweat was simulated using industrial standard ISO 3160:2. Experiments show that linen fabric wetted with 
sweat or hence dried statistically significantly (p < 0.001) affect stain patterns form on 100% linen fabric. For the 
particular sweat composition regular stains almost resembling regular stains were obtained at different angle of 
impact and fall height, when after being soaked in sweat the fabric was natural air dried before staining. 

Keywords: Bloodstain Pattern, Linen, ISO 3160: 2, Sweat, Group Comparison. 
 
Introduction 

loodstain pattern analysis deals with reconstruction, 
sequencing of events that had occurred at a crime scene 

based on bloodstain patterns. Bloodstain patterns are static 
consequences of dynamic events that had occurred at a crime 
scene. Fluid mechanics provides the fundamental basis for 
predictions made from bloodstain patterns [1]. Forces like 
adhesion, cohesion, gravitation, surface tension and capillary 
action control the characteristic flow of the pseudo-plastic 
non-Newtonian fluid blood [1].  

Unlike fingerprints, bloodstain patterns are reconstructive 
evidence. While stain patterns formed on non-porous/non-
absorbent, plain, smooth target surface are easier to analyze 
and interpret (eg. paper), such is not the case with stain 
patterns formed on porous/absorbent, rough surfaces (e.g. 
fabric). Stains formed on non-porous/non-absorbent, plain, 
smooth target surface are mostly regular stains while stains 
formed as a result of similar physical mechanism on porous/  
absorbent, rough surface are irregular.  

Research undertaken elucidates that sweat glands are sti- 
mulated in response to high temperature, exercise, hormone 
secretion and emotional stress [2, 3]. Again, sweat and threat 
perception have a complicated relationship [2]. When 
threatened, intuitively an individual makes a choice of 

‘flight’ or ‘fight’. Sweating helps an individual prepare and 
hence sustain either of the two scenarios, ‘fight’ or ‘flight’ [2]. 

This research work is aimed to analyze how sweat affects the 
formation of stain on cloth surface particularly in the case of 
70 Lea and 100% Linen shirting fabric. Often it is considered 
that experiments conducted with sweat in laboratory’s 
pertaining to different geographical zones are difficult to re-
create owing to the fact that sweat composition of different 
individuals vary. Food habit and environmental conditions 
that the person is exposed to largely affect the composition 
of his/her sweat. This variance is also evident in the artificial 
sweat composition used in the commercial/industrial sector. 
The artificial sweat used for testing metal corrosion in Japan 
varies in composition from the Deutsch, International 
standard. To encompass this variation the experiment de- 
signed consists of artificial sweat simulation as per 12 
industrial artificial sweat simulation standards. 

This paper is only a brief excerpt of the research work 
undertaken to analyze the effect of sweat on the bloodstains 
recorded on fabric surface.  

Literature Review 
Crime scene reconstruction is particularly dependent on the 
analysis and interpretation of reconstructive evidence in 
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coherence with other circumstantial evidence. Bevel and 
Gardener provide an extensive description of the science that 
governs the study/interpretation of bloodstain patterns in the 
reconstruction of crime scene [1]. Daniel Attinger ela- 
borately reviewed the different theories of fluid mechanics 
that govern blood flow dynamics [4].  

In relation to the study of bloodstain patterns on fabric, of 
particular relevance is the work of White [5] and Slemko [6]. 
White in his work highlighted that estimation of angle of 
impact from fabric stain was particularly misleading [5]. The 
fact that stains formed on new cloth were particularly 
different from stains formed on worn out cloth was 
emphasized by Slemko in his work [6]. By use of different 
types of fabrics Slemko analyzed the effect of velocity, 
relative distance and chemically treated fabric target surface 
on the pattern of stains on fabric [6]. Miles et al. in their 
work documented the effect of surface roughness and fall 
height on the number of satellites formed for a stain recorded 
on fabric surface [7]. Prior laundering of fabric, fiber content 
and fabric structure particularly affect the formation of stain 
pattern on fabric [7]. Castro TC et al. identified a significant 
increase in the stain size on laundered blend fabric [8, 9]. 
Dicken et al. used a micro computed tomography scanner to 
study bloodstain size and shape throughout fabrics [10]. The 
study identified impact velocity and fabric structure as 
important factors that affected bloodstain morphology on 
fabric [10]. Castro TC et al. also identified the age of the 
fabric as an important parameter that affected the stain 
pattern on fabric [11]. 

Though substantial work has been undertaken in 
understanding the effect of fabric texture, impact velocity, 
fabric type, laundry wash on the morphology of bloodstain 
pattern formed on fabric, the impact of human sweat on the 
stain pattern formed stands particularly unexplored. This 
work is intended to bridge this particular gap. 

Experimental Design 
In order to study the effect of sweat on stain patterns on 
fabric, certain hypotheses were generated. The experiments 
were designed to examine the validity of the hypotheses 
based on statistical methods. The hypotheses are: 
H1:  Stain patterns recorded on paper surface are distinctly 

different from the stain patterns developed on new  
100% Linen shirting fabric under identical physical 
mechanisms. 

H2: Stains patterns recorded on new cloth, cloth soaked in 
sweat and hence dried, cloth wetted with sweat vary 
even when all the passive drops were formed by the 
same mechanism and similar atmospheric conditions. 

At the very onset, porcine blood was used to recreate stain 
patterns. This is because porcine blood closely resembles 

human blood rheology [12]. Table 1 provides a summary of 
the properties of porcine blood that was used in the 
experiments [13]. 

Table 1: Intra Variability in Porcine Blood  
that was used in the Experiments [13] 

Porcine Blood 
Before the Experiment 

 [Blood at 37°C and 60% 
Humidity] 

Age since collection from a pig 1-day-old 
PCV 0.39 ± 0.01 
Density, ×103 kg/m3 1.069 ± 0.022 
Surface tension, mN/m 62.47 ± 0.71 
Whole blood viscosity, mN-s/m2 4.001 ± 0.008 
Plasma viscosity, mN-s/m2 1.482 ± 0.003 

 

Blood being a non-Newtonian fluid, the environmental 
conditions as also the temperature of blood at the time of 
experiment are important parameters that need to be 
controlled for the experimental setup. Table 2 represents the 
environmental conditions as also the controlled experiment 
conditions that were maintained across the lifetime of each 
experiment. 

Table 2: Record of the Atmospheric Conditions and Conditions 
within the Laboratory at the Time of Experimentation [13] 

Atmospheric Conditions 

LABORATORY SETTING 

Temperature  37° C 

Humidity 60 % 

Wind Condition Not windy 

ENVIRONMENTAL CONDITION (outside the Laboratory ) 

Dry Temperature 23°C (approx.) 

Wet Temperature 26°C (approx.) 

Relative Humidity 77–78% (approx.) 

Wind Condition Not windy 

Blood Temperature 37° C 

 
Passive drip stains in particular are bloodstains formed on a 
target surface as a result of dripping of blood under the 
action of gravity. As part of the experimental setup, blood 
was allowed to drip under the action of gravity at varying 
angle of impact and fall height from a 2.5 ml. subcutaneous 
syringe without needle. A syringe was used for blood 
dripping in order to maintain parity in volume of blood flow 
out. The volume of each blood drop emanated from the 
syringe was calculated. Table 3 records the different 
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combinations of angle of impact and fall height used in the 
study along with the volume of each blood drop from the 
syringe that fell through under the action of gravity. 

 

 
Fig. 1: Experimental setup for creating stain patterns at different 
angles of impact and fall height. The dotted lines along 30o and 60o 
reprensent the position of the target surface for an impact angle of 
60o and 30o respectively [13]. 

Figure 1 represents the experimental setup for a paper target 
surface. For fabric target surface, same tensile strength of the  
 

target surface was ensured by fixing the target surface on an 
embroidery frame. This was done to avoid bounce, crease on 
the target surface and hence make the stain patterns on the 
target surface comparable. 

Linen Shirting cloth (100% Linen, 70 Lea) was cut out into 
30.48 cm by 30.48 cm (1 ft by 1 ft) pieces for recording each 
stain pattern. Three sets of target surface were created. 
Group 1 consisted of new 100% Linen shirting fabric (70 
Lea) cut out into 30.48 cm by 30.48 cm (1 ft by 1 ft) pieces. 
The different combinations of angle of impact and fall height 
(refer Table 3) were used to record stain patterns on new 70 
Lea 100% Linen shirting fabric. Again the same array of 
angle of impact and fall height combinations were used to 
record stains on Group 2, 30.48 cm by 30.48 cm (1 ft by 1 ft) 
pieces of cloth each of which was uniformly soaked in  
100 ml. of artificial sweat simulated as per ISO-3160:2 
standard for 20 min and hence air dried. Each 70 lea Linen 
shirting cloth piece was dried in natural air condition. Group 
3 consisted of 30.48 cm by 30.48 cm (1 ft by 1 ft) 100% 
Linen shirting fabric each of which was uniformly soaked in 
100 ml. of artificial sweat simulated as per ISO-3160: 2 for 
20 min and dried to a point where the cloth doesn’t drip 
unless twisted and turned. The pieces of fabric that were part 
of Group 3 were stained as per the angle of impact and fall 
height combinations in Table 3. 

Table 3: Angle of Impact and Fall Height Combination for Dripping of Blood for Control, Group 1, Group 2 and Group 3 Target Surface 
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Bloodstain patterns can particularly classified into two 
groups, namely, Regular and Irregular stains. Regular stains 
abide by a geometric shape while Irregular stains do not. For 
regular stains, the best fitting ellipse to a regular stain is 
estimated and the major and minor axis values for the ellipse 
are referred to as the length and breadth of a particular stain. 
For a regular stain, the angle of impact is calculated as Sin-1 
(Breadth/Length) (refer Figure 2). However, for an irregular 
stain the angle of impact cannot be estimated (refer  
Figure 3). 
 

  
 

 
Fig. 2: Graphical Representation of the Accepted Methodology for 
Calculating the Length, Breadth and Angle of Impact for a Regular 
Passive Drip Stain. [13] 

On similar lines, the length and breadth of the parent stain 
formed on paper and new 100% Linen shirting fabric  
(70 Lea) (Group 1) using the same physical mechanism (i.e. 
environmental conditions, temperature of blood, syringe, 
combinations of fall height and angle of impact) were 
calculated. The length and breadth of stains formed on 
Group 2 and Group 3 fabrics were measured manually and 
with a computer based program. 
 

 
Fig. 3: An irregular stain (i.e. a stain in which an ellipse cannot be 
fitted) formed on new 100% Linen shirting fabric at an angle of 
impact 90o and a fall height of 20 cm due to passive dripping of 
blood from a 2.5 ml. subcutaneous syringe without needle. 

Statistical tests were performed to compare stains on paper to 
the stains formed on fabrics in Group 1. Statistical tests were 
performed to compare stains formed on fabrics in Group 1, 
Group 2 and 3 respectively. 

Results and Discussion 
Given that the length and breadth value for the stains is not 
normally distributed, Mann-Whitney U test was performed 
to compare whether the stain patterns on paper and fabric are 
similar or part of the same population or not. The p value for 
the length and breadth parameter of the 18 stains (9 stains on 
paper and 9 on fabric) being less that 0.001(< 0.001) 
revealed that there is statistically significant difference 
between the stains formed on paper and those formed on 
100% Linen target surface and it is unlikely that such a 
difference was merely by chance. While Figure 4a provides 
the stains formed on paper at 90o angle of impact and 60 cm 
fall height, Figure 4b provides the stains formed on 100% 
new linen fabric at the same angle of impact and fall height 
when emanated from a subcutaneous syringe without needle. 
 

 
(a) 

 

 
(b) 

Fig. 4: (a) Stain formed on paper at 90o angle of impact and 60 cm 
fall height. Length of stain – 1.1 cm, Breadth of stain – 1.1 cm, 
Number of satellites – 0, [13] (b) Stain formed on new 100% Linen 
shirting fabric at 90o angle of impact and 60 cm fall height, Length 
– 1.0 cm, Breadth-0.9 cm, No. of satellites – 2. 

Satellites
Length 

Breadth 
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Owing to the non-normal distribution of the length and 
breadth values for the stains formed on Group 1, Group 2 
and Group 3 fabrics [14], Kruskal Wallis test [15] was 
performed to compare the stain patterns formed on fabrics 
belonging to the 3 groups. The Kruskal Wallis Test [15] 
revealed that there is a statistically significant difference 
between stain patterns formed on fabrics in Group 1 and 
those formed on Group 2 and 3 respectively in terms of stain 
length (p < 0.001) and breadth (p < 0.001) parameters . The 
outcome of the Kruskal Wallis test [15] revealed that a 
statistically significant difference exists between the stains 
formed on Group 1 fabrics, Group 2 fabrics and Group 3 
fabrics in terms of stain length (p < 0.001) and breadth 
(p < 0.001) parameters (refer Figure 5). 
 

 
(a) (b) 

 

(c) 
Fig. 5: Bloodstains created at 90o angle of impact and 40 cm 
fall/drop height (a) target surface- new 100% Linen shirting fabric 
[part of Group 1] (Length- 1 cm, Breadth-0.9 cm) (b) target surface 
– new 100% Linen shirting fabric soaked for 20 min in artificial 
sweat simulated as per ISO 3160: 2 standard and air dried (Length-
0.9 cm, Breadth-0.9 cm, Regular stain) [part of Group 2], (c) target 
surface – new 100% Linen shirting fabric soaked for 20 min in 
artificial sweat simulated as per ISO 3160: 2 standard and left wet 
at the time of staining (Length -3.5 cm, Breadth-3.4 cm) [Part of 
Group 3]. 

Conclusion 
In a crime scene, it is often difficult to interpret bloodstains 
on fabric. This has been identified and well documented by 
White in his work. In coherence with Slemko and White’s 

findings, this work statistically emphasizes the difference in 
the stain patterns formed on new 100% Linen shirting fabric 
against a paper control surface. Additionally, the effect of 
sweat on stain pattern was analyzed in this work. Human 
sweat was artificially simulated as per ISO 3160: 2 standard. 
When uniformly soaked and air dried, the stains formed on 
the same fabric under similar physical conditions were 
significantly different from the stains formed on the new 
fabric. Again, stain morphology on cloth soaked in sweat 
significantly differed from stains formed on new fabric and 
stains formed on air dried sweat wetted fabric. Only acidic 
sweat was considered in this particular experiment. 

As has been previously mentioned, the composition of sweat 
varies widely. To overcome this drawback, different standard 
for artificial sweat simulation shall be used in due course of 
the research work to analyze the effect of human sweat on 
bloodstain pattern in fabric. Sweat being a common in- 
voluntary reaction to anxiety/fear, this work is focused to 
provide a deeper understanding on the role of human sweat 
on bloodstain morphology within a real life scenario. 
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Color-Based Segmentation of Thin Blood Smear Image to  
Detect Malaria Parasite using Unsupervised Clustering 

Sanjay Nag*1 and Nabanita Basu1 

Abstract: Malaria is a life-threatening vector-borne parasitic disease. Most often the disease is curable with early 
detection and proper diagnosis but the disease management often fails and gets out of control with increased 
number of reported cases within a short period of time resulting in mortality. The ‘gold standard’ for Malaria 
diagnosis is the detection of the parasite with a conventional light microscope and blood smear slide stained with 
giemsa stain. The accuracy is lower due to inter-operator/intra-operator variability as a major drawback. The 
contemporary digital microscope and the ability to capture image led to the development of CAD software for 
malaria detection and diagnosis. This research work has proposed a method for cellular segmentation and image 
analysis using modern ‘machine learning based CAD systems’. Unsupervised K-Means clustering has been utilized 
to perform image segmentation using Lab colour model to represent the image. The image dataset used for 
experimentation is obtained from MaMic database. In total, a set of 300 images were used for the study. The images 
were pre-processed prior to segmentation. Statistical analysis was performed on the segmented images to determine 
the efficacy of the proposed method. 

Keywords: Malaria, RBC, Clustering, Segmentation, Unsupervised Learning. 
 
Introduction 

alaria is a life-threatening vector-borne parasitic 
disease, caused by the protozoan parasites of Genus 

Plasmodium and is transmitted through the bite of female 
Anopheles mosquito. Tropical countries in Africa and Asia 
are mostly affected by the disease though it is also known to 
cause disease in Mediterranean countries and temperate 
regions of the world. Most of the known species of 
Plasmodium that infect humans are relatively less harmful 
causing extensive suffering to the infected patient but is 
mostly curable with early detection and proper diagnosis. 
Mortality is caused due to the infection of the virulent 
species and/or late detection and to children below the age of 
five years. Moreover, the disease management often fails and 
gets out of control with increased number of reported cases 
within a short period of time. Due to lack of adequate 
healthcare infrastructure it often results in a serious medical 
issue with increased mortality rate in underdeveloped 
nations.This disease got its name ‘Malaria’ in 1740 meaning 
‘bad air’ in Italian. During that time it was often referred to 
as ‘Roman Fever’ and was a key cause of battlefield 
mortality. The disease originated in Africa and then 
propagated to Mediterranean Europe, South East Asia, and 
India. Ancient Indian medical manuscripts of 800 BC by the 

Indian sage Dhanvantari, Charaka Samhita written in 300 BC 
and Susrut Samhita written in 100 BC mentioned about the 
Malaria-like disease. In modern day medicine history, Sir 
Ronald Ross (1902), working in India, received  Nobel Prize 
for demonstrating the lifecycle of Malaria parasite.  

The malaria parasites belong to Genus Plasmodium and are 
characterized by the presence of two hosts in the lifecycle 
with Schizogony (asexual cycle) in humans and Sporogony 
(sexual cycle) in female Anopheles mosquito gut. There are 5 
different species that cause Malaria infection to Human 
beings, namely, P. malariae, P. vivax, P. falciparum, P. 
ovale and P. knowlesi. The parasite infects the human system 
as Sporozoite which is a minute thread-like protozoon. It 
then migrates to the liver cells where they multiply and are 
released into the blood stream. Early infection to Red Blood 
Cells (RBC) in the form of ring Trophozoites which mature 
to form Schizonts, that ruptures to release Merozoites and 
the cycle is repeated. Male and female Gametocyte 
formation within RBC can also be observed from 
microscopic images. Further sexual lifecycle is completed 
within an infected mosquito after a blood sucking event from 
an infected human host. 

Malaria disease management is a global challenge. The 
World Health Organization (WHO) have taken up this 
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challenge of complete eradication of the disease by the year 
2020. It has allocated funds for infrastructure development in 
underdeveloped countries to effectively fight against the 
disease. It has heavily invested on eradication of mosquito 
breeding grounds and preventive measures against mosquito 
bites in Asian and African continents. However, Malaria still 
affects 40% of the world’s population in more than 100 
countries. About 500 million gets malaria infections an- 
nually, causing 1–2 million deaths, mostly children in sub-
Saharan Africa [1]. Malaria still remains the cause of death 
and morbidity in tropical and sub-tropical regions with 1–2 
million mortality per year [2]. The World Malaria report of 
2015 [3] contains data taken from 95 countries that in total 
reported an approximate 214 million infections worldwide in 
2015. An approximate of 438,000 mortality was reported 
worldwide.  

The clinical diagnosis of malaria is performed by a medical 
practitioner but for the confirmation of the disease laboratory 
diagnosis of malaria includes the preparation of thick and 
thin smear slides for the purpose of microscopic examina- 
tion. Such laboratory tests require experienced technicians. A 
major drawback of this popular methodology is the 
identification of parasite at a low level of infection. This 
methodology of using conventional light microscopy and 
blood smear slide stained with Giemsa still remains the ‘gold 
standard’ for Malaria diagnosis. The accuracy of detection is 
heavily dependent on the pathologists with inter-operator/ 
intra-operator variability as a major drawback [4]. Several 
contemporary methods have gained popularity like the use of 
the rapid diagnostic test (RDT) kits for quickly detecting 
malaria. They are based on identifying specific antigens 
proteins produced during parasite and immunological 
response interaction that happens during the parasitic in- 
vasion of the body. However, the reliability of such methods 
are not always accurate and availability of kits is also a 
major issue. Modern equipment based on polymerase chain 
reaction (PCR) that can amplify trace amounts of parasitic 
DNA, the use of Flow Cytometer device for cell sorting and 
the use of Mass spectrometry to identify parasitic hemozoin 
are highly accurate methods for diagnosis. However, they are 
costly and often impractical for implementation in rural/ 
under-developed regions of the world. 

Advanced microscopy technology combined with the use of 
built-in LED lighting systems with an array of light filters 
and fluorescent light has transformed the conventional 
device. The combination of a digital camera fitted with the 
microscope system and connecting them with a computer 
system using firmware have led to recording of digital 
images directly from slide. The images captured by an 
untrained technician can be archived and remotely shared for 
analysis by an expert pathologist for diagnosis. Furthermore, 
image processing algorithms can be developed to create a 
fully automated intelligent system that will be able to 

perform detection and identification of parasites. The 
development of CAD software for malaria detection and 
diagnosis is one of many such applications of digital 
microscopy and contributing towards the era of Digital 
Pathology. A CAD system will be able to assist pathologists 
in identifying Malaria infections from slide images. The 
system will be able to scan the slide and capture images at 
regular interval. The algorithms will identify possible 
problem areas as suspected regions for confirmation by 
pathologists, thus saving valuable time and effort.  

This research work intends to propose a method for cellular 
segmentation and image analysis using ‘machine learning 
based unsupervised learning systems’. A digitized slide 
image is used as a source for performing image analysis 
using image processing techniques to obtain image 
segmentation. The outcome in the form of the segmented 
image will be further processed by intelligent algorithms to 
train the system so that the system will derive its own rules 
to classify the image accordingly. 

Literature Review 
Advancement in computer technology and subsequent 
development of new tools to assist medical practitioners, 
diagnosis process, and disease management play an 
important role in the fight against Malaria. While research in 
medical and pharmaceutical domain approach the problem 
by discovering new products and means to control the 
disease, intelligent CAD tools will enhance medical 
infrastructure and ease of diagnosis. A large amount of 
research work has contributed towards the development of 
CAD based systems to detect Malaria parasites from blood 
smear slide image. There are substantial research work that 
utilizes simple Image Processing algorithms for identifying 
the malaria parasite from thin smear digitized slide image. 
While other research work utilizes Machine Learning 
Technique to segment the image into the cellular component 
and classify them as normal or infected. Such literature has 
utilized different feature set to achieve segmentation and 
classification. The various feature set includes texture-based, 
geometric and intensity-based features extracted from 
different colour space like RGB, HSV, and lab colour model. 

Some key contributions using simple image processing 
algorithms are the authors Sio et al. [5] proposed ‘Malaria 
Count’ an automated software for Parasitaemia estimation 
using Adaptive Histogram equalization and edge extraction. 
Edge contours were linked and cell clumping was removed. 
The paper [6] by Frean used an open-source ImageJ software 
[7] on images to estimate Parasitaemia over manual counting 
as preliminary automation of manual counting. Another 
notable work by Zheng [8] using a colour mask developed 
with the ‘V’ component of HSV colour model and Otsu 
binarization. The edges were obtained using Canny Edge 
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detector and finally matching the cell contours with circular 
rings to establish infected cells. The authors Somasekar et al. 
[9] proposed an intensity based morphological operations to 
identify infected cells. The citation performed morphological 
erosion operation to isolate infected cells and achieved 
sensitivity and specificity value of 94.87% and 97.3%. The 
research citation by Ghosh et al. [10], enhanced the image 
and used a Laplacian gradient operator to sharpen the edges. 
Then the authors performed image binarization with 
empirical thresholding value and morphological operations 
to achieve an accuracy of 98.125%. Another cell seg- 
mentation method was proposed by Ruberto et al. [11], using 
‘Morphological Area Granulometry’ on images in HSV 
colour model to suppress White Blood Cells (WBC) and cell 
clumping. The classification was done after the process of 
‘skeletonization’ using erosion operation. Chakraborty et al. 
[12] used thick smear slide images to detect the presence  
of parasite infected RBC. Zack thresholding method was 
applied to obtain a binary image using HSV model and 
infected RBC was differentiated using porosity value given 
by Euler number. A similar method used by Arco et al. in the 
research citation [13] using CLAHE for contrast 
enhancement, morphological operations for hole filling and 
parasite enumeration with system achieving an accuracy of 
96.46%. 

The use of rule-based system showed that the accuracy fell 
when the system was used with a different dataset as most of 
them relied on thresholding values and intensity/ colour 
based rule systems. Substantial research work has been 
proposed using Machine Learning based techniques to 
overcome the limitations of the rule-based systems. Some 
notable works belong to Diaz et al. [14], proposed a 
Parasitaemia estimation method using a luminance-corrected 
image in RGB colour model and k-NN classifier that labeled 
each pixel belonging to erythrocyte or background pixel. The 
authors partitioned the image into blocks and extracted 
texture, colour and statistical features. The authors then 
performed a two-stage classification system to differentiate 
healthy/ abnormal RBC. The infected cells were trained with 
four learning models each for three different stages of 
infection and another for the artifact. The authors imple- 
mented a Multilayered Perceptron Model (MLP) and Support 
Vector Machine (SVM) for classification. The SVM 
classifier achieved a sensitivity of 94% and a specificity of 
99.7% in parasite detection. 

Similarly, Tek et al. [15] proposed a new parasite detection 
algorithm that modified K-nearest neighbor classifier and 
validated the performance using a Bayesian method. The 
authors further performed classification for detection, stage 
of life cycle and type of infection using a single multi-class 
classifier. The authors used image processing methods to 
segment the image followed by Area Granulometry to 

generate morphological features. A multi-class k-NN 
classifier was used with 83 features set with city block 
distance metrics for distance calculation was used by the 
authors. The authors performed a 20-class (detection, 
species, and stage), 16-class (species and stage) and 4-class 
species and 4-class stage classification. Cross Validation was 
performed using hold-out and leave-one-out cross-validation 
methods. For evaluation of the method, Fisher linear 
discriminant (FLD) and the back-propagation neural network 
(BPNN) was implemented. The results of the proposed 
model showed accuracy of 93.3%, sensitivity of 72.4% and 
specificity of 97.6%. 

The authors [16] calculated Parasitaemia using colour, 
geometrical and statistical feature metrics for the training of 
the classifier. For classification purpose, a linear SVM was 
used and the system achieved a sensitivity of 93.12%, and 
specificity is 93.17%.  

There are research works that have utilized Artificial Neural 
Network (ANN) for classification. The authors Ahirwar  
et al. [17] pre-processed the image using SUSAN and 
generated morphological, colour based and texture based 
features and classification was performed using back 
propagation feed forward (BFF) neural network. The authors 
in [18] performed similar processing but used Probabilistic 
Neural Network (PNN) for training and classification. The 
authors claimed that the system provided a sensitivity of 
99%. Razzak in the research citation [19] used GLCM based 
28 texture features and Back Propagation Artificial Neural 
Networks for classification. The authors Bahendwar et al. 
[20] used RGB and HSI features for training and testing  
and classification using ANN. Similarly, Chayadevi [21] 
extracted 80 features for training using colour and fractal 
metrics. The authors compared the performance using four 
different types of classifiers, namely, Adaptive Resonance 
Theory (ART) based neural network, Neural Network based 
Backpropagation Feed Forward (NN-BPFF), Support vector 
machine (SVM) and k-Nearest Neighbour (k-NN). The 
authors performed comparative study based on the 
performance of the different classifiers. The best results 
obtained were the accuracy of 94.45%, precision 96.41%, 
specificity 94.68% and sensitivity 94.32%. ROC curve 
analysis was also performed with the area under the curve of 
0.9847. 

Methodology 
Segmentation of red blood cells/erythrocytes from the white 
blood cells and platelets in a thin blood smear image is 
pivotal to Malaria parasite detection. This work is aimed to 
develop an automatic method for segmentation of erythro- 
cytes from non-RBC particles. 
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The process of segmentation of erythrocytes from non-RBC 
particles can particularly be classified into 5 basic steps, 
namely, Data Acquisition, Image pre-processing, K-means 
Clustering, De-clumping, and Artifact removal from Clusters. 

The dataset for the study consisted of thin blood smear 
images acquired from the public MaMic database [22]. The 
images in the dataset developed were acquired at 40X 
magnification and 25-watt illumination. As a pre-processing 
step, salt and pepper noise from the images was removed 
from the images using 2D median filtering with 3 by 3 
window size. The window size was empirically calculated. 
In total the dataset developed consisted of 300 images, 150 
of which were thin blood smear images from individuals not 
suffering from Malaria, while the remaining 150 were thin 
blood smear images taken from individuals suffering from 
malaria (refer Figure 1).  
 

 
Fig. 1: Thin blood smear image from the MaMic database. The 
blood smear image is taken from an individual affected with 
malarial parasite. 

There are certain characteristic morphological features that 
distinctly differentiate an RBC from a non-RBC particle. 
These morphological features are cell size, shape, absence of 
nucleus and colour. These morphological features of all 
connected component were taken into account. So each 
connected component in a thin blood smear image was 
defined in terms of the length and breadth value, regular 

elliptical shape or absence of the same, presence/absence of 
nucleus structure and color. Based on these factors un- 
supervised K-means clustering was performed. Four clusters 
were developed as a result of K-means clustering. Cluster 4 
consisted of background, cluster 2 consisted of red blood 
cells and cluster 1 consisted only of WBC and cluster 3 
consisted of platelets and Malaria parasite (if any). To avoid 
being stuck at local minima, repeated seed selection, and 100 
iterations were performed. However, the method still has 
certain limitations. The presence of malarial parasite within a 
clumped erythrocyte group often leads to the labeling of  
the erythrocyte group as a White Blood Cell. Again, 
erythrocytes are often connected to a white blood cell and 
form a single connected component. This group is cate- 
gorized as a white blood cell on the whole (refer Figure 2). 
This hinders the enumeration process of red blood cells. 
 

 
Fig. 2: Each 4-connected component was classified as red blood 
cell, white blood cell, platelet or background based on the size, 
shape, presence of nucleus, color etc. When a White Blood cell 
particle is connected with adjacent red blood cells , the algorithm 
often treats the whole connected component as a white blood cell 
particle. 

To overcome these limitations, colour based unsupervised 
clustering technique was developed for segmentation of thin 
blood smear images into RBC, WBC, Platelets and malarial 
parasite (if any). The RGB image was converted into L*a*b 
color space. The L, a and b components in the image were 
used to cluster the different cells in the thin blood smear 
image. Unsupervised K-means clustering was performed 
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based on the L, a and b components. Three clusters were 
generated with K-means clustering (i.e. K = 3). While cluster 
3 only consisted of the background pixels, cluster 1 consisted 
of red blood cells and cluster 2 consisted of white blood 
cells, platelets and Malaria parasite (if any). The edges of the 
red blood cells in cluster 1 were marked out with a Sobel 
operator (refer Figure 3). The red blood cell cluster image 
was eroded emulating a disc structure with a radius value of 
3 and neighbourhood size of 4 in order to remove the White 
Blood cell outline/artifacts from the red blood cell cluster. 
The radius value and the neighbourhood size was empirically 
decided based on the dataset at hand.  

Next de-clumping of red blood cells was performed in 
accordance with the methodology put forth by Tek et al. 
[15]. De-clumping of red blood cells was performed to 
facilitate enumeration of red blood cells.  
 

 
Fig. 3: (a) The Sobel edges of red blood cell cluster formed as a 
result of 3-means clustering. (b) The image represents the 
magnified outline of WBC (i.e. WBC artifact) present in the RBC 
cluster. 

Results and Discussion 
As opposed to morphology-based clustering, the color based 
clustering was found to produce better results for the 

particular MaMic database. Figure 4 represents the two 
clusters (i.e. Cluster 1 and 2) formed for a thin blood smear 
image from the MaMic dataset. However, in removing the 
artifacts of the white blood cell/s from the RBC cluster, 
certain RBC cells towards the periphery of the image were 
often truncated out from the final RBC cluster as 
demonstrated in Figure 5.  

To estimate the performance of the segmentation algorithm, 
sensitivity and specificity value for the algorithm was 
calculated. The sensitivity value for an image was calculated 
in terms of the number of red blood cells correctly identified 
in the final RBC cluster against the total number RBC 
particles present in a blood smear image. Any particle other 
than the RBC particle (i.e. WBC, platelet and malarial 
parasite) are clustered as one (namely, cluster 2) by the 
unsupervised 3-means clustering algorithm.  

 

 
Fig. 4: The Final Cluster 1 and Cluster 2 Extracted  

from the Original thin Blood Smear Image 

Specificity for an image was calculated as the non-RBC 
particles correctly identified by the algorithm against the 
total number of non-RBC particles present in the blood 
smear image. Table 1 documents the Sensitivity and 
Specificity value for blood corpuscle segmentation for the 
given image, along with the sensitivity and specificity value 
across all of the 300 images. 

(a) 

(b) 
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Fig. 5: Disc based erosion is performed to remove artifacts from the 
red blood cell cluster (Cluster 1). While such erosion helps remove 
WBC artifacts from a RBC cluster it also removes certain 
incomplete RBC cells from the thin blood smear image. 

Table 1: Sensitivity and Specificity Values Obtained  
for the k-Means Clustering Algorithm 

 Accuracy Sensitivity Specificity 
For the current image 0.9364 0.9352 1 
Across all 300 images 0.9536 0.9528 0.9967 

Conclusion 
Malaria remains a significant health problem across the 
world especially in poor under-developed countries that lack 
proper medical infrastructure. Availability of trained/expert 
pathologists in such regions as well remote areas requires the 
intervention of cost-effective technology to provide an 
adequate solution and prevent mortality. The advent of the 
digital microscope and the possibility of capturing images 
have opened new avenues of research in this medical domain 
where automated software can assist decision making by a 
pathologist regarding Malaria diagnosis, hence reducing the 
workload considerably. The key to the development of an 
effective CAD system for Malaria parasite detection and 

analysis is good segmentation of cellular components of 
blood. In this research paper, a five-step elaborate process is 
proposed for segmentation using colour images and 
unsupervised K- means Clustering. Quantitative analysis was 
performed to test the accuracy of the segmentation results. 
The algorithm proposed was tested on 300 images from 
MaMic database where Sensitivity of 95.28% and Specificity 
of 99.67% was achieved by the proposed method. 
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Cybernetics in Dynamic Data-Driven Identification of  
the Interactions of Runoff-Rainfall Dependent State  

Variables for Hourly Monitoring of Flows of Fast  
Flowing River Systems for Hydro-Power Generation 
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Abstract: The paper presents the identification of the interactions of the runoff dependent state variables for hourly 
monitoring of flows of a fast flowing river system in the Himalayan mountain region in North Bengal in India with 
the cybernetical process of multilayer group method of data handling algorithms (GMDH). The dynamic data-
driven identification of the interactions of runoff-rainfall dependent state variables has been attempted to monitor 
the hourly flows of the river with multilayer GMDH algorithms. The GMDH algorithms of applied cybernetics are 
effective analytical tools for on-line operation and control of hydraulic structures of the river systems and the 
algorithms exhibit identification robustness adhering to an optimal decision. 
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Introduction 

ybernetics deals with the purposeful analysis of complex 
systems with a view to ascertain control mechanism in 

accordance with an optimally designed decision algorithms. 
The investigation attracts interest in water resources systems.  

The interactions of the runoff dependent state variables for 
hourly monitoring of flows of a fast flowing river system in 
the Himalayan mountain region in North Bengal in India has 
been identified with multi-layer group method of data 
handling algorithms (GMDH) [2]. The identification of the 
interactions of runoff-rainfall dependent state variables has 
been attempted to monitor the hourly flows of the river with 
multilayer GMDH algorithms. It is evident from the results 
that the GMDH is capable to give flood warning during 
storm periods, ahead of the occurrence of the flood, on the 
basis of flows hourly gauged at the upstream points. The 
GMDH algorithms are effective analytical tools for on-line 
operation and control of hydraulic structures of the river 
systems and the algorithms exhibit identification robustness 
adhering to an optimal decision. 

The river Teesta rising from the Himalayan ranges in North 
Sikkim and passing through the deep gorges for nearly  
160 Kms falls upon the plain of North Bengal near Sevoke. 
Its average velocity is 6.2 m/s. A brief description of the 
river is given. The river Lohnak originates from the snow 

line in North Sikkim at a height of 6401 metres. The river 
Poki Chu originates from the Zemu glacier at a height of 
4968 meters. These two rivers combine at Lachen, after 
which it is known as Zemu Chu river. At Chungthang 
Lachen Chu river joins the Zemu Chu from the north eastern 
side. This combined flow is augmented by the river Lachung 
Chu at down-stream of Chungthang to form the river Teesta. 
At Sankalan the river Taluna Chu originating from the 
Talung glacier in north western Sikkim at a height of 5873 
metres joins the river Teesta. Upto Sankalan the length of the 
river Teesta from the origin is 70 Kms. and the catchment 
area is 4200 sq. Kms. From Sankalan the river Teesta flows 
through the narrow gorges and comes to Singtam. About 15 
Kms upstream of Singtam the river Dik Chu joins the Teesta. 
At Singtam from the eastern side the river Rongni Chu joins 
the Teesta. Upto Kantitar the length of the Teesta is 114 
Kms. from the origin and the catchment area is 4874 sq Kms. 
from the origin. At Rongpo the river Rongpo Chu from the 
eastern catchment region joins the Teesta. The length of the 
Teesta and its catchment area upto Rongpo are 116 Kms and 
5405 sq. Kms respectively. At Singla Bazar the river Great 
Rangit combines with the rivers Ramam and Little Rangit, 
and flows as the river Great Rangit. This combination of 
three rivers brings an additional 1956 sq. Kms. of catchment  
area. At 3 Kms upstream of Teesta Bazar the Great Rangit 
joins the Teesta. The length and the catchment of the Teesta 
upto Teesta Bazar are 134 Kms and 7714 sq. Kms. Upto 
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Coronation Bridge the length and the catchment of the 
Teesta are respectively 158 Kms and 8147 sq. Kms. from the 
origin. Upto Domohani Bridge the length of the Teesta is 
206 Kms. the catchment area is 9432 sq. kms. The main 
observation stations from which the data for this 
investigation were collected are Sankalan Bridge, Kantitat, 
Singla Bazar, Teesta Bazar, Coronation Bridge and 
Domohani Bridge. The river distance and the travel time 
from Coronation Bridge to Sankalan Bridge, Kantitar, 
inglabazar and Teesta Bazar are 84 Kms: 10 hours, 44 Kms: 
4 hours, 54 Kms: 4 hours and 22 Kms.: 2 hours respectively. 
The formulation of the mathematical models of dependence 
of the up-stream flows and the catchment rainfall on the 
down-stream flow at a point of the river system can bring out 
the inherent hydrological characteristics of a river. The 
hydrologic processes for a short-term flow modelling during 
a storm period are non-stationary in nature. In the mountain 
region the hydrologic characteristics for short-term storm 
period do not obey the principles of superposition. In this 
situation the linear least square recursive algorithms of the 
time series analysis will not be useful. The foregoing 
discussion of the river system gives a brief description of the 
complex nature of the hydrological characteristics of the 
Teesta river. 

The present investigation exposes the hydrological 
characteristics of the river in the form of models of 
polynomials. The past values of runoff and rainfall variables 
at different catchment regions have been correlated with the 
river flow at a point in the river system to provide a real-time 
model which gives one step ahead prediction of river flows. 

In Section 2 a mathematical model of optimum complexity 
of hourly monitoring of river flows has been obtained by 
multilayer group method of data handling algorithms 
(GMDH). In Section 3 a rainfall-run off model of flows of 
the river for the sixth hourly monitoring of flows has been 
presented by multilayer GMDH. 

Prediction of Hourly Flows with Interacting Flow 
Dependent State Variables by Multilayer GMDH 
It has been observed that multilayer GMDH algorithms are 
capable of handling non-linearity, feed-backs and other 
stochastic features that are encompassed within the hydraulic 
process of a fast flowing river systems.  

Multilayer Group Method of Data Handling Algorithm 
Multilayer group method of data handling is a method of 
self-organisation of different partial models (Ivakhnenko, 
1971). This method involves the generation and comparison 
of all possible combinations of input output and to select the 
best possible ones according to an integral performance 
index known as the criterion of integral squared error 
(Chaudhuri, 1989).  

Brief Description of Multilayer GMDH  
In multilayer group method of data handling algorithms, 
polynomials are used as the basic means of investigation of 
complex dynamical systems. The polynomials of prediction 
are regression equations which connect the current values of 
output with the current and/or past values of input variables. 
The regression analysis allows to evaluate the coefficients of 
the polynomial by criterion of minimum integral squared 
error. Then the polynomials are treated in the same manner 
as are seeds in the selection process in agriculture, a unique 
mathematical concept. The salient features of multilayer 
GMDH as applicable in multilayer selection process which is 
used in the present investigation are briefly described here. 
Each output element implements a non-linear function of its 
inputs. The function implemented is usually a second order 
polynomial of its inputs. Since each element generally takes 
two inputs, the implemented function by an element in one 
of the layers is given by,  

Y = A2(x) = a0 + a1x1 + a2x2 + a3x1x2 + a4x1
2 + a5x2

2 ... (1) 

Only those elements whose performance indices exceed the 
thresh-hold at that layer are allowed to pass to the next  
layer. Therefore, the process represents a feed forward 
transformation whereby each succeeding layer increases by 
two the degree of the multinomial fit to the input properties 
of x. The selection hypothesis employed to select the 
elements to be used in the succeeding layers involves two 
basic conclusions; the composite character of a system must 
be based on the use of the information which controls the 
totality of the elements of the system, and the long history of 
the art of selection as observed in the case of plants and 
animals can be successfully extended to the science of 
cybernetics. To get plants in the agricultural sense with 
certain specific properties, a large number of plants are sown 
which may have these properties, and the plants are crossed. 
From the harvest of the first generation, the plants are chosen 
which better the requirements (the first self selection) as 
compared to others. The seeds of the selected plants are 
again sown and crossed. From the second harvest certain 
seeds are selected and the seeds are sown and so on. Rules 
employed in the process of selection are as follows:  

For each generation certain optimal number of seeds are 
sown. The selection process cannot be completed in a single 
generation (at least 3 to 4 generations are needed). 

In accordance with the selection hypothesis, the simple 
polynomials of second degree that are easiest are taken. The 
combination of data are subjected to the first threshold 
selection in accordance with the integral square error 
criterion. Only some of the polynomials which fit best are 
allowed to pass into the second layer where they form more 
complex combination of polynomials of fourth degree. From 
the second layer again the polynomials which fit best are 
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singled out and are allowed to pass into the third layer and so 
on. The process continues so long as minimum of a selection 
criterion is obtained. This constitutes multilayer group 
method of data handling algorithms. Ivakhnenko models the 
input output relationships of complex process using multi-
layer network structure of Rosenblatt’s perception type, who 
designed the model of brain’s perception. The GMDH-type 
polynomial networks have been described where xi is a i-th 
input variable, y is an output. The GMDH-type networks are 
the multi-layered ones.  

Since each element generally accepts two inputs, the 
function (algorithm) implemented by an element in one of 
the layers is,  

y = A2 (X) = ao + a1 x1 + a2 x2 + a5 x1
2 + a4 x2

2 + a5 x1 x2 

where the subscript in A2 denotes a second-order 
transformation of the inputs.  

The network is described by a set of the following 
polynomials:  

y2
(3) – g1 (y1

(2), y3
(2)) 

y1
(2) – g2 (y2

(1), y3
(1)) 

y3
(2) – g3 (y1

(1), y2
(1)) 

y1
(1) – g4 (x1, x4) 

y2
(1) – g5 (x1, x2) 

y3
(1) – g6 (x2, x4) 

where, g1, …, g6 are the transfer function of the neurons. 

Use of GMDH in Simulating Houry River Flows 
Data were taken for a period commencing from 4.00 hours 
on the 23rd July, 2006 to 15.00 hours on the 25th July, 2006 
for the gauging stations at Coronation Bridge, Teesta Bazar, 
Rongpo (Teesta), Great Rangit (Singlabazar) and Sankalan. 
The data are rationalised as,  

min

max min

X(k)  X
x(k) X  X

−
= −  ... (2)  

here X(k) = observed data  
Xmax = the maximum value of the relevant data set  
Xmin = the minimum value of the relevant data set. 

Formulation of the Process Equation  
The hourly flow process at Coronation Bridge point can be 
represented by  

y k = f(yk–1, yk–2, ..., x1,k–1, ..., x7,k–1, ...)  ... (3)  

where yk denotes the transformed hourly flow at Coronation 
Bridge, x1, the hourly flows at Teesta Bazar, x2, the hourly 
flows at Rongpo, x3, the hourly flows at Great Rangit, x4, the 

hourly flows at Singla Bazar, x5, the hourly flow at Sankalan, 
x6, the hourly flow at Kantitar and x7, the hourly flow at 
Pedong. The subscripts k, k–1, k–2, refer respectively to the 
current hour, one hour preceding the current hour, two hours 
preceding the current hour and so on. All the data are in 
rationalised unit. The arguments having a strong correlation 
with yk are then selected in the process equation on the basis 
of correlation functions.  

The correlation function of hourly flow Coronation Bridge 
with other gauging stations for different shift of instances of 
time are shown in Table 1. After such selection of arguments 
as having strong correlation with the hourly flows at 
Coronation Bridge, the process equation becomes:  

yk = f(yk–1, yk–2, x1,k–9, x2,k–3, x3,k–2, x4,k–4 )  ... (4)  

denoting the arguments as,  
yk–1 = x1

/, yk–2 = x2
/, x1,k–9 = x3

/, x2,k–3 = x4
/, x3,k–2 = x5

/, x4,k–4 
= x6

/ and the output yk = y, the process equation becomes. 
y = f(x1

/, x2
/, x3

/, x4
/, x5

/, x6
/)  ... (5)  

First Layer Selection  
There are 6C2 = 15 possible combinations of selections of 
two arguments at a time out of 6. For every such combina- 
tions, the partial regression equation is written in the form,  

ya= aoa + a1axb
/ + a2axc

/ + a3axb
/
 xc /+ a4axb

/
 
2 + a5axc

/
 
2  ... (6) 

where a = 1, 2, ..... 15, while b and c are indices for all 15 
combinations. And these, therefore lead to 15 systems of 
normal Gaussian equations with matrices of order 6 x 6. The 
coefficients α’s are then estimated by solving normal 
equation systems constructed from the data set. For 
estimating the coefficients, it is assumed that the equation 
error is very small, being distributed with zero mean, 
constant variance and also not-correlated with the inputs. 
The second assumption is that for the construction of the 
model the inputs and outputs are known exactly without any 
measurement error.  

The accuracy of every variable ya is calculated by using the 
entire data set. From all variables, seventeen more accurate 
ones are chosen which give low values of integral square 
error criterion.  

Selection of Other Layers 
The intermediate variables of ya layer chosen from the first 
layer give 15 combinations of two arguments of ya layer. 
Again in second layer these become,  

 za = β0a + β1a yb + β2a yc + β3a yb yc + β4a yb
2 + β5a y 

2
c 

  ... (7)  
where, a = 1, 2, ...., 15 while b and c are indices of all 15 
combinations. The calculation of the coefficients β’s and 
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estimation of the accuracy of za are repeated as in the case of 
ya. Six za variables are then chosen for the next layer ua.  

ua = ϒca + ϒ1a zb + ϒ2a zc + ϒ3a zb zc + ϒ4a zb
2 + ϒ5a zc

2  ... (8) 

In this way each layer is tested for accuracy by using the 
entire data set and on the basis of minimum integral square 
error criterion explained earlier. For all the layers, the 
variable on the left hand side of the equations is kept equal to 
the value of the output variable. The minimum integral 
square error is obtained in the z-layer for ISE = 7.065E-03 
and afterwards the error starts increasing.  

Results  
The process of hourly river flows at Coronation Bridge has 
been identified by the polynomials shown below:  

y = z5  

z5 = – 0.0083340 + 0.7145809 y1+ 0.2874315 y6 – 
2.3779436 y1 y6 + 1.0833849y1 

2 + 1. 2711237 y6 
2  

y1 = – 05568849 + 0.78741211 x4
 / + 1.083384 x6 / – 

0.7874361 x4
 / x6

 / – 0.10718708 x4
 /2 + 0.0456246 x6

 /2  

y6 = 0.0495098 + 1.0707701 + 0.1782401 x3
 / – 

0.75572243 x3
 / x4

 / – 0.0494594 x3
 /2 + 0.67454377 x4

 /2  

   ... (9)  

Rainfall-Runoff Model of Hourly Flows  
for a Storm Period 
In the present work a dynamic model for sixth hourly 
prediction of flows correlating the different upstream flows 
and the rainfall at different gauging stations in the catchment 
region of the river Teesta with multilayer GMDH has been 
presented.  

Illustration 
The sixth hourly flow data were taken for a storm period 
commencing from 02.30 hours on 30 July, 2006 to 20.30 
hours on 31 July, 2006 for the flow measuring stations at 
Coronation Bridge and Sankalan. The sixth hourly integrated 
rainfall data were taken for the rainfall measuring stations at 
Teesta Bazar, Singla Bazar, Pedong and Kantitar for the 
period mentioned above.  

The sixth hourly flows of the river Teesta at Coronation 
Bridge for the storm period has been identified as a non-
linear polynomial. 

The minimum integral square error was obtained as 0.089.  

Conclusion 
The multilayer GMDH has been successfully used for 
modelling the river flows at Forecasting stations on the basis 
of measurements at upstrem stations. The travel times from 
Teesta Bazar, Rongpo, Singla Bazar and Sankalan to 
Coronation Bridge are 2 hours, 4 hours, 4 hours and 10 hours 
respectively. The highest correlation coefficients for the 
respective stations however are obtained at lagged instants 1, 
3, 2 and 4 hours. Thus, the identified flow process elucidates 
the hydrologic response of the Teesta basin such as the 
porosity of the soil, the base flow separation and the ground 
water charging to the dynamics of river runoff.  
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A Novel Non-Intrusive Load Monitoring  
Technique for Domestic Applications 

Soumyajit Ghosh,*1 Arunava Chatterjee1 and Debashis Chatterjee1 

Abstract: The awareness of energy conservation has rapidly increased in recent years due to modern living 
standard of people and decrease in the use of fossil fuels. In this context, load monitoring is very effective for the 
end users to determine energy consumption and usage. Non-Intrusive Load Monitoring (NILM) is comparatively 
new technique to identify the power consumption of individual appliances from the aggregated household data in a 
single point of measurement. While many researchers have addressed the load identification using data driven 
steady state and transient state features, most of them focus on techniques using event based supervised learning 
method and some on optimization based methods. In this paper, a new simple idea of model based technique is 
demonstrated that can be easily implemented in domestic households with prior knowledge of current patterns. 

Keywords: Appliance Identification, Smart Metering, NILM, Smart Grid, Home Energy Management. 
 
Introduction 

mart metering is the technologies provide exact solution 
for the implementation of energy management systems 

for residential purpose. The Government of India has already 
declared to install smart meter in several states for 
appropriate consumption of electric power [1]. Identification 
of loads is the major challenges in smart metering system 
and also it fulfills the various tasks in the control smart grid 
technology. Non-Intrusive Load Monitoring (NILM) is the 
latest technique for the purpose of load disaggregation. In 
this paper a new technique of a smart system (smart meter) 
can capable to disaggregate the whole energy consumption 
into individual consumers is presented. This way, the user 
will have a better understanding on how the energy is used 
and will be able to reduce his consumption Energy 
management for residential homes and/or offices requires 
both identification and prediction of the future usages or 
service requests of different appliances present in the 
buildings. 

The issue of energy conservation has increased in recent 
years owing to decrease in conventional fuel reserves and 
increase in overall development. Overall devotion has been 
given to improve the energy efficiency, reliability, and 
functionality of household electric loads. Electricity is 
typically sold on a per-unit consumption basis. Concerns on 
climate change and global warming and reduction of 
greenhouse gas emission are the chief interest in the 
measures of energy efficiency. Today, most of the generated 

electricity is consumed in commercial and domestic 
household appliances. Available literatures indicate that 
household electricity consumption can be reduced using 
better energy management systems. Smart grid accompanied 
with household automation network has the enough potential 
to become a significant way of managing energy for 
reducing residential energy consumption. To implement this, 
home appliances have to be modified. Traditional load 
monitoring method uses electricity meters at different point 
of the electrical installation to measure all possible load 
related variables. Various drawbacks are associated when 
applying this method such as the division of the load circuit, 
the cost of the electricity meters, the cost of installation, the 
space for installation the hardware. Traditional electrical and 
gas meters only measure total consumption and they provide 
no information regarding when the energy was consumed at 
each metered site. NILM has been major technique for 
monitoring the energy consumptions. In NILM technology 
smart meter play critical role for energy monitoring and 
transmit the information to the utilities. Smart meters provide 
a way of measuring this site-specific information, allowing 
price-setting company to announce different charges for 
consumption based on the time of uses and the season. Smart 
meters also give information about the measurements of 
surge voltages and harmonic distortion, allowing diagnosis 
of power quality problems. Electricity pricing usually peaks 
at certain predictable times of the day and the season. In 
particular, if generation is constrained, prices can rise if 
power from other jurisdictions or more costly generation is 
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brought online. The power companies will encourage 
consumers to adjust their consumption habits to be more 
responsive to market prices. The chief resources used in 
electricity generation are becoming fewer day by day, while 
the impact of renewable resources is still quite small. Now 
the time to implement the renewable energy technology and 
increases the energy efficiency is much more essential. In 
this concern the smart grid concept was implemented. The 
consumer must be able to understand how the energy is used 
so that they could find possibilities to increase the efficiency 
of energy.  

The pioneer work was started by Hart [2] in MIT laboratory 
and this method is applicable for ON/OFF appliances and 
multi state appliances. In the same time, French researcher 
Sultanem [3] was also proposed almost same type of NILM 
technique but this method included the duration of the 
transient signal and harmonics. Lee et al., proposed a 
technique that shows a correlation between the 5th and 7th 
harmonics and the real/reactive power being consumed by 
variable load appliances [4]. Recently emphasis has been put 
on research of the smart metering techniques because the 
smart meter has potential to implement NILM technique for 
betterment of home energy management system. 
Comprehensive NILM signature extraction for residential 
loads using the edge detection, event filtration and event 
clustering technique was developed by Dong et al. [5, 6]. 
The switching function based variable power estimating 
technique has significant improvement in NILM research  
[6, 7]. The waveform based estimator is used for the NILM 
technique for variable power loads [7]. The load identi- 
fication technique is basically three types steady state 
features extraction [8, 9], transient state technique [9, 10] 
and other recent optimization based technique [11–14]. The 
basic NILM method was significantly improved by 
incorporation of harmonics to save the computational 
resources and improved performance. This method is 
applicable for ON/OFF load, multistate load and some 
extend to variable load appliances [11]. Neural network base 
signature extraction for appliances is based on continuous 
calculation of signal harmonics; basic idea is set of 
harmonics for all combination of appliances [12]. Current 
measurement is the one of major topic of NILM research. 
Instead of normal current transformers (CTs), coreless Hall 
Effect CTs have significant improvement in NILM accuracy 
[13]. A wavelet based NILM technique was recently 
developed in [15]. Event based clustering method was useful 
for residential load identification technique [16]. He et al. 
proposed a featured extraction technique using front end 
electronics topology. Appliances identification was done by 
knowledge based model driven network in [17]. A voltage-
current (V-I) trajectory based method was also developed for 
load identification [18]. Today the most of focused loads are 

variable power loads because tracking of these kind loads is 
very difficult. Also, load which consumes less power and 
same type of load identification when used simultaneously is 
harder to segregate.  

In this paper, a novel non-intrusive load monitoring 
methodology is presented that can be effectively used for 
household load monitoring. The technique is based on 
determining the current signatures and simultaneously 
observing the transient waveforms of the system current and 
comparison between them to identify the load.  

The System Studied and Proposed Technique 
The system mainly considered is a household system with 
loads consisting of resistive appliances, motor-driven loads 
and electronic appliances. The resistive appliances can be 
further classified as mostly heating loads, toasters, 
incandescent lamps, etc. The motor driven loads are fans, 
food mixers, blenders, etc. Some of them can also be 
classified into predominantly inductive loads. Electronic 
appliances include chargers, personal computers, scanners, 
Fax equipments, etc. A typical system of household load 
with proposed sensing technique is shown in Figure 1.  

Fig. 1: Typical Household System Considered for Study 

The measuring technique involves individually determining 
the current signatures of the different household loads 
installed and simultaneously observing the transient 
waveforms of the system current and comparing between the 
two to identify the load. Figure 2 gives the brief outline of 
the technique. 
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Fig. 2: Outline of the Proposed NILM Technique 

Advantages of NILM 
NILM helps in accurately identifying the load behavior in a 
particular power system and their condition monitoring. The 
load monitoring can also help determine the demand 
response in a household. Moreover, load forecasting and 
usage can be predicted other than identification and 
segregation of loads. 

System Simulation and Results 
A simulation study is carried out for the proposed technique 
using MATLAB/Simulink R2014b. The study involves 
separately studying the different loads and determining the 
effect on the individual source current signatures. Figure 3 
below shows the individual load current signatures obtained. 

 

 
Fig. 3: Voltage and Current Waveforms  

for Different Household Load Types 

It is observed from Figure 3 that different domestic loads 
have different current signatures and thus the current 
waveforms can be taken as effectively the criteria to 
distinguish between different loads. When all these loads are 
working together, the complex current waveform is different 
and during such operation, load segregation/identification 
becomes difficult.  

Considering different loads considered in this paper to be 
operating at a time from the household supply, the complex 
waveform for the current and voltage is shown in Figure 4. 

 

 
Fig. 4: Voltage and Current Waveform during Steady  

State for all the Loads Considered 

The summation of different current harmonics leads to a 
complex current waveform as observed from Figure 4. 
During switching on and off of the different loads, the load 
waveforms are observed and noted. As observed in Figure 5, 
the different loads are switched on at time t = 1 s in order to 
distinguish between the transient current waveforms. The 
same is shown in the transient study in figure below. 

 

 
 Fig. 5: Voltage and Current Waveforms during Load  

Switching Transients for Different Loads 
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As observed from Figure 5 during ‘switching on’ of the CFL 
load, the load current is increased with increase in peak 
current. Similarly, when a charging load is ‘switched on’, the 
positive peak is increased as shown in Figure 5. Thus in both 
these cases, the load can be clearly distinguished from the 
load current transient. 

When motoring load with a speed control circuitry is 
‘switched on’, the load current waveform is shown to be 
increased with a switched pattern as shown in Figure 5 last 
trace.  

From the above patterns, thus it can be seen that with 
transient waveforms considered, the loads can be easily 
analyzed. Also when the resistive load is ‘switched on’ only 
the magnitude of the waveform is increased which is not 
shown here. These data can be fed to a personal computer 
(PC) for further analysis.  

Remarks 
The proposed technique uses simple observation based 
feature study and prior knowledge based approach to 
determine the domestic loads. However, it is emphasized 
here that for accurate determination, an optimization based 
approach can be adapted. Moreover, the determination is 
based on isolated household loads and is difficult to be 
applied with industrial loads or large scale loads.  

Harmonic Analysis 
A harmonic analysis of the waveforms have been performed 
to determine the underlying harmonic frequency currents for 
the waveforms shown. The results are tabulated below in 
Table 1. 

Table 1: Harmonic Analysis of the Load Current Waveforms 

For all loads considered in parallel 

THDi (%)  3rd (%)  5th (%)   7th (%) 

13.98  6.8  2.22  0.17 

With Charger switched on 

13.96  6.8  2.22  0.17 

With Motoring load switched on 

15.92  8.4  2.82  1.03 

With CFL load switched on 

14.17  7.4  2.13  0.32 
 

 
From the Table, it can be seen that there is not much 
difference in terms of the Total Harmonic Distortion 
(current) (THDi). Although the 3rd harmonics can be taken as 
a criteria for identification of the loads switched on, the 

margin is very nominal. The proposed analysis technique 
thus can act as a criterion for study of the load behavior.  

Conclusion 
A simple NILM based load identification technique is 
presented in which the load is identified based on load 
current transient behavior. The detection is based on 
observation and analysis of the current waveform behavior. 
The detection technique is simple and robust. The effective- 
ness of the detection technique can be further increased using 
a proper algorithm with training capability. The training may 
be provided with the prior knowledge obtained from the 
proposed technique. A simulation study is presented which 
validates the proposed study.  
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Increase Digital Data Transmission Speed and Storage  
Place on Reducing Total Bit Count of a Set of  
Binary Data Using Interlaced Binary Search 

Aloke Sarkar1,2  

Abstract: The invention is defining an Encryption and Decryption Method (EDM) having a micro-architecture 
micro-programmed with Adaptive Delta Modulation (ADM) procedure that modulates the locus of the search path 
to search all quantized bytes with the Interlaced Binary Search (IBS) algorithm to store and transmit an equivalent 
binary code using lesser number of stream of serial bits than that of the source binary file. A binary file composed of 
‘nk’ bytes (8nk bits) is grouped into ‘n’ groups of ‘8k’ bits each. Each of these ‘n’ groups is termed as quantized 
bytes (Qb). The numbers corresponding to these n groups occupy into the binary search tree formed by the first 28k 
natural numbers ranging from 0 to (28k–1). IBS algorithm searches this ‘n’ Qb in this binary search tree. The locus 
of the search path so generated is adaptive delta modulated to store and transmit. The IBS algorithm removes the 
limitations of binary search algorithm – inability to search simultaneously multiple items and the limit of the search 
efficiency by log2n. 

Keywords: Interlaced Binary Search, Data Encoder, Adaptive Delta Modulation, Quantizer, Successive analog 
Approximation. 

 
Introduction 

his paper is defining an Encryption and Decryption of 
binary data, using Interlaced Binary Search (IBS) 

algorithm that has two applications defined for till date – (1) 
Interlaced Analog to Digital Converter (IADC) [1–4] – 
parallel Input/Output (I/O) Analog to Digital Converter 
(A/D) (Figure 1) using one digital-to-analog converter, and 
(2) this compression of binary data (not published earlier). 
IBS removes deficiencies of Binary Search (BS). In one scan 
through a sorted list of 2q items BS searches only one item 
using q trials. A scan (run) is the process of looking through 
all 2q items of the list. BS searches n items in n scans. IBS 
search n items in one scan with combined efficiency of 
search being better than that of BS. Other than improvement 
over BS, IBS does not claim any improvement over any 
other search procedures. 

Preliminary 
A list of 2q items are formed associated with key numbers 
ranging from 0 to (2q–1) to form a binary search tree T. To 
search input item k (AK) out of n input items from ‘to be 
Searched Items List’ (SIL), the key associated with that item 
is to be searched for. BS sets ‘LOWER BOUND’ = LB = 0 
‘UPPER BOUND’ = UB = (2q–1) and ‘MID POINT' = MP = 

AD = (LB+UB)/2. MP sets three flags low (L), high (H) and 
finished (F) on comparing AK with AD (L = 1, H = 0 and    
F = 0 if AK–ε> AD; L = 0, H = 1 and F = 0 if AK+ε< AD;    
L = 0, H = 0 and F = 1 if AK+ε≥AD≥AK–ε  

 

 
Fig. 1: IADC Schematic 

where ε is input noise margin for an A/D, else ε = 0). For L = 1 
set LB: = MP or for H = 1 set UB: = MP and continue setting 

T 
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and compare operation till F = 1 to complete search, output 
RK: = AD. The ‘span’ from UB to LB is a search scope 
(parent). Resetting of LB/UB as per MP is narrowing down 
search scope that is generation of a child scope. For n items 
there is input time division multiplexing. To implement BS 
in hardware using q bit binary register (X and AD). MP = 
(LB+UB)/2 is implemented on shifting right X by 1 bit and 
setting AD = (AD XOR X). BS starts search on setting bit 
(q–1) of X and shifts right till bit ‘0’ is reached and again 
starts from bit (q–1) of X to search another input. Initially 
AD is reset to ‘0’. At a test point for H = 1, reset current bit 
of AD with AD = (AD XOR X). IBS instead of restarting on 
reaching bit 0 starts shift-left (multiply by 2) and also shift-
right if required. At any point IBS compares simultaneously 
all inputs with AD so generated.  

IBS uses some Boolean operations that are Shift-Left by 1 
bit (SL1) to multiply by 2, Shift-Right by 1 bit (SR1) to 
divide by 2 (forms groups), XOR (exclusive-or), && (logical 
AND) and ++ (logical OR). 

Interlaced Binary Search (IBS) 
There are three phases. Phase-1 (P1) runs first independently 
to other two phases P2 and P3. At each test point the value  
of the node (AD) is compared with the values of items     
(Ak: k = 1, 2, …, n) and correspondingly a set of four binary 
flags are set/reset to value 1/0:  

Lk: sets for Ak > AD–ε (limit ε → 0)  
Pk: sets at COP for Ak≤AD–ε or for Ak<AD, if ε = 0.  
Hk: sets for Ak > AD +ε, for ε = 0, Hk = Lk.  
Fk: sets for AD+ε≥Ak≥AD–ε (k’s search is completed,)  

Phase I (P1): [X is a temporary variable. XA [] is a vector of 
0 to (q–1) elements. In comment section X and AD are 16-
bit binary registers at start holds 000016.] 
11: Set X: = 2q–1, b: = (q–1), AD: = 0, XA[] = 0; [X: = (X 
XOR 800016)]. 
12: Set AD: = AD + X and XA[b]: = 1; [AD: = (AD XOR 
X).]  
12.1: Check AD; [compare test node with SIL, set L, H, F] 
13: If (any Lk = 0), Then Set AD: = AD–X and XA[b]: = 0;  
[reset bit of AD as pointed by b, as if AD were a binary 
register (AD: = AD XOR X).] 
13.1: If ((any Lk = 0) && (X = 1)), Then Check AD; [This 
step is not trial point to calculate complexity.] 
14: If X≠1, Then Set X: = X / 2, b: = b–1 and go to step 12; 
[P1 Ends for X = 1. X: = (SR1 X).] [End of phase-1]. 

Phase II (P2): [A Change Over Point (COP) is generated if 
there is a jump from P2 to P3 and no P flag is set. ADC, XC, 
bc and XAC record AD, X, b, and XA respectively at COP.] 

21: If XA[b] = 0, Then  
1. Set AD: = AD + X, XA[b]: = 1; [AD: = (AD ++ X)] 
2. Check AD; else jump to step-25.1  
22: If ((ADC≥AD) && (all Pk = 0)), Then Set X: = XC, AD: 
= ADC, b: = bc, XA: = XAC [Return to COP.] 
22.1: Check AD; [Executes on return to COP in step -22.] 
23: If ((any Lk = 0) && (all Pk = 0)), Then  
1. Set XC: = 2*X, ADC: = AD, bc: = b+1, XAC: = XA; 
[XC: = (SL1 X).] 
2. If (XC[bc] = 0) Then Set ADC: = ADC+XC, XAC[bc]: = 
1; [(ADC: = ADC XOR XC)] 
[Recording and generation of COP.] 
24: If (any Lk = 0), Then jump to phase III.  
25: If (all Hk≠1), Then go to step 26. 
25.1: Else Set X: = 2*X, b: = b+1. [(X = SL1 X). 
26: go to step 21 [End of phase-2.] 

Phase III (P3): [Only during entry to P3, Pk flag(s) can be 
set if no other Pk is set.] 
31.1: if (all Pk = 0), jump to step-22; 
31.2: if (b≠ 0), Then Set X: = X/2, b: = b-1; [X: = (SR1 X)] 
else jump to step-21; [P2, P3 looping inside COP] 
32: set AD: = AD–X, XA[b]: = 0. [AD: = (AD XOR X).] 
32.1: check AD; 
33: If((all Lk = 1) && (any Pk = 1)), Then Set AD: = AD + 
X, XA[b]: = 1. [(AD: = AD XOR X).] 
34: go to step 31. [End of phase-3.] 

Theorem I: IBS consumes [5.2(q–2)–2.q+2] trials to search 
out simultaneously all 2(q–1) leaves of a complete binary 
search tree of depth q formed from first (2q – 1) natural 
numbers ranging from 1 to (2q–1). 

 5.2(q–2) – 2.q + 2 = LIBS (say); 

Average run time per leaf = 5/2 – (q/2(q–2)) + 2(2–q) = O(5/2) 
for limit q → ∞; 

Total run time to search 2q–1 leaves of complete binary 
search tree T of 2q nodes with BS = q.2q–1 = LBS (say); 

LBS – LIBS = q.2q–1 –5.2q–2 + 2.q – 2 = (2(q–2) + 1) (2.q – 5) + 3 
= O(2(q–1)); 

The efficiency (number of trials in comparison to binary 
search) of IBS goes up as number of inputs goes up and also 
the deviation from mean of all items is low i.e. items are 
closely spaced in the binary search tree. 

Worst Case of IBS comes when there is requirement of 
simultaneous searching of 2 nodes with values 1 and (2(q–1)+ 
2(q–2)). Worst case run time is (3q–2). 
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Best Case of IBS O(1). That is one trial per item search. Out 
of several possible best cases two possible best cases: 

1. n = 2.q–1. Each trial point of P1 and P2 will correspond to 
an item and there will be no generation of COP. This n items 
are: 2q–1, 2q–2, 2q–3, …, 20, (20 + 21), (20 + 21 + 22), (20 + 21 + 
22 + 23), …, (20 + 21 + …+ 2q–1). 

2. n = (2q–1) + (q2–3q+2)/2 = (q2 +q)/2. Let us associate 
generation of COP in above best case. We will take 
maximum possible COP generation. Each COP, CZ will 
search for z items with values – (2z+1 + 2z–1 + 2z–2 + 2z–3 + 
…+ 20), (2z+1 + 2z–2 + 2z–3 + 2z–4 + …+ 20), (2z+1 + 2z–3 + 2z–4 
+ 2z–5 + …+ 20), …, (2z+1 + 20). There will be (q–2) COP 
ranging from C1 to Cq–2. 

Binary Data Encryption Using IBS 
This is an algorithm for data encryption on convergence in 
analog and digital computations. It (recursion is possible) 
may be incorporated directly either in hardware or in 
software. The nk bytes of a binary file are grouped into 
sequentially numbered n groups of k bytes each (POS – 
position numbering) with the first n natural numbers starting 
from 0 to (n–1). For storage or transmission, the positions’ 
information in the binary search tree formed by the first 28k 
natural numbers starting from 0 to (28k –1) along with POS is 
passed using fewer bits. This asynchronous communication 
may be looked as a modulation scheme for processing 
discrete and quanta of analog signals – termed as quanta 
bytes (neither continuous nor defined by two states 1 or 0) – 
similar to adaptive delta modulation of analog signal. 

Each byte {B7, B6, B5, B4, B3, B2, B1, B0} (Figure 2) is 
converted into analog signal equivalent Vxy (x = 0,1, 2, (n–1) 
and y = 0,1, 2, …, (k–1)) using (1). This Vxy analog signal 
equivalent is used to form Vq (q = 0, 1, 2, …, (n–1)) analog 
quanta – termed as Qb (Quantized byte) in the number 
system of base 28 as per (2). α and β are arbitrary conversion 
constants and may be adjusted to any values. 

Vxy = α [B7 × 27 + B6 × 26 + B5 × 25 + B4 × 24 + B3 × 23 + 
B2 × 22 + B1 × 21 + B0 × 20] ... (1) 
Vq = β[Vq(k–1) × 28(k–1) + Vq(k–2) × 28(k–2) +….+ Vq0] ... (2) 

These n Qbs match with some nodes of the binary search tree 
formed with the first 28k natural numbers starting from 0 to 
(28k –1). The IBS algorithm converts these Qbs into equivalent 

 

 
Fig. 2: Encryption of Binary Data Using IBS 

serial bit stream. This resembles to adaptive delta modulation 
[5, 6] for digital signal processing. The serial bit stream can 
be used for storage and serial asynchronous transmission. A 
proxy interlaced binary search algorithm at the receiver 
accepts the serial bit stream for mimicking sender’s IBS to 
generate Qbs. A process termed as dequantization (DQZ) de-
groups 8k bits of a recovered Qb into sequential k bytes. For 
this a Qb is a group defined by the set: Qb = {Bi: i = 0, 1, …, 
(k–1)} where Bi stands for a byte. 

Adaptive Delta Modulation Using IBS: Adaptive Delta 
Modulation (ADM) is a scheme of Differential Pulse Code 
Modulation (DPCM). 

Adaptive Delta modulation of n Qbs’: 
 1.  Each of n Qbs is assigned with a number in the range 0 

to (n–1) to track the group sequence of nk bytes into n 
Qbs each of k bytes, e.g. 1st group is assigned with 0, 
2nd group is assigned with 1 and so on. Call these 
numbers as POS and a POS needs log2n bits to represent 
a number. 

 2.  In the process of IBS (through binary search tree of 28k 
nodes) when there is a match (i.e. for which flag Fk is 
set) the corresponding POS is to be transmitted instead 
of 8k bits. 

 3.  During any phase of IBS, if value of AD matches with 
any one or more Qbs, transmitted bit sequence will be: 

  M1 = 0: 1 Qb match and is followed with bits of 
corresponding POS. 

  M1 = 1: more than 1 Qb match and is followed with bit 
M2. 

  M2 = 0: less than 16 Qbs match and followed by a 
nibble – number of Qbs ; and the POSs of Qbs of 
successful match. 

  M2 = 1: more than 15 Qbs match; a group of log2n bits 
to mark the number and the POSs of Qbs of successful 
match. 

 4.  During phase-1 of IBS for no match case 2 bits are to be 
transmitted corresponding to one sequencing from step 
12 through step 14 that are: 

  P10 = 0 if step 13 sets XA[b] = 0. 
  P10 = 1 if step 13 leaves XA[b] = 1. 
  P11 = 0 for no successful match 
  P11 = 1 for successful match and will be followed with 

the match as indicated above in paragraph #3. 
 5.  During phase-2 of IBS for no match case 3 bits are to be 

transmitted corresponding to the sequencing from step21 
through step 26: 

  P20 = 0 if step 24 does not allow jump. 
  P20 = 1 if step 24 allows jump. 
  P21 = 0 for no successful match 
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  P21 = 1 for successful match and will be followed with 
the match as indicated above in paragraph #3. 

  P22 = 1 if step 23 records COP and P20 = 1 [generation 
of COP must be followed by jump to phase-3]. 

  P22 = 1 if step 22 returns to COP [once a COP is 
generated, till its return another COP cannot be 
generated]. If preceded by P20 = 1, it will be implied 
that there is generation of another COP just after return 
from one COP. 

  P22 = 0 before return to COP as in step 22. 
  P22 = invalid after return from COP till generation of 

another COP. Validity starts after P20 = 1 followed by 
P22 = 1. 

 6.  During phase-3 of IBS for no match case 2 bits are to be 
transmitted corresponding to one sequencing from step 
31 through step34 that are: 

  P30 = 0 if step 32 sets XA[b] = 0. 
  P30 = 1 if step 33 leaves XA[b] = 1. 
  P31 = 0 for no successful match [there will be Pk = 1] 
  P31 = 1 for successful match and will be followed with 

the match as indicated above in paragraph #3. 
  P32 [for returning from phase-3] = invalid if P31 = 0 

[return from phase-3 is possible on either of two causes 
– (i) X = 1 i.e. b = 0, (ii) no Pk = 1 (no more phase-3 
sequencing is required and return to COP)]. 

  P32 = 0 if P31 = 1 and all Pk = 0 [return to phase-2]. 
  P32 = 1 if P31 = 1 and any Pk = 1 [no return to phase-2]. 
 7.  To read the asynchronously transmitted serial bits the 

receiver will do: 
 a. Running of an IBS through a binary search tree of 

28k nodes. 
 b. Sequencing through the binary search tree is to be 

done as per information available through bits P10, 
P20, P22, P30, P31 and P32. 

 c. Identification of matching nodes through P11, P21, 
P31 and match bits defined in paragraph 3 above. 
Receiver on identification of Qbs will extract 
constituting bytes through dequantization. 

Compression Ratio (CR) = (n/k).2–3 + (3.p/k).2–3 where p is 
trials per Qb. 

In IBS p is not fixed but variable. Proper choice of k is a 
factor to keep p low on keeping deviation among the values 
of Qb low. To keep the deviation low there may be inclusion 
of error correcting bytes in the Qb. 

Conclusion 
IBS is invented with the curiosity for the possibility of left 
shifting of the binary registers X and AD in the context of 
successive approximation A/D with input time division 
multiplexing. IADC will find application in real time analog 
process control. The data compression algorithm needs 
further standardization for use in practical data storage and 
transmission applications. 
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Study on 2.45 GHz Microwave Propagation in an  
ECR Plasma Enhanced Film Deposition System 

Soumik Kumar Kundu1, Samit Karmakar1, Mili Sarkar1 and G.S. Taki*1 

Abstract: In lower nanometer CMOS VLSI technology, high-K dielectrics are preferred to SiO2 as a suitable gate 
insulator to substantially reduce tunneling current. The synthesis of nano-dimensional film of a suitable high-K 
dielectric material over the substrate involves highly sophisticated deposition processes. An Electron Cyclotron 
Resonance (ECR) high density plasma enhances the deposition rate at low temperature without causing damage to 
the substrate. An ECR plasma drastically improves the quality of deposited film working under very high vacuum 
environment. Such a deposition system has been designed and presently under development to synthesize high purity 
atomic dimensional films of metallic and non-metallic elements and compounds e.g., HfO2, ZrO2, Al2O3, Si3N4. A 
large amount of storedenergy in a plasma enhances the CVD process providing better surface integration without 
altering the crystal structure of the substrate and synthesized film. The high density, low temperature plasma in ECR 
PE-CVD system breaks the precursor molecules to create desired more reactive radicals. A 2.45 GHz, 500W 
microwave system delivers power to a microwave cavity cum deposition chamber. A solenoid magnet assembly 
generates an iso-gauss surface of 875 Gauss over which the resonance of plasma electrons takes place. Besides 
other parameters, the efficient injection of microwave power plays a vital role in the deposition process. Here, an 
efficient simplified microwave injection system has been designed and presently under construction.  

A magnetron injects microwave power through a rectangular waveguide WR340 with the help of a co-axial antenna. 
As the deposition takes place under vacuum, the microwave has to travel through a vacuum/air interface. So the 
design of the window is also a vital consideration including the material properties. We have planned to use 3 mm 
thick quartz window at the interface of chamber and wave guide. The microwave propagation and multiple-mode 
generations in the cylindrical cavity resonator have been studied with the help of COMSOL Multi-physics software. 
The interesting results achieved, have been presented in this paper in details. 

Keywords: Electron Cyclotron Resonance, Multi-Mode, Coaxial Antenna, High-K Dielectric, Precursor. 
 
Introduction 

dvancement in device fabrication technology offers a 
large increment in the number of transistors per unit 

area in a Complementary MOS VLSI device. According to 
Moore’s law “the complexity of a circuit normalized to cost 
increases by a factor of two every year” [1] Millions of 
transistors are now accommodated in a single chip with the 
help of the nano-fabrication technology. As the dimensions 
of the transistors decreases, several problems arise like short 
channel effect and tunneling effect. To overcome this 
problem, various dielectrics having higher dielectric constant 
are studied in place of SiO2. To prepare nano-dimensional 
film of these dielectric materials needs a highly efficient 
deposition system. Thermal Chemical Vapor Deposition 
(CVD), Atomic Layer Deposition, Plasma Enhanced CVD  

 

are usually used for these purposes. It has been planned to 
develop such a kind of efficient ECR plasma enhanced film 
deposition system [2, 3]. ECR Plasma Enhanced film 
deposition system is capable to develop uniform layer of 
High-K material [4, 5]. Here, we will use a 2.45 GHz, 500 W 
microwave system for creating confined high density 
plasma. The energetic electrons crack the precursor 
molecules to produce electrons, positively charged ions and 
radicals. A gradient mirror magnetic assembly generates a 
magnetic field of 875 Gauss over which resonance of plasma 
electrons take place. A SS 304 stainless steel vacuum 
chamber acts as the multimode cavity to generate ECR 
plasma and the film deposition takes place at the down-
stream of this chamber. To design a microwave injection 
system and the efficient propagation study of the microwave 
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inside the plasma chamber are the important aspects of our 
present work. For this study, we have used COMSOL Multi-
Physics simulation software to study the electro-magnetic 
field propagation inside the ECR plasma chamber. The 
results of the study have been presented in this paper.  

Microwave Propagation in ECR Plasma 
Plasma is a charge neutral co-existence of electron, positive 
ions and neutral molecules. ECR Plasma is non-isotropic 
magnetically confined plasma. Due to the non-uniformity of 
the confined magnetic field complete charge neutrality 
cannot be achieved. So, a quasi-neutrality condition [6] 
always exists in ECR Plasma. But such plasma contains high 
density electrons, usually energized up to a very high level 
for producing high charge state ions. But in our present 
application, high energy electrons are not needed. The 
present need demands higher electron density with energy 
less than the ionization energy. It will basically produce 
neutral radicals and electrons. For generating high density 
electrons, microwave power density should be desirably 
high. Hence, an efficient injection of microwave power and 
its successful propagation inside the plasma is essential. 

In ECR Plasma, electrons pick up energy from injected 
microwave power under cyclotron resonance condition. 
Ideally the particle frequency is equal to wave frequency.  

Microwave may be written as:  

00 00 cos ( ) cos ( )E E t E E t     

0 is the microwave frequency. In presence of a magnetic 
field ( B ), electrons experience a force perpendicular to their 
direction of motion, which will make them rotate around the 
magnetic field lines with Cyclotron frequency (c). 

c
e

e
m
   

Where B  is the intensity of magnetic field, 𝑒 and 𝑚𝑒 are the 
charge and mass of electronrespectively. If, 0 = c the 
electron will rotate in phase with the electric field and a 
global heating of electrons take place. The gain in electron 
energy is the net result of the Electron Cyclotron Resonance 
phenomenon. 

Lorentz Force [6] is generated by suitable microwave 
injection and static magnetic assembly. Due to injected 
microwave, the orthogonal electric and magnetic field 
vectors propagate together inside the resonant cavity. 
Microwave is injected to the rectangular waveguide through 
a coaxial antenna feed. The wave excitation at coaxial 
antenna introduces Transverse Electromagnetic Mode (TEM) 
at the input and changes to Transverse Electric (TE) mode 
while it propagates through the rectangular waveguide 

section. The mode transfer takes place at the transition of 
rectangular waveguide to cylindrical cavity interface. TE10 
(dominant) mode becomes TE11 mode only if the diameter of 
the cavity is less than the wavelength  at 2.45 GHz, 
otherwise it becomes multimode. In this study, we have 
designed a model accordingly. 
 

 
Fig. 1: Schematic Setup of Deposition System 

Our system consists of four parts as mentioned: 
 1. Plasma cavity cum deposition chamber  
 2. Microwave power injection system  
 3. Magnetic assembly  
 4. High vacuum system. 

150 mm diameter, 500 mm long stainless steel (SS 304) 
cylindrical cavity will be used for plasma generation and 
film deposition. High vacuum ~5 × 10–3 Torr will be 
achieved with the help of rotary vane pump. A 2.45 GHz 500 
W magnetron is used to deliver power for plasma generation 
[7–9]. Figure 1 shows a schematic diagram of the PECVD 
system. The co-axial antenna of magnetron microwave 
generator injects power to the chamber through WR340 
rectangular waveguide. The placement of the coaxial feed  
on the waveguide is the most critical part to match the 
impedance. Depending upon the wavelength (λ) at 2.45 GHz 

frequency the position of the coaxial antenna is extremely 
important to impart inductive or reactive impedance on the 
path of power injection. The placement of coaxial antenna at 
λ/2 eliminates the impedance mismatch and the majority of 
microwave power is injected successfully with a nominal 
amount of reflected power. A quartz microwave window has 
been designed to place at the interface between the cavity 
and waveguide. A 3 mm thick quartz window plate has been 
chosen due to its good microwave and also appreciably low 
out gassing rate in vacuum. A substrate holder is attached to 
the bottom flange with an O-ring rotary seal enabling us to 
easily adjust its vertical position. 
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Simulation of Microwave Injection  
COMSOL Multi-Physics is a finite element analysis software 
which generates small meshes to cover whole surface or 
volume to which it calculates the field values at numerous 
number of points. This software allows us to simulate 
microwave propagation through the coaxial antenna to the 
waveguide and finally into the generated plasma in a cavity. 
Figure 2 shows the design of microwave injection line and 
resonant cavity over which simulation has been carried out.  

 
Fig. 2: Design of Microwave Injection Line and Resonant Cavity 

A coaxial antenna is connected to a copper rectangular 
waveguide (WR340) at λ/2=61.22 mm from the shorter end 
as shown in Figure 2. The other end of the rectangular wave 
guide is connected to the plasma generation chamber through 
a 3-mm thick rectangular quartz window. Figure 3 shows the 
microwave propagation along with the electric and magnetic 
field directions on x-y plane. The direction of propagation is 
along x-axis. The diameter of the cylindrical chamber is 
taken as 120 mm for this design. The figure clearly shows 
that, propagation mode changes from TEM to TE11mode. 
Figure 4 shows the multimode propagation for a higher 
cavity diameter of 150 mm. Figure 4(b) and 4(c) show the 
field contour inside waveguide and deposition chamber 
respectively illustrating efficient multimode generation and 
propagation. 

 
Fig. 3: Wave Propagation at 2.45 GHz in a  

120 mm Diameter Chamber 

 

 

 
Fig. 4: (a) Distribution of Field Vectors at 2.45 GHz Cavity 

Diameter = 150 mm, (b) E-field Contour at X–Y Plane,  
(c) E-Field Contour at z-y Plane 

Conclusion 
A2.45 GHz microwave injection and its efficient propagation 
through ECR Plasma have been studied here. The present 
study on the electro-magnetic field propagation over 
orthogonal plane surfaces provides substantial information 
about the ECR resonance zone. This study also describes the 
generation of various modes of Transverse Electric Field 
with varying chamber diameters. If the chamber diameter is 
less than λ, electric field propagated through the microwave 
window, transforms from TE10 (rectangular) to TE11 
(circular) mode. But if the chamber diameter is greater than λ 

as shown in Figure 4, the simulation clearly shows 
multimode transmission instead of TE11 mode inside the 
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ECR Plasma. Our aim is to distribute the electric field evenly 
inside the cavity chamber for desirable plasma generation, 
which is satisfied by multimode propagation. The present 
simulation result helps to visualize and understand the most 
successful microwave injection and propagation inside ECR 
Plasma enhanced film deposition system. 
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Design and Development of Multi-Junction Solar Cell on Silicon 

Anindya Ghosh*1, Suchandra Mukherjee1 and Payel Das2 

Abstract: Unlike silicon, the III-V compound semiconductor materials provide the flexibility to realize multiple 
solar cells stacked on top of each other following same crystal lattice. The flexibility in band-gap selection provides 
an unprecedented degree of freedom in solar cell design through metamorphic or lattice-matched configurations 
based on III-V materials. The multiple solar cells stacked on top of one another in III-V multi-junction solar cells 
allow a much broader absorption of the incident solar spectrum compared to the conventional single-junction (1J) 
Si solar cells. The multiple III-V solar cells when connected in series and designed in such a way that they generate 
the same photo-current, allows linear addition of the voltages from the individual subcell resulting in higher 
conversion efficiencies. The four most readily available semiconductor substrates include Si, Ge, GaAs and InP. The 
ideal band-gap combination (1.85-1.90eV/1.42eV/1.0eV) for realizing high-efficiency triple-junction (3J) solar cell 
on GaAs substrate. The highest efficiency achieved from lattice-matched thin film 1J GaAs and 2J InGaP/GaAs 
solar cells are 28.8% and 30.8%, respectively at 1-sun. A record efficiency of 32.6% at 1000 suns has been 
demonstrated for the 2J InGaP/GaAs cell on GaAs substrate. Utilizing Ge (band-gap = 0.67eV) as the bottom 
subcell in a lattice-matched 3J solar cell configuration, cell efficiency in excess of 40% was demonstrated for the 
first time. To gain additional performance benefits, the InGaAs cell was grown the last in an inverted configuration 
and this approach is commonly known as inverted metamorphic or IMM approach. This IMM approach lead to an 
efficiency of 40.8% which utilized two metamorphic InGaAs subcells with band-gaps of 1.34 eV and 0.89 eV. 
Although all-Si structures have been proposed using amorphous silicon and silicon-based meta-materials to 
fabricate multi-junction cells, the most attractive and most flexible option remains growth of high quality III-V 
materials on Si. 

Keywords: III–V Group Semiconductor, Si Solar Cell, Multi-Junction, CMOS, Photo Current. 
 
Brief Summary 

nlike silicon, the III-V compound semiconductor 
materials provide the flexibility to realize multiple solar 

cells stacked on top of each other following same crystal 
lattice. The flexibility in band-gap selection provides an 
unprecedented degree of freedom in solar cell design through 
metamorphic or lattice-matched configurations based on III-
V materials. The multiple solar cells stacked on top of one 
another in III-V multi-junction solar cells allow a much 
broader absorption of the incident solar spectrum compared 
to the conventional single-junction (1J) Si solar cells. The 
multiple III-V solar cells when connected in series and 
designed in such a way that they generate the same photo-
current, allows linear addition of the voltages from the 
individual subcell resulting in higher conversion efficiencies. 
The four most readily available semiconductor substrates 
include Si, Ge, GaAs and InP. This places a constraint on the 

band-gap and lattice-constant selection for optimal device 
design, wherein lattice-match structure are desired. The ideal 
band-gap combination (1.85–1.90 eV/1.42 eV/1.0 eV) for 
realizing high-efficiency triple-junction (3J) solar cell on 
GaAs substrate [1, 2]. The highest efficiency achieved from 
lattice-matched thin film 1J GaAs and 2J InGaP/GaAs solar 
cells are 28.8% and 30.8%, respectively at 1-sun [3]. A 
record efficiency of 32.6% at 1000 suns has been 
demonstrated for the 2J InGaP/GaAs cell on GaAs substrate 
[4]. However, experimental realization of high quality 
epitaxial 3J solar cells comprising of subcells with the ideal 
band-gap combinations has been quite challenging. Utilizing 
Ge (band-gap = 0.67eV) as the bottom subcell in a lattice-
matched 3J solar cell configuration, cell efficiency in excess 
of 40% was demonstrated for the first time by King et al. [5]. 
In search for 1eV bottom subcell, the most commonly 
followed path initially was the integration of 1 eV 
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metamorphic InGaAs solar cell in the 3J solar cell 
configuration with lattice-matched InGaP and GaAs as the 
top two subcells [6]. To gain additional performance 
benefits, the InGaAs cell was grown the last in an inverted 
configuration and this approach is commonly known as 
inverted metamorphic or IMM approach [6]. This IMM 
approach lead to an efficiency of 40.8% which utilized two 
metamorphic InGaAs subcells with band-gaps of 1.34 eV 
and 0.89 eV as the bottom two subcells in the 3J solar cell 
configuration. 

Multi-junction cells remain the most successful high 
efficiency design concept, and the only one successfully 
commercialised. Nevertheless, these structures are still 
restricted to applications in space and under concentration, 
although generic terrestrial applications are tantalisingly 
close. The materials most suitable for multi-junction designs 
are the III-V materials families, that given their range of 
optical and material properties where incompatibilities, 
especially due to lattice constants, may be managed or even 
eliminated. The classic example is the growth of GaInP and 
GaInAs top and middle gap junctions on Ge substrates as 
bottom cell. This triple junction has achieved efficiencies [7] 
under concentration greater than 40% with both lattice 
matched and lattice mismatched approaches. The main 
disadvantages to widespread use of multi-junctions in 
renewable energy supply are materials and fabrication issues. 
The materials cost is partly due to the scarcity of some 
essential III-V materials such as In and Ga, but more 
importantly, it is due to the use of expensive substrates, since 
even Ge remains relatively costly in the competitive 
photovoltaic market.  

However, Si suffers from a lack of semiconductors lattice 
matched to it, and from an indirect bandgap and low 
absorption coefficient. This is a disadvantage for most opto-
electronic applications including multi-junction solar cell 
design. Although all-Si structures have been proposed, using 
amorphous silicon and silicon-based meta-materials to 
fabricate multi-junction cells [8], the most attractive and 
most flexible option remains growth of high quality III-V 
materials on Si.  

Literature Survey 
An early attempt to address this issue by Yang [9] simply 
grew a thick AlGaAs buffer layer on an active Si substrate, 
with a simple three-terminal design. This approach did not 
exceed efficiencies of 20%, and has not to date been 
developed further. Some years later, Taguchi et al. [10] 
adopted a not dissimilar structure with a high quality GaAs 
cell grown on a GaAs substrate and transferred to a Si 
substrate by liftoff. They chose a four-terminal design but 
again failed to demonstrate more than 19% efficiency. Geisz 

and co-workers have since reported results on two-terminal 
designs. They have investigated both lattice matched 
attempts using nitrides [11] and lattice mismatched 
approaches using graded buffer techniques for strain 
relaxation minimising bulk defect densities [12]. The work 
of Lueck et al. [13] in the same year demonstrated similar 
techniques and achieved an efficiency of 17%. Work in this 
field continues with Putyato et al. [14] developing graded 
buffer approaches. While these methods have made progress, 
the efficiencies achieved remain subject to materials quality 
limitations due to the fundamental problem of high defect 
densities, despite the use of buffers to reduce them to 
acceptable levels.  

This paper presents a quantitative study of silicon-based 
multi-junction solar cells for terrestrial applications 
developed by the Multispectral Solar Cells on Silicon 
(MULTISOLSI) project [15]. The study assumes a spectrum 
which corresponds to photovoltaic systems with no solar 
concentration. This is suitable for strategies prioritising a low 
system cost over cell efficiency and peak power. However, 
we are also aiming at relatively low cell cost with our 
silicon-based design, while nevertheless reaching high 
efficiencies. 

The viability of III-V InGaP/GaAs solar cells on Si relies on 
the ability to grow high quality GaAs on Si with careful 
lattice engineering and substrate treatment. The polar on 
non-polar epitaxy, the thermal mismatch and the 4% lattice-
mismatch makes the growth of GaAs on Si very challenging, 
rendering the metamorphic solar cell sensitive to defects 
including dislocation. These dislocations generated due to 
mismatch between GaAs and Si can propagate into the 
photoactive cell region and significantly impede the minority 
carrier lifetime and hence the overall cell performance [16–
19]. 

The highest efficiency reported for single-junction (1J) GaAs 
on Si is 21.3% at 200 suns under AM 1.5D spectrum. While, 
the highest efficiency achieved for monolithic dual-junction 
2J InGaP/GaAs solar cell on Si substrate is 18.6% at 1-sun 
under AM1.5G spectrum [20]. The corresponding highest 
efficiency achieved from lattice-matched thin film 2J 
InGaP/GaAs cells is 30.8% at 1-sun [3]. This record efficient 
lattice-matched thin film 2J solar cell was grown on GaAs 
substrate, which was then epitaxially released from the GaAs 
substrate using a wet-etching process. The lower efficiency 
of the 2J InGaP/GaAs solar cell on Si substrate [20] could be 
attributed to thick SiXGe1-X buffer layer, insufficient 
optimization of anti-reflective layers and most likely 
inadequate realization of the current-matching condition 
between the subcells, taking into account the impact of 
threading dislocations [20].  
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Proposed Plan of Work with Necessary Diagram 
A detailed growth investigation has to be checked the 
development of III-V growth on Si using novel low cost 
three dimensional growth techniques. It involves Epitaxial 
Lateral Overgrowth (ELO) of lattice mismatched polar 
semiconductors on Si via growth of nano-seeds in apertures 
opened in thin SiO2 layers.  

We first examine the suitability of silicon for multi-junction 
cells from the commonly used ideal theoretical viewpoint of 
the radiative limit, but amended to maximise the radiative 
efficiency of multi-junction cells with non-ideal bandgaps 
and layer thicknesses. We then describe a quantitative 
analytical model capable of accurately modelling record 
multi-junction cells.  

In order to design test structures for the novel growth 
method, we use an analytical model, which we sketch the 
main aspects here firstly for a single junction. With material 
parameters for the majority of semiconductors in the III-V 
family, including Si(Ge), it evaluates the External Quantum 
Efficiency (EQE) and photocurrent JPH as a function of bias 
by standard analytical solutions of transport and continuity 
equations in the depletion approximation for one-
dimensional structures with abrupt interfaces. The point of 
interest in this model is the detailed accounting of loss 
mechanisms by explicit solution of non-radiative and 
radiative recombination losses in the different regions of the 
cell, and the inclusion of series and shunt resistances for each 
subcell. 

The main focus is to investigate and optimize the 
performance of III-V InGaP/GaAs based dual-junction solar 
cells on Si substrate by taking into account the threading 
dislocations generated due to mismatch between GaAs and 
Si. The highest efficiency achieved till date utilizing the 
lattice-matched 2J InGaP/GaAs solar cells on GaAs substrate 
is 30.8% at 1-sun under AM1.5G spectrum. My goal is to 
investigate if one can theoretically model and optimize the 
performance of 2J InGaP/GaAs solar cell on Si substrate in 
close agreement with the performance of lattice-matched 2J 
InGaP/GaAs solar cells on GaAs substrate.  

The modeling process for optimizing our III-V multi-
junction solar cell designs was performed using a simulator, 
a general-purpose 2D/3D finite element analysis and 
modeling software for semiconductor devices.  

Future Scope of Research 
Investigating the use of Si for multi-junction cells, we have 
looked at non-ideal designs in the ideal radiative limit which 
include a Si subcell. These designs show that high 
efficiencies are achievable by balancing competing 
compromises of material restrictions and non-ideal optical 
properties.  

In order to design real cells, we have developed a 
quantitative analytical model. We have validated this model 
by quantitatively reproducing state of the art light and dark 
current characteristics of record tandem and triple junction 
solar cells.  

This leads to dark current fitting in terms of a single free 
parameter, which is the Shockley-Read-Hall non radiative 
lifetime in the space-charge region. With the exception of the 
reflectivity calculations which assume loss-free dual layer 
MgF/ZnS AR coats, the approach to modelling has been to 
use published experimental values for transport parameters, 
in order to maximise agreement with experimental data. The 
quantitative modelling of the record tandem and triple 
junction solar cells, together with the compatibility of 
transport parameters used with values in the literature give a 
high degree of confidence in this analytical modelling 
methodology. The minority carrier properties and SRH 
lifetimes used in the modelling are therefore reliable 
benchmarks for the material to be grown on Si by the growth 
methods developed within the MULTISOLSI project.  

Applying this quantitative model to realistic solar cell 
designs combining Si and III-V materials, we first find that 
an appropriate tandem design of thinned GaAs on Si can 
deliver an efficiency of 29%, close to the 30% world record 
achieved with a GaAs substrate under a terrestrial spectrum 
with no concentration.  

Furthermore, we find that more challenging growth of 
ternary materials deliver tandem efficiencies greater than 
32%, and triple junction efficiencies greater than 36%.  

These high efficiencies are remarkable in that they are 
achieved without solar concentration. They nevertheless 
reach efficiencies just a few percent below the maximum 
efficiencies achieved to date, at concentrations of 500 suns 
and above. This lack of concentrating optics invites the clear 
advantage of simple photovoltaic systems. More importantly, 
from the cell design point of view, it significantly relaxes the 
design criteria for tunnel junctions between subcells, due to 
the significantly reduced and less demanding current flow 
achievable with a terrestrial global spectrum.  

Conclusion 
This work has been carried out within the MULTISOLSI 
project, which has demonstrated the growth of GaAs on Si 
without the formation of anti-phase domains, and without the 
generation of bulk defects. Work continues to develop a finer 
theoretical understanding of the three dimensional nature of 
the structures involved, of the corresponding tunnel 
junctions, and to optimize the growth and processing 
techniques required to fabricate these potentially ground-
breaking designs. 
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Improving Competitiveness of Indian Shipbuilding:  
Intelligent Applications of Systems, Technologies and Economics 

M.K. Ghosh Roy1 

Abstract: Indian Ship building industry stagnated for several decades after independence, while several emerging 
Asian countries like China, South Korea, Vietnam and even Philippines have developed internationally competitive 
shipbuilding industry. But the trend in the 21st century is positive as many shipyards in the private sectors are 
showing new vigour and exporting ships to international customers, while the public sector shipyards have 
delivered large and advanced naval ships to international class technology. The paper explores the possibility of 
improving the productivity of Indian shipbuilding to international standards through intelligent applications of 
advanced systems, modern technologies and favourable economic environment. It first reviews the current state of 
Indian shipyards and shipbuilding with its advantage of low labour cost. Next it recommends use of advanced 
systems for integrating steel fabrication with machinery fittings into simultaneous operation thereby compressing 
shipbuilding time drastically. Thereafter it prescribes introduction of high technology and appropriate machineries 
to further raise productivity. Finally, it emphasizes that the Government should bring in favourable economic 
incentives to help the economics of Indian shipbuilding industries in line with what other nations are assisting their 
ship buildings. 

Keywords: Indus Valley, Congruent Shipbuilding, Batchline Shipbuilding. 
 
Introduction 

ndia, being virtually bounded on three sides by the Indian 
Ocean, seafaring came naturally to Indians. Indian 

seafaring dates back to the Indus Valley civilization about 
3000 BC. A potsherd discovered at Mohenjo-Daro depicts a 
ship with masts (Figure 1). In the historical period, there 
were much maritime activities in the South-East Asia 
covering Cambodia, Sumatra, Java, Thailand, and Myanmar. 
Similarly seaborne trade prospered on the west coast 
carrying merchandise to East Africa, Red Sea and even 
continental Europe on Mediterranean Sea. After in- 
dependence, India has naturally embarked upon developing 
shipbuilding, but the venture has apparently not yet 
succeeded. While newly emerging Asian countries like 
China, Vietnam, South Korea and even Philippines have 
developed internationally competitive shipbuilding industry, 
India has not reached the scale, sophistication and 
competitiveness of world stature. The reasons are manifold. 
But the trend in the 21st century is positive as many 
shipyards in the private sectors are showing new vigour and 
exporting ships to international customers, while the public 
sector shipyards have delivered large and advanced naval 
ships to international class technology. This paper presents 
an overview on Indian shipbuilding and how to improve its 

competitiveness through induction of modern systems, 
technology and government-initiated favourable economic 
environment. 

 

 
Fig. 1: A Sailing Ship-Mohenjo-Daro Potsherd 

Current Status of Indian Shipbuilding  
Industry Today 
The world seaborne trade is generally growing steadily at 
about 4% annually. Supporting the growing trade, the global 
shipbuilding deliveries are also growing (Figure 2). Hence it 
may be assumed that there will be demand for shipbuilding 
orders domestically and globally. 
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Fig. 2: Global Shipbuilding Production 

The Indian shipbuilding industry which represented only 
about 0.1% of the global ship production in 2002 grew 10 
folds accounting for 1%, amounting to a gross annual 
production value of USD 1.3 billion today (KPMG 2008). In 
physical output, India is believed to have 257 vessels on 
order in 2010 and occupying 6th rank in global shipbuilding 
capacity. In fact, India has emerged as an important 
destination for the construction of offshore vessels for the oil 
industry, which are highly specialized ships demanding high 
skill and is highly labour intensive to build. Presently India 
has a total of 32 shipyards (DI-IBD), prominent among them 
are: 

Public Sector Shipyards 
Garden Reach Shipbuilding, Cochin Shipyard, Hindustan 
Shi[yard, Mazagon Docks, Goa Shipyard, Hooghly Dock. 

Private Sector Shipyards 
ABG Shipyard, Bharati Shipyard, Pipav Shipyard, Chowgule 
Shipyard, L & T Shipyard, Tembe Shipyard. 

Labour Cost Advantage and  
New Shipbuilding Industries 
Countries like China and to some extent Vietnam, 
Philippines and Taiwan have leveraged their inherent advent- 
age of low cost manufacturing to enter into international 
Shipbuilding. In particular China’s rise in shipbuilding is 
rather remarkable. Within a period of 5 years, China has  
 

 
Fig. 3: Daily Cost of Shipbuilding Labour  

in Four Different Countries 

risen to become the third largest shipbuilding nation after 
South Korea and Japan. India also enjoys low labour cost 
advantage as China (see Figure 3), which has helped India to 
grow shipbuilding in small and specialist offshore tugs and 
supply vessels, in which India has considerable skill 
advantage. But unlike China, India also generally suffers 
from low shipbuilding productivity. 

 

 
Fig. 4: Share of Shipbuilding Costs for Different Heads (USD/day) 

Source: KPMG 2008, Data from Chinese sources. 

Figure 4 shows the average constituent costs in building a 
ship from a Shanghai shipyard. It shows human capital costs 
consisting of direct labour and overhead of professional 
manpower and amounting to about 23%. This percentage 
cost is influenced by the labour cost advantage. 

System Approach in Shipbuilding 

Modern System Approach to Improve Indian 
Shipbuilding Productivity 
India decidedly has a labour cost advantage, say vis-a-vis 
South Korea. In fact the Indian labour cost may only be one-
fifth of Korean labour (see Figure 5). How it is then South 
Korea is a world leader in shipbuilding, with 70% of all 
ships built in South Korea being for export. This is possible 
because South Korea has quite high shipbuilding 
productivity so that the South Korean ships are cheaper, 
delivered faster with probably higher quality. To improve 
productivity of Indian shipbuilding, we need to study the 
break-up of shipbuilding processes in great depth. However, 
we are presenting here an outline discussion. Shipbuilding is 
an assembly industry consisting of two major streams. 

 
Fig. 5: Pie Diagram Shipbuilding Labour Distribution and Study 

Source: MKGR. 
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 1.  A large steel fabrication work of the ship Hull, consist- 
ing about or more than 50% of the total labour cost; 

 2.  An equally large and diversified fitting-out work of 
bought-out machineries and piping and other fitting-out 
constituting about or less than 50%. 

About the steel work productivity we will deal separately in 
the next section. Then, let us see what the fitting out work 
comprise of: 
 1. Accommodation fitting out work 
 2. Machinery Fitting out 
 3. Piping Fitting out 
 4. Electrical Fitting out 
 5. Electronic Fitting out 
 6. Deck Machinery and Cargo Handling Fitting out 
 7. Painting, it being a large volume of work. 

If the Hull steel work and the various other fitting work are 
represented in a Pie diagram, the comparative labour work 
ratios can be calculated of various sectors in Figure 5. 

Congruent Shipbuilding 
The different sectors of above shipbuilding operations 
occupy different time frames. To increase the productivity 
the operations should synchronize i.e. being carried out side 
by side at the same time, so that by the time the steel hull is 
ready, the fitting out work is also complete and a new ship is 
born. This process may also be named as Congruent 
Shipbuilding. By following these principles, the shipbuilding 
time might be brought down from 1 to 2 years to only a few 
months of the order of 4 to 6 months. Time compressed is 
cost or over-cost compressed, and the productivity increase 
by two folds or more. However, in India, a standard ship still 
takes 1 to 2 years to build and deliver. 

Batch Line Shipbuilding 
The principle of congruent shipbuilding of Figure 5 is 
implemented in the batch-line shipbuilding scheme in Figure 
6. This batch line ship production scheme has been further 
compressed under cover ship factory kind of modern 
production technique. 

 

 
Fig. 6: Batch Line System of Ship Production 

Technology for Shipbuilding 
Induction of Technology to improve Indian Shipbuilding 
Steel Productivity. 

Some of these technologies are directed to raise the quality 
and the productivity of steel fabrication.  

Plate Preparation Shop 
The first step in this direction is the establishment of steel 
plate preparation shop, where the steel plate is first shot-
blasted and cleaned, and is immediately followed by spray 
painting. This ensures long life of the steel plate. In welded 
ship construction, plate edges need to be bevel-machined 
prior to V-groove welding. This edge preparation of plate is 
accomplished with an edge preparation milling machine. 

Fast Fabrication 
 1.  Even today the technical infrastructure including shop 

cranage and fabrication work flow and layout are not 
always adequately upgraded and advanced, approaching 
the global standards of Japanese or South Korean 
shipyards. 

 2.  There is need of high capacity digitized hydraulic Press 
for shaping plates quickly and accurately. 

 3.  There shall be provided mechanically powered Jig and 
Fixtures which can move and rotate a large prefabricated 
steel unit so as to enable it to be welded in the down- 
ward position for all welding. 

 4.  Additionally, it will help raise ship productivity, if one-
side welding machines are provided so that large blocks 
of prefabricated steel blocks are not needed to be turned 
upside down to get it welded from both sides. 

Machinery Fitting out Technologies:  
Application of 3D Printing Technologies 
Conventionally, till the ship hull is fabricated, there is no 
platform on which the fittings can be built up. In the latest 
shipbuilding the problem is solved in two ways: 
 1.  Even before the hull was completed, ship block (large 

ship part) was prefabricated on which the concerned 
fitting out parts which belonged to that part was erected. 
Thus fittings were progressed simultaneously with the 
progress of hull construction. 

 2.  To assist the above progress, full scale mock up was 
built up from the two dimensional ship machinery fitting 
out drawings. This mock up technique was mostly 
adopted for the naval ships.  

 3.  In more recent time, ship piping drawings were digitized 
in three dimensions and digitized data were fed as input 
to universal hydraulic pipe bending machine. The 
machine could give shape to full pipe with multiple 
bends from a single set of digital input. 
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Time has come to develop and employ 3D Printing techno- 
logy to start the machinery fitting out much in advance; even 
before the ship hull construction has started. 3D Printing 
machine can build the machine unit and then all the piping 
models one by one. Individually each of them is a continuous 
unit and be replicated on the 3D Printer. 

Design and Standardization for  
High Shipbuilding Productivity 
Indian Techies are known all over the world for their design 
proficiency. Hence, design facilitating high production 
efficiency, a well-known strategy, should be pursued by the 
Indian shipyards with commendable benefits. Production-
oriented design is effectively facilitated by practice of 
standardization of both Hull and Fitting out. Both efficient 
Production design and standardization can bring down cost 
and time of production substantially. 

Economic Driver for Productivity 

Favourable Economic Environment 
If the economic environment is not favourable for the 
promotion of shipbuilding, it is apprehended that the 
competitive advantage of well-designed systems and modern 
technology will be neutralised. It is reported in the KPMG-
FICCI study that the cost disadvantage of the current 
statutory burden and other old-fashioned trade practices may 
amount to as high as 30 per cent of the total manufacturing 
cost of ships. This is alarming and must not be allowed to 
ruin the nascent shipbuilding industry. It is known to all that 
the present statutory burden consists of multiple levies of 
Octoroi, CST, VAT and excise duty on shipyard and high 
corporate taxes compared to those of China and Vietnam. 
Added to the above overburden, the provision of various 
kinds of Bank guaranties and high Bank interests on sizable 
working capital requirements have been seriously weakening 
the competitiveness of Indian shipbuilding. Hopefully, the 
coming Goods and Service taxes (GST) will improve the 
situation considerably. The above FICCI Report recom- 
mends a comprehensive series of financial benefits, which 
are listed below: 
• Direct subsidy against contract prices 
• Provision of refund guarantees 
• State funded or subsidized innovation, R&D to develop 

ship design, shipbuilding technology, or shipyard 
production expertise Project working capital finance on 
subsidized interest or interest-free loans, underwriting 
debt to reduce the commercial risk. 

• Preferential tax schemes for shipowners or for 
shipyards. 

• Exchange rate control for shipyards–this reduces one of 
the key risk factors. 

• Incentives to ancillaries e.g. steel producers, main 
engine builders or equipment suppliers. 

It is felt that at least some of these measures should be 
considered by the Government till the shipbuilding industry 
gains scale and volume compared to the international 
standard. 

Modern Shipyards need High Investment 
Encouraged by the recent growth momentum and improving 
national economic environment, Port Business companies, 
notably Adani Group and SKIL are believed to be in 
differing stages of developing shipyards. Shipping Lines  
too are eying at shipyards as lateral expansion. Apeejay 
Shipping, Mercator and Garware Offshore have entered 
market in alliance with leading players. Finally the heavy 
industry giant L & T and steel industry pioneer Tata Steel and 
also the other Steel Industry stalwart JSW exploring invest- 
ments in shipbuilding. The overall investment prospects 
might exceed ` 20,000 crores within this decade or so. 

Conclusion 
High productivity is both a movement and engineering. It is 
both a technology and a culture. It requires as much of 
management input as technical application. Otherwise it is 
difficult to explain how the western shipbuilding nations like 
West Germany and England floundered in shipbuilding 
despite possessing technology, experience and long ship- 
building tradition in abundance, while high cost Japan still 
leads the world shipbuilding. 
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Experimental Investigation on a 660 MW  
Supercritical Boiler with MOIS Technology  

Anuj Tomar*1 and Vinod Kumar1 

Abstract: Experimental studies were carried out on a 660 MW supercritical boiler that was ignited by the 
technology of mini-oil ignition. The variation of steam temperature and pressure, wall temperature of heat 
exchange surfaces and combustion status were monitored. Test results demonstrated that the pulverized coal is able 
to be combusted fully and stably in the less-oil ignition combustor, and the wall temperature of the combustor 
remains less than 300oC. It was also shown that the wall temperature of heat exchange surfaces is also not 
overheated, which expands uniformly, and the rising rate of the steam temperature and pressure satisfies the 
requirement of operation design. In addition, compared to the cases using conventional ignition techniques, the 
economical benefit by employing the technology of mini-oil ignition is pronounced.  

Keywords: Supercritical Boilers, Micro Oil Gun Ignition Technology, Economic Feasibility.  
 
Introduction 

il-saving ignition technology has been extensively 
studied due to the large consumption of oil during 

boiler start-up and pulverized coal combustion stabilization 
with the conventional coal burning method. In a 
conventional pulverized coal combustion boiler, oil which is 
delivered by the Oil-Gun (OG) is primarily used to pre-heat 
the furnace. When the radiation from the flame and heat 
exchange surfaces can give the coal particle sufficient 
energy, then coal is fed by primary air and burned with 
secondary air, so stable combustion is sustained in the boiler. 
Meanwhile, during burning of low-quality coal or at the 
reduction of boilers capacity, it is also necessary to introduce 
additional thermal energy such as oil into the system to 
support stable combustion. Therefore, many of the liquid 
fuel are consumed in these above processes.  

In order to achieve certain savings of liquid fuel, a great 
number of efforts have been made to investigate and develop 
the technology of oil-saving ignition, i.e. plasma-aided 
ignition technology, high-temperature air ignition 
technology, laser-heated ignition technology and induction-
heating ignition technology. Note that all the four above-
mentioned technologies are free from utilization of oil in 
assisting the ignition. However, some shortcomings for oil-
free technologies, when facing the engineering applications, 
are found, such as too high operating costs, frequent 

maintenance during operation and lack of system stability. 
Recently, a Mini-Oil Ignition Technology (MOIS) has been 
proposed, which have the advantages of low operating costs, 
high oil-saving rates, maintenance-free and good per- 
formance in stability. 

 Present Scenario 
• India depends on Gulf countries for 70% of its oil needs. 
• At 23% of total energy supply, Petroleum is India’s 

second largest source, half the market share of coal. 
Boosted by fallen crude prices, India is expected to 
overtake Japan to become the world’s 3rd largest oil 
consumer, at about 4.1 million b/d. India is now where 
China was a decade ago, and oil consumption is strongly 
linked to economic growth. 

• Stringent environment norms. 
• Weakening of INR vis-à-vis foreign currencies. 
• Tariff-based bidding in Indian power sector. 
• High cost involved for secondary fuel. 
• Pollution issues and other disadvantages (like fire prone 

etc.) of using the oil. 

Supercritical Boilers 
“Supercritical” is a thermodynamic expression describing the 
state of a substance where there is no clear distinction 

O
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between the liquid and the gaseous phase (i.e. they are a 
homogenous fluid). Water reaches this state at a pressure 
above 225 Kg/cm2. The comparative statement between 
supercritical and sub critical boilers are shown in Figure 1. 

 The critical pressure and temperature for water are  
• Pressure = 225.56 Kg/cm2 
• Temperature = 374.15°C 

 

  
Fig. 1: Sub-Critical and Super Critical Boiler Comparison 

 Micro Oil Ignition Technology 
Mini oil ignition system is the perfect combination of micro 
oil ignition and combustion technology at very low load 
operation, it can greatly reduce the combustion support oil in 
a thermal power plant, it also reduce the cost of power 
generation. MOIS have the advantages of low operating 
costs, high oil-saving rates, maintenance-free and good 
performance in stability. Schematic diagram of firing system 
is shown in Figure 2. 

 Mini oil ignition system is set up pulverized coal 
concentrating device in a specially designed micro oil 
burner. The system uses ring concentration technology to 
increase the coal concentration of pulverized coal, and form 
dense or dilute coal. With pulverized coal air flow 
conveying, dense coal is heated in the first combustion 
chamber by micro oil gun (because it use trace amounts of 
fuel combustion to produce a high temp flame). The 
pulverized coal breaks out volatile matter and quickly flame. 
The burning coal mix and ignite dense phase pulverized coal 
in the secondary combustion chamber. In this way the micro 
oil ignition system works to burn all coal. The Mini-oil 

Ignition technology is the application of Enhanced Oil Firing 
Technology which uses small quantity of fuel oil, high 
compressed air for atomization and gasification of oil 
releasing sufficient high heat flame (1600~1800 deg C). The 
pulverized coal passes through specially designed coal 
burner, the high heat oil flame and absorbs the heat (staged 
Combustion), releases volatile matter and quickly burns. The 
wall temperature of the oil combustor will increased rapidly 
and due to its heat absorbing and storing property of the 
material, rapid gasification of oil takes place and accelerates 
oil firing and produce high temperature oil flame.  

 

 
Fig. 2: Schematic Diagram of the LOB 

 
Fig. 3: Oil Burner Internal View 

When the ignition state is normal, the micro oil burners can 
be used as the main original burner. With film cooling 
technology, micro oil ignition system could prevent primary 
air pipe and burner (Figure 3) to burn out. 

Micro oil gun is installed at each corner coal layer of Mill-A. 
When PA temp reaches around 100–150 deg C mill can be 
taken in service.  
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Fig. 4: MOIS Graphics 

At present said technology is implemented by APL in India. 
Normal Oil gun capacity is 2-4 KL /hrs where micro oil gun 
capacity is only 0.3 KL to 0.4 KL/hrs.  

 
Fig. 5: MOIS Flame 

This technology can be used with following options: 
  1.  Micro oil gun with normal oil guns:  
  2.  We can use the micro oil gun in 

Coal burners at one elevation or we may go for two coal 
elevations.  

 
DE  Normal Oil guns  

C  Normal coal burners  

BC  Normal Oil guns  

B  Normal coal burners  

AB  Normal oil guns  

A  Micro oil gun burner   
 Fig. 6: Boiler Wind Box and Elevations 
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Mini Oil Ignition System Components 
MOIS (Figures 4 and 5)) is made up of oil burning chamber, 
pulverized coal concentration device, first level coal 
combustion chamber and second level coal combustion 
chamber. 
• Replacement of existing coal burner to newly designed 

coal burner. (at selected location)  
• Replacement of existing coal burner elbow with newly 

designed elbow with arrangement to install the Mini Oil 
Gun.  

• Combustion Support air from cold PA header for mini 
oil guns.  

• Flame fan for cooling of flame cameras installed inside 
wind box. (Figure 6) 

• PA Heating Guns (3 Nos) installed in Hot PA Header.  
• Booster fans for combustion support air from cold PA 

header for PA heating guns.  
• Service Air for LDO Atomization.  
• LDO supply and return line. 
•  Instruments and control supply. 
• Cables, cabinet and DCS.  
• Software (Logics and alarms).  

The burner nozzle is shown in Figure 7 and coal pipe bend 
with mini oil gun pipe in Figure 8. 

 

 
Fig. 7: Burner Nozzle 

 
Fig. 8: Coal Pipe Bend with Mini Oil Gun Pipe 

Typical Startup Procedure 

Here take a 660 MW unit as an example: 

Prepare for unit startup—Start PA fan—Warm the mill air 
by using Micro oil gun/steam heater in PA duct—Start boiler 

micro oil gun—Start first mill—Start coal feeder—Ensure 
combustion inside furnace—Start second mill—Start third 
mill—Minimum stable load without oil support—Stop Micro 
oil gun—Start other mills—Full Load 
• Open the SADC of the Mill-A coal burner to ensure 

coal burner cooling and control the temperature < 500°C 
• Start PA Heating system by starting the PA duct mini oil 

guns one by one. 
• Mill-A outlet temperature @ 60 to 70°C start Mill-A, 

start coal feeder—A and observe the coal flame 
appearance from the flame camera. (Coal flame should 
be established within 180 sec). 

• Control the PA inlet temperature to Mill-A with coal air 
damper and number of guns in service. 

• Estimation of initial coal feed rate: 

            2500 10500 4 25 tph4200 1000
× × =×  

The actual flame inside the boiler is shown in Figure 9 and a 
MOIS local panel is shown in Figure 10. 

 

 
Fig. 9: Actual Flame Photo (inside boiler) 

 
Fig. 10: MOIS Local Panel 
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Economic Benefits 
Installing Micro oil gun ignition system, the following 
saving can be achieved based on APL experience:  
 

No  Description  
With Normal 

Oil Gun 
Ignition 

After Micro Oil 
Gun System  

Implementation  
1. Unit cold startup  120 Kl  25–30 Kl  
2. Warm startup    85 KL  18–21 Kl  
3. Hot start up    65 KL  15–16 Kl  

*As per above table we can save approx 95 KL HSD in Cold 
start up, 67 KL in warm start up and 50–60 KL in Hot start 
up: 

Cost of 95 KL HSD @ ` 56000/Kl  = 95 × 56000  
 = ` 5320000/- 

Cost of 67 KL HSD @ ` 56000/Kl = 67 × 56000  
 = ` 3752000/- 

Cost of 50 KL HSD @ ` 56000/Kl = 50 × 56000  
 = ` 2800000. 

Cost of installation of MOIS is approx- ` 4 crore in one unit, 
So we can pay back of installation cost of micro oil gun 
system after 8 cold start up or 10–11 warm start up or 14–15 
hot start up’s. 

Estimated Value for installation of Micro oil gun system in 
three Units. 

Application Feasibility 
• Implementation and application need shutdown of unit 

and modification and replacement in coal pipe and 
bends. 

• Case Study Implemented at 2 locations in India. 
• Our Oil gun capacity is 2 KL /hrs. where micro oil gun 

capacity is only 0.3 KL to 0.4 KL/hrs. 

Venders 
• The Yantai Longyuan Power Technology Co. CHINA.  
• SEC China.  
• XCC China. 

Conclusion 
• Minimum 5–6 month required for manufacturing, 

supply, shipment process and erection at site. 
• Present cost of installation of MOIS is approx - Rs. 4 Cr 

in one unit. 
• In present scenario, MOIS installation can be done in 

any unit during overhaul.  
• MOIS is already implemented at various large size 

boilers in China and other foreign countries. It has a 
good future in Indian power industry. 
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Design and Kinematic Simulations of 3-PRS  
Spatial Parallel Mechanism 

R. Sai Kiran Kumar*1 and J. Srinivas1 

Abstract: The present work focuses on kinematics studies and design of a 3-PRS parallel mechanism and its 
control. Towards the development of a hybrid milling machine with 5-axis where the spindle is fixed to a portal 
frame, while the work piece is manipulated by x–y platform, a 3–PRS mechanism is designed. Forward and inverse 
kinematics and dynamics are studied and workspace, Jacobian analysis are conducted to know the workable 
operating region of the mechanism. In this mechanism each prismatic joint is driven by a separate stepper motor as 
per the requirements for the trajectory tracking. The virtual simulations are carried out in multibody simulations 
tool ADAMS and the control programs are developed in MATLAB/Simulink. For achieving greater precision, the 
revolute joints are replaced by compliant links with narrow sections and the force control requirements at the 
moving platform are achieved by a suitable control means. 

Keywords: Parallel Manipulator, Constrained Motion, Kinematic Characteristics, Trajectory Tracking. 
 
Introduction 

arallel mechanisms are studied widely over the past one 
decade due to their several advantages such as high 

speed and large payload capacity. In their architecture, the 
moving platform is actuated by a set of legs connected to the 
base platform. 

Parallel mechanisms have become popular in several 
mechatronics and automation applications due to their high 
stiffness, large payload ability and good precision. Parallel 
mechanisms have two platforms connected by expandable 
legs. Metrological, medical and communication fields 
require new mechanisms capable of achieving ultra-precision 
accuracy. 

Mechatronics applications in such parallel mechanisms could 
lead to more realistic products such as welding and 
machining platforms. Several parallel mechanisms have been 
studied extensively by numerous scientists. The basic 
parallel mechanism is a 6 DOF Stewart and Gough platform. 
Due to its complexity in kinematics and dynamics solutions 
various configurations have been proposed in literature. 
There are other types of parallel mechanisms having only 3 
DOF and can be used effectively in several applications. One 
of the famous 3 DOF mechanism is 3-PRS which has been 
studied for a long time since the year 2000. The axis-
symmetric arrangement of 3-PRS causes a kind of precision 
solutions during its operation. 

Literature Review 
The 3-PRS parallel manipulator has different methods on 
arrangement of actuators with adjustable angle layout. The 
variation of kinematics in terms of workspace and dexterity 
with different actuator arrangements along with forward, 
inverse and velocity kinematics problems are often problems 
of interest here [1]. Parasitic motion occurring in the 
constrained DOF of a 3-PRS parallel mechanism is key 
issues affecting its applications. The 3-PRS is classified into 
seven subcategories based on geometrical arrangements of 
limbs. Then parasitic motion of each subcategory is 
discussed in detail in [2]. Under the assumption of small 
displacements, the solid body kinematics of the 3-PRS has 
been studied. Analysis of forward and inverse kinematics 
and calculating the rotations that the revolute and spherical 
flexure joints must perform were discussed. After defining 
some design requirements, the necessary displacements to 
fulfill, a design process based on calculations has been 
established in [3]. The change in the reachable workspace of 
a 3-PRS parallel manipulator with variable actuator layout 
angle was studied. Workspace of a parallel manipulator is 
the important aspect to reflect its working capacity and it is 
necessary to analyze the shape and volume of the workspace 
for enhancing the applications of parallel manipulator [4]. 

The Analytic Hierarchy Process (AHP), being an uncom- 
plicated Fuzzy logic technique but an authoritative decision-

P 

31st Indian Engineering Congress, Kolkata, 2016 
The Institution of Engineers (India) 
Theme: SMART Technologies for Natural Resource Conservation and Sustainable 
Development 



SMART Technologies for Natural Resource Conservation and Sustainable Development 
  
 

199 

making tool that has been applied to solve different 
manufacturing problems. The AHP has functioned to 
calculate the weight criteria to find work volume of parallel 
manipulator [5]. Commonly used stiffness performance 
indices, the minimum and maximum Eigen values of the 
stiffness matrix are used to evaluate the stiffness of the 3-
PRS mechanism in [6]. The 3 Degrees of Freedom (DOF) 
parallel mechanism with combined mobility is an important 
category of the lower-mobility parallel mechanism. In 3-
PRS, P denotes prismatic pair, R as revolute and S as 
spherical joint. It has one translational and two rotational 
DOFs as described in [7]. The direct kinematics solution for 
a novel 3-PRS parallel mechanism using a geometric method 
based on three coupled trigonometric equations was 
proposed. Using Bezout’s elimination method, solution to 
direct kinematics problem was obtained as shown in Ref [8]. 
The mobility analysis of the 3-PRS parallel manipulator can 
be implemented successfully by adopting a recent theory of 
DOF for complex spatial mechanisms [9]. In general, from 
the kinematic analysis, the workspace orientation of the 3-
PRS parallel manipulator is analyzed and the 3D view of the 
workspace is drawn from inverse solution. The design and 
the practical applications of the parallel manipulator was 
studied by Chena et al.[10]. Optimizing the geometrical 
parameters for specific workspace is another important area 
of research. Zhang and Fang [11] carried-out the constrained 
optimization analysis of 3-PRS manipulator to find the 
geometrical parameter of manipulator. Abbasnejad et al.[12] 
presented forward kinematic problem of the 3-PRS parallel 
manipulator using Homotopy Continuation Method (HCM). 
Shi et al. [13] employed 3-PRS parallel mechanism as a 
welding tool head to form a five axis welding machine tool 
to perform friction stir welding. For orientation capability, 
the kinematic features have to be analyzed. Here also, they 
obtained a set of optimized geometrical parameters to 
develop a prototype machine for friction stir welding. 

Kinematics of Manipulator 
Figure 1 shows the 3-PRS mechanism with 3 prismatic 
actuators moving in the horizontal base plane. The base 
platform is described by equilateral triangle A1A2A3 with 
circumcircle of radius equal to a and mobile platform is 
another equilateral triangle B1B2B3 of circum circle radius of 
b. Both the platforms are connected by revolute (R)-spherical 
(S) legs. 

The revolute joints in each leg are mounted on prismatic 
actuators. The input motion is given by the translations (si) of 
the prismatic actuators, while the output of the mechanism is 
given as translation and rotations of the mobile platform 
center. There are certain constrains which lead to the 
mobility of the mechanism equal to 3 instead of 6. Thus, the 
linkage is fully actuated special mechanism.  

 
Fig. 1: Structure of 3-PRS Mechanism 

(a = OA1 = OA2 = OA3 and b = PB1 = PB2 = PB3) 

Kinematic Equations 
The position of the moving platform center is described by 3 
translations px, py, pz and 3 rotations,  and  respectively 
about X, Y and Z axis of fixed mobile frame. From geometry 
therefore,  

OP = {px py pz}T     … (1) 

On the other hand the initial positions of the prismatic 
actuators are described by OA1, OA2 and OA3 which can be 
expressed in terms of the base platform of size a. likewise, 
the position of the points B1, B2 and B3 with respective 
mobile platform P are expressed as PB1, PB2 and PB3 which 
can be written in terms of mobile platform of side b. finally 
the position of the points B with respective of fixed platform 
center O is given by,  

OBi = OP + [R]PBi, i = 1, 2, 3    … (2) 

Here, [R] is rotation matrix transforming the vector from 
moving frame to fixed frame and is expressed in terms of 
platform rotations ,  and . The resulting expressions for 
the position vectors OB1, OB2 and OB3 are given as follows, 

OB1 = {px + uxb, py + uyb, pz + uzb}   … (3) 

OB2  = {px–
𝑢𝑥𝑏

2
 + 

√3𝑣𝑥𝑏

2
, py–

𝑢𝑦𝑏

2
 +  

√3𝑣𝑦𝑏

2
, pz– 

𝑢𝑧𝑏

2
 +

 
√3𝑣𝑧𝑏

2
} … (4) 

OB3 = {px–
𝑢𝑥𝑏

2
−

√3𝑣𝑥𝑏

2
, py–

𝑢𝑦𝑏

2
−

√3𝑣𝑦𝑏

2
, pz– 

𝑢𝑧𝑏

2
−

√3𝑣𝑧𝑏

2
}       

 … (5) 

As the leg length CiBi is constant (= l), and the revolute 
joints set the spherical joints to move in a fixed plane, the 
following constrains are imposed on the mechanism.  
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OB1y = 0;      … (6) 

OB2y = –√3 OB2x;     … (7) 

OB3y = √3 OB3x;     … (8) 

Substitute in OBi expressions following conditions are 
obtained, 

py = –bcossin;     … (9) 

px = 𝑏
2
 (coscos–coscos + sinsinsin)  … (10) 

 = atan( 𝑠𝑖𝑛𝑠𝑖𝑛

𝑐𝑜𝑠+𝑐𝑜𝑠
);     … (11)  

Inverse kinematics of 3-PRS linkage obtains the actuated 
joint variables s1, s2 and s3 from a given position and 
orientation of the mobile platform center P. From Fig.1, it is 
possible to write,  

AiBi = si(OAi) + L(CiBi)    … (12) 

Where CiBi refers to the unit vector along each of the 3 legs.  

Rearranging and squaring the components a quadratic 
equation is obtained, whose roots are given by,  

si = AiBi.(OAi)√(𝐴𝑖𝐵𝑖. 𝑂𝐴𝑖)2 − 𝐴𝑖𝐵𝑖. 𝐴𝑖𝐵𝑖 + 𝐿2 … (13) 

The first unit vector OAi is expressed as follows, 

OA1 = {–cos 0 –sin}T    … (14) 

OA2 = {1

2
𝑐os – √3

2
cos –sin}T   … (15) 

OA3 = {1

2
𝑐os √3

2
cos –sin}T   … (16) 

The vectors q1, q2, and q3 are represented along A1B1, A2B2 
and A3B3 as, 

q1 = [a–s1cos–Lcos1 0 –s1sin–Lsin1]T  … (17) 

q2 = [–(a–s2cos–Lcos2)/2 √3(a–s2cos–Lcos2)/2  
   –s2sin–Lsin2]T  … (18) 

q3 = [–(a–s3cos–Lcos3)/2 –√3(a–s3cos–Lcos3)/2  
   –s3sin–Lsin3]T  … (19) 

Forward Kinematics 
The forward position kinematics obtains position and 
orientation of the moving platform by a given set of actuated 
inputs. So, the input for forward kinematics is the vector of 3 
actuated joint variables S1, S2 and S3 and the output is the 
vector of Cartesian variables which describe position and 
orientation of moving platform. 

Considering the geometric distance between two S joints Bi 
and Bj is equal to a constant, it can be written as, 

𝐵𝑖𝐵𝑗⃗⃗⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  √3b,(ij)    … (20) 

The following equations can be derived as forward 
kinematics, 

[qi–qi + 1]T[qi–qi + 1]–3b2 = 0, i = 1,2,3.   … (21) 

Workspace  
The reachable workspace of the manipulator is the space 
generated by the point P with at least one orientation. For a 
given pose of the point P if smin  si  smax, then the pose 
belongs to reachable workspace. In order to analyze the 
workspace with respect to independent motions the parasitic 
motions Px, Py and  are important. In the present work the 
platform orientation is first computed using given px py and 
pz by constraint equations. Then the coordinates of point B1, 
B2 and B3 are obtained. Further the unit vectors AiBi are 
estimated with the knowledge of leg angles 1, 2 and 3. 
Finally inverse kinematic equations with negative root are 
selected find s1, s2 and s3. The process is repeated for a 
combination of px, py and pz. The set of px, py and pz 
satisfying smin  si  smax are stored as array of workspace 
points. This procedure is slightly different from that of a 
standard 6 DOF manipulator. 

Jacobian Analysis 
The vector loop for the ith link can be written as, 

OP + OBi = OAi + si
𝑂𝐴𝑖

𝑂𝐴𝑖
 + LIi    … (22) 

where Ii is the unit vector along CiBi, si represents the linear 
displacement of the ith actuator, and 𝑂𝐴𝑖

𝑂𝐴𝑖
 is the 

corresponding unit vector along OAi, i = 1, 2, 3. 

On differentiating both sides with respect to time,  

vp + p × OBi = vi
𝑂𝐴𝑖

𝑂𝐴𝑖
 + Li × Ii    … (23) 

where “×” represents the cross product between vectors, vp 
and p denotes the three-dimensional linear and angular 
velocity of the moving platform respectively, vi is the 
velocity of the ith linear actuator, and i represents the three-
dimensional angular velocity of link CiBi. 

Let �̇� = {vp p}T and �̇� = {𝑠1̇ 𝑠2̇ 𝑠3̇}T be the vectors of the 
moving platform velocities and the actuated joint rates, 
respectively. Matrix form can be represent as, 

Jx�̇� = Jq�̇�      … (24) 

Where Jx = [
𝐼1
𝑇 (𝑂𝐵1 × 𝐼1) 

𝑇

𝐼2
𝑇 (𝑂𝐵2 × 𝐼2) 

𝑇  

𝐼3
𝑇 (𝑂𝐵3 × 𝐼3) 

𝑇  

]   … (25) 
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Jq = 

[
 
 
 
 𝐼1.

𝑂𝐴1

𝑂𝐴1
0 0

0 𝐼2.
𝑂𝐴2

𝑂𝐴2
0

0 0 𝐼3.
𝑂𝐴3

𝑂𝐴3]
 
 
 
 

   … (26) 

Therefore,  

�̇� = Jq
–1.Jx�̇� = [J] �̇�     … (27) 

So, this represents a inverse velocity solution of the 
manipulator. The �̇� has 6 elements of which only 3 are 
independent and hence a constrained Jacobian matrix has to 

be formulated so that �̇� = [J](
�̇�𝑧

̇

�̇�

).  

Results and Discussions 
In order to illustrate the kinematic characteristics following 
dimensions of the linkage are considered: 

Base platform radius a = 400mm, mobile platform radius b = 
200 mm, leg lengths L = 550 mm, included angle  = 30 
degrees. Also the mobile platform independent variables pz 
 [400, 700] mm,   [–90, 90] degrees, θ  [–90, 90] 
degrees are considered. The inverse kinematic analysis is 
conducted to find actuator variables s1, s2 and s3. The 3 
dimensional workspace of the proposed 3-PRS parallel 
manipulator is shown in Figure 2.  

 

 
Fig. 2: 3D Workspace 

The 2 dimensional workspace of the 3-PRS parallel 
manipulator is shown in the Figures 3–8 on changing the 
included angle  from 0 to 105°. 

 
Fig. 3: 2D Workspace at  = 00 

 
Fig. 4: 2D Workspace at  = 300 

 
Fig. 5: 2D Workspace at  = 45° 
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Fig. 6: 2D Workspace at  = 60° 

 
Fig. 7: 2D Workspace at  = 90° 

 
Fig. 8: 2D Workspace at  = 105° 

The center of this work region moves towards right as the 
included angle  increases. The proposed model is drawn in 
solid works as 3D assembly model and is shown in Figure 9.  
 

 
Fig. 9: Solid Model 

Conclusion 
The inverse kinematic equations were solved in MATLAB. 
The optimized set of solutions is used to draw the workspace 
of the 3-PRS parallel manipulator. On using the geometrical 
parameters a solid model is drawn in solidworks. As a next 
step analysis of the solid model as to be carried out in 
ADAMS software. The work is under progress. 
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Relation between SIF and Crack Geometry 

Prerna Rai1 and Shalendra Kumar2 

Abstract: Engineering materials inherently contain flaws or discontinuities of various categories (geometries) at 
different locations which, depending upon the loading pattern or fatigue cycles, may lead to failure of the 
component due to formation and propagation of cracks. The driving force for a crack to expand is not the strain or 
stress but the Stress Intensity Factor (SIF), universally represented as K. The stress intensity factor embodies both 
the stress and the crack size and uniquely describes the crack tip stress field independent of global geometry. This 
study deals with parametric study on Stress Intensity Factor, which are functions of crack geometry and stress. SIF 
gives the stress field at the tip of the flaw/crack independent of the global geometry. It is computed using 
Displacement Co-relation Technique. 2-D and 3-D models for different conditions have been created and have been 
analyzed using the program ANSYS. The SIF was computed for different crack front angle and results thus found in 
the process has been plotted to predict relation between various parameters like crack location, cylinder’s radius to 

thickness ratio(R/t), crack minor axis to cylinderthickness ratio(a/t) and the crack geometry ratio (a/c). The study 
carried out in this investigation lead to significant knowledge, which has resulted in establishing relations between 
SIF and various parameters of crack geometry. 

Keywords: Fracture Mechanics, Stress Intensity Factor, Crack Modeling, ANSYS. 
 
Introduction 

he driving force for a crack to expand is not the strain or 
stress but the stress intensity factor, universally known 

as K. This is not as the stress concentration factor, Kt or as 
the strain hardening exponents k or k'. The stress intensity 
factor embodies both the stress and the crack size and 
uniquely describes the crack tip stress field independent of 
global geometry. 

The SIF is a measure of the strength of the stress singularity 
at a crack tip, and is useful from a mechanics perspective as 
it characterizes the displacement, stress and strain in and 
around the crack tip. Additionally, the stress intensity 
concept is important in terms of crack extension as critical 
values of the SIF govern crack initiation. 

It is important that the stress-intensity factor is not dependent 
on the coordinates, r and θ, hence they control the intensity 
of the stress fields but not the distribution for each mode. It 
has been observed that the stress-intensity factors must 
contain the magnitude of loading forces linearly for linear-
elastic bodies and must also depend upon the configuration 
of the body including the crack size [1]. Consequently, 
stress-intensity factors may be physically interpreted as 
parameters which reflect the re-distribution of stress in a 
body due to the introduction of a crack, and in particular they 
indicate the type (mode) and magnitude of force 

transmission through the crack tip region. The relationship 
between K, applied stress (σ) and crack size (a) is: 

𝐾𝐼 =  σ √π𝑎β … (1) 

The compliance function, β describes the geometry of the 
structure, component or specimen in which the crack exists. 
It takes a very complex mathematical description in some 
cases [2–3]. 

The parameter (K) gives the possibility to analyze the 
possible crack growth or the possible catastrophic failure if a 
given load is applied to the structure. The stress intensity 
factor can be computed using stress and strain analysis or 
parameters that measure the energy released by crack growth 
[4–5]. The estimation of stress intensity factors can be done 
either by analytical or numerical techniques. Normally, the 
analytical ones are more complex to compute; however they 
have some advantages, because an analytical solution can be 
applied for a range of crack lengths. The numerical 
techniques require the computation of stress or strain field 
for each crack length and therefore for each value of SIF. 

FEM Using ANSYS 
For complex structures, it is difficult to perform an analysis 
taking into account all boundary effects near the crack tip, so 
the numerical calculation of SIF has some advantages for 
these structures [6]. The evolution of computers (hardware 
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and software) permits the use of more complex numerical 
techniques and to obtain solutions with smaller computation 
time. Hence, the numerical techniques for estimating stress 
intensity factors are nowadays more popular than the 
analytical techniques. If a relation between some of its 
factors can be established or implied, then the complex 
solutions can be avoided in most of the situations.  

The finite element method has been used extensively in 
solving problems involving homogeneous materials. The 
finite element method has been largely used to analyze 
various mechanical problems. It has been widely employed 
for the solution of problems in linear elastic fracture 
problems. Modeling and simulation of the different geometry 
with the help of commercially available structural analysis 
software ANSYS was done for SIF calculation. 

Stresses and displacements at the vicinity of the crack tip 
reveals that the cracked structure possess a singular stress 
field i.e. the stress gradient at the vicinity of crack tip is 
extremely high. Thus to accurately simulate the stress 
singularity a very fine mesh is required in the region near to 
the crack tip. 

The finite element program for three-dimensional problems 
has been used to perform the computations [7]. The 
recommended element type for the three-dimensional model 
is SOLID 95. The first row of elements around the crack 
front should be singular elements. 

Modeling of Crack in ANSYS 
Top down modeling and bottom up both methods is used to 
create a 3D cracked structure. MESH200 and SOLID95 are 
used as element types for meshing. A semi-circular area is 
created at a key point perpendicular to the plane on which 
keypoints are created. This area is created to form the tubular 
volume around crack front. Area created at the first key point 
is dragged along the lines to form a tubular volume around 
crack front. Model has two symmetry planes. Planes  
along longitudinal and circumferential directions are 
symmetry planes as shown in Figure 1. 

 

 
Fig. 1: Symmetry Areas around the Crack and Cylinder 

Cylinder is generated including the crack. Cylinder is 
divided into sub volumes. This volume is meshed by 
different element sizes. The smallest volume around crack 
is the finest mesh. The volume around this small volume is 
less fine. Finally, rest of the cylinder has coarse mesh. 
Meshed area is swept along the crack front to form a tubular 
volume. For different a/c, a/t and R/t values, geometry of the 
crack and cylinder change. In some cases volumes need 
special effort for meshing. Different element sizes are needed 
with these cases. 
Internal pressure is applied to the inner, outer and embedded 
axial cracks. Internal pressure is applied as 10 MPa in all 
cases. Edges of the cylinder are stress free. While axial 
tension loading is applied to the inner, outer and embedded 
circumferential cracks. Axial stress applied is 10 MPa in all 
circumferential cases. Crack is located in the symmetry plane. 
Then stress intensity factors are calculated by using 
displacement correlation technique. 

𝐾𝐼  =  
√2𝜋×𝐸

4(1−𝑣2)
. [

𝑅3

3
2𝑢𝑏2−𝑅2

3
2𝑢𝑏3

√𝑅2√𝑅3.(𝑅3−𝑅2)
]  … (2) 

Cylinders 
Crack front angle (φ) at 0 is the deepest point and angle 90 is 
the surface point. Inner pressure of 10MPa is applied to the 
structure. Results are obtained for cylindrical structures 
having different R/t, a/t & a/c values. R is 50 mm for all 
cases but a, c and t changes. Results are obtained for the 
following values; 

 

 
 Fig. 2: Crack Front Angle (φ) Depiction 

The models under consideration are: (1) finite axial internal 
surface cracked cylinder (2) finite axial external surface 
cracked cylinder (3) finite axial embedded cracked cylinder 
(4) Inner circumferential cracked cylinder (5) Outer circum- 
ferential cracked cylinder (6) embedded circumferential 
cracked cylinder. The crack front angle is depicted in Figure 
2 and the circumferential cracks are depicted in Figure 3. 
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Table 1: SIF Data for Circumferential Embedded Elliptical Crack in a Cylinder 

R/t a/t a/c a φ = 0 φ =22.5 φ = 45 φ = 67.5 φ = 90 φ = 112.5 φ = 135 φ = 157.5 φ = 180 
5 0.2 0.2 2 1.01 0.96 0.84 0.64 0.44 0.64 0.84 0.97 1.02 
5 0.2 0.4 2 0.91 0.87 0.78 0.65 0.56 0.65 0.78 0.87 0.91 
5 0.2 0.8 2 0.72 0.71 0.68 0.65 0.64 0.65 0.68 0.71 0.72 
5 0.3 0.4 3 0.97 0.92 0.82 0.68 0.59 0.68 0.83 0.94 0.99 
5 0.4 0.2 4 1.39 1.23 1.06 0.83 0.59 0.93 1.11 1.35 1.56 

10 0.2 0.2 1 1.01 0.96 0.84 0.64 0.44 0.64 0.84 0.96 1.02 
10 0.3 0.2 1.5 1.12 1.05 0.89 0.67 0.46 0.67 0.91 1.07 1.14 
20 0.2 0.2 0.5 1.01 0.96 0.84 0.64 0.44 0.64 0.84 0.96 1.02 
20 0.3 0.2 0.8 1.12 1.05 0.89 0.66 0.45 0.67 0.9 1.06 1.13 

R/t = 5, 10 and 20 
a/t = 0.2, 0.4 and 0.6 
a/c = 0.2, 0.4 and 0.8 

 
Fig. 3: Circumferential Cracks  

Plates 
Pressure of 20 MPa is applied for 3 plate cases of uniform 
thickness 10 mm. Results are obtained at crack tip for 
following values of a/t and a/c ratio in semi elliptical surface 
crack. 

a/t = 0.2, 0.4, 0.6 and 0.8 
a/c = 0.1, 0.2, 0.4, 0.6 and 1 

Since in infinite crack, the crack runs throughout the breadth 
of plate only variation in a/t is possible. Following value of 
a/t are considered: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9. 

For embedded crack following value of a/t, a/c and e are 
considered: 

a/t = 0.01, 0.1, 0.2 and 0.3 
a/c = 1.0, 0.5 and 0.25 
e = 0, 1.5 and 3. 

Results and Discussion 
The data generated as stated were tabulated and interpreted 
on the underlying principle of solid mechanics. 

In finite axial external crack, SIF is maximum at the crack 
tip (crack front angle 0) and increase in a/c ratio decreases 
the SIF value i.e. SIF is inversely proportional to a/c value. 

The value and variation (range for diff a/c) in SIF increases 
with increase in a/t ratio. Also, as R/t ratio increases the 
value of SIF increases proportionately. The value of SIF 
under same condition of load and geometry is slightly greater 
for internal surface crack as compared to External surface 
crack but this difference does not exist when value of R/t 
increases. Other findings are same as that in Internal Surface 
crack. 

In finite axial embedded crack the variation in SIF along the 
crack decreses with increase in a/c ratio and there exists a 
symmetry along the crack such that though magnitude varies 
with parameters but distribution of SIF remains constant. 

The SIF values for finite axial internal surface crack and 
external surface crack in a cylinder are shown in Table 2 and 
Table 3 respectively. 

The value of SIF for circumferential cracks is far less than 
SIF for axial cracks (Figure 4). Also the variation in SIF at 
different crack front angles is small as compared to axial 
cracks. The variation between SIF and Crack angle reveals 
that there is negligible difference in SIF for inner and outer 
circumferential cracks. The predominant effect which is 
shown by R/t in axial cracks does not exist in circumferential 
cracks. The values obtained for circumferential embedded 
elliptical crack shows that as a/c increases, the variation in 
SIF decreases. Comparing the data from circumferential 
embedded crack complements our earlier conclusion that 
variation in R/t has less effect in circumferential cracks. The 
value of SIF in embedded for axial cracks is less as 
compared to other cracks but the same relation does not hold 
good for circumferential cracks. 
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Table 2: SIF Values for Finite Axial Internal Surface Crack in a Cylinder 

R/t a/t a/c a φ = 0 φ = 11.25 φ =22.5 φ = 33.75 φ = 45 φ = 56.25 φ =67.5 φ = 78.75 φ =90 
5 0.2 0.2 2 6.41 6.3 6.25 5.99 5.59 5.07 4.41 3.67 3.44 
5 0.2 0.4 2 5.58 5.5 5.49 5.3 5.03 4.7 4.35 4.1 4.11 
5 0.2 0.8 2 4.34 4.3 4.35 4.31 4.27 4.24 4.25 4.36 4.31 
5 0.4 0.2 4 7.25 7.16 7.11 6.79 6.32 5.73 5.02 4.24 3.96 
5 0.6 0.2 6 8.82 8.78 8.59 8.26 7.53 6.77 5.95 5.12 4.95 

10 0.2 0.2 1 11.92 11.8 11.7 11.16 10.4 9.4 8.15 6.76 6.21 
10 0.4 0.2 2 13.89 13.61 13.46 12.8 11.9 10.75 9.36 7.79 7.38 
20 0.2 0.2 0.5 22.9 22.71 22.46 21.41 19.89 17.92 15.48 12.88 11.72 
20 0.4 0.2 1 26.87 26.59 26.28 24.96 23.14 20.83 18.06 15.04 13.94 

Table 3: SIF Values for Finite Axial External Surface Crack in a Cylinder 

R/t a/t a/c a φ = 0 φ = 11.25 φ =22.5 φ = 33.75 φ = 45 φ = 56.25 φ =67.5 φ = 78.75 φ =90 
5 0.2 0.2 2 4.76 4.67 4.61 4.37 4.03 3.61 3.09 2.53 2.35 
5 0.2 0.4 2 4.12 4.06 4.03 3.87 3.64 3.37 3.09 2.88 2.86 
5 0.2 0.8 2 3.16 3.13 3.15 3.11 3.07 3.03 3.02 3.00 3.03 
5 0.4 0.4 4 4.78 4.69 4.65 4.46 4.19 3.88 3.56 3.34 3.21 
5 0.6 0.2 6 8.18 8.05 7.82 7.19 6.38 5.52 4.59 3.72 3.38 

10 0.2 0.2 1 10.32 10.20 10.08 9.58 8.87 7.96 6.84 5.63 5.15 
10 0.4 0.2 2 12.88 12.69 12.39 11.64 10.66 9.49 8.09 6.65 6.21 
20 0.2 0.2 0.5 21.36 21.17 20.86 19.82 18.29 16.18 12.83 10.55 7.96 
20 0.4 0.2 1 26.25 25.90 25.51 24.07 22.14 19.76 16.98 14.02 12.93 

 

 

Fig. 4: Variation of SIF for Crack Geometry  
of Finite Axial Embedded Crack in Cylinder 

In plates, SIF is maximum at certain value of a/c i.e. for a 
definite elliptical crack the value of SIF has found as 
maximum. Also, when plotted against a/t ratio shows that, 

there is in general, an increase in SIF value with increase in 
a/t ratio except for circular crack. The value of SIF increases 
tremendously once a threshold value or certain thickness in 
plate is covered by the crack. The value of SIF for embedded 
cracks is low compared to others cracks in plates with same 
value of pressure applied to it. The eccentricity of crack has 
little effect on value of SIF. Further, the circular cracks show 
a deviation in SIF patterns as shown by elliptical cracks 
(Figure 5). 
 

 

Fig. 5: Variation of SIF with a/c at Diff a/t Ratio  
in Semi Elliptical Surface Crack of a Plate 
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Conclusion 
The SIF value that was obtained for different geometry at 
various points of the crack emerges with some conclusive 
findings which are listed as: 
 Stress intensity factor increases linearly as load 

increases at constant length/width ratio.  
 Stress intensity factor is independent of Length/width 

ratio. 
 Stress intensity factor decreases with increase in angle φ 

as well as a/c ratio. 
 SIF increases with increase in R/t ratio.  
 The difference in KI for varying a/c increases with 

increase in R/t except for circumferential cracks in 
cylinder. 

 Difference in KI for varying a/c increases with increase 
in a/t ratio. 

 Embedded crack has lower SIF value than that of 
surface cracks except for circumferential cracks in 
cylinder where there is hardly any change. 

 Value of SIF for circumferential cracks is less than that 
of axial cracks in cylinder. 

 Distribution pattern of SIF is same in embedded cracks 
though the parameters effecting its value changes. 
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Design and Fabrication of Industrial Robot  
for the Automotive Industry 

E. Bhaskaran1 

Abstract: The Industrial Robot named “MECHRO” designed to pick and place objects of maximum one kg and 
used in the Automotive and Electronics Industry. Its main function is to pick the objects, lift it, move to a distance, 
orient it and then place the objects. This robot is provided with four degrees of freedom out of which one is the 
linear movement of the gripper and remaining three are rotary motions. The type of configuration used is the 
“SCARA CONFIGURATION” which is a combination of cylindrical configuration and revolute configuration 

operating in horizontal plane. The drive system incorporated is “The electrical drive system”. This is accomplished 

by making use of stepper motors one for each axis. The distinct parts of “Mechro” are the upper arm, lower arm, 

the gripper and base. The arms are made of Aluminum and its houses the drive system consisting of motors, 
sprockets, chains and gears. The gripper is also made of Aluminum. Mild steel screw shaft at the end of the lower 
arm provides the linear movement of the gripper. The Base of ‘Robot’ is made of a heavy material whose main 

function is to support whole unit in stable condition during operation. Stepper motors have been chosen to avoid 
feedback, reduce cost, and make the control system less complicated. The stepper motors were controlled through a 
computer. This facilities the programmer to write the control programme in any convenient language. On 
completion of Fabrication the experimental robot was assembled and tested for working. The motors were run and 
tested for the specified speed. The Gripper assembly was tested and the following results were inferred. The Gripper 
opening and closing was found to be 0–35 mm. The roll of the Gripper was 360°. For every revolution of the gripper 
the M-12 screw advanced by 1.7 mm (pitch) giving the vertical linear movement of the gripper. Next the rotations at 
the axes were examined and the rotation of the elbow axis was found to be equal to 255° and at the shoulder axis 
360° rotation was obtained. The gripper was found to grip a load of 1 kg. The robot is command to move 20 inches 
and the actual move is measured and found to be 19.99 inches. The error is ± 0.01 inch and can be represented as 
an accuracy error of 0.05% less than the commanded distance. 

Keywords: Automotive Industrial Robot; SCARA Configuration; Four Degree of Freedom. 
 
Introduction 

obot may be defined as a computer-controlled re-
programmable mechanical manipulator with several 

degrees of freedom capable of being programmed to carry 
out one or more industrial tasks [1]. 

Technical Survey 
Chronology of development related to robotics technology, 
including significant robot applications are available from 
1700 onwards till today [2].  

It is for all the above said reasons;Researcher has selected 
this topic “INDUSTRIAL ROBOT” for research work to 

focus towards the Design, Fabrication and control of the 
Experimental Robot. 

SCARA Coordinated Robots 
The term SCARA robot (Selective Compliance Assembly 
Robot Arm) also has two revolute joints and one prismatic 
joint to position the wrist. However a SCARA robot the axes 
of all three joints are vertical. The first revolute joint swings 
the arm back and forth about a base axis that can also be 
thought of as a vertical shoulder axis. The second revolute 
joint swings the forearm back and forth about a vertical 
elbow axis. Thus the two revolute joints control motion in a 
horizontal plane. The vertical component of the motion is 
provided by the third joint, a prismatic joint which slides the 
wrist up and down. The shape of a horizontal cross section of 
the work envelope of SCARA robot can be quite complex, 
depending upon the limits on the ranges of travel for the first 
two axes [3]. In SCARA manipulator, a jointed arm and 

R 

31st Indian Engineering Congress, Kolkata, 2016 
The Institution of Engineers (India) 
Theme: SMART Technologies for Natural Resource Conservation and Sustainable 
Development 



 
 SMART Technologies for Natural Resource Conservation and Sustainable Development 

210 

cylindrical configurations are combined resulting in revolute 
motions confined to horizontal plane. This configuration 
provides substantial rigidity for the robot in the vertical 
direction, but has compliance in the horizontal plane. This 
makes it ideal for many assembly tasks [4]. Advantages are 
extremely good manoeuvrability and access within its 
programmable area. SCARA robot is fast operation; high 
accuracy; relatively high payload capacity. 

Classification based on power system employed is Robot 
Power Systems; Electric Motors; Hydraulic Systems and 
Pneumatic Systems. Classification based on application on 
which the robots are employed is welding robots; Spray 
Painting Robot; Assembly Robot and Handling Robots. A 
SCARA robot is very suitable for assembly operations and is 
therefore extensively used in several industries for this 
purpose [5]. 

Objective of the Study 
The objective of the study is to do the Experimental Robot 
which was designed for the SCARA configuration for the 
following reasons like it is a combination of revolute and 
cylindrical configuration; it provides a larger work volume 
and this is more suitable for assembly type operations. 
Assembly tasks predominantly require movement in the 
horizontal plane coupled with simple vertical movement for 
picking, placing and insertion operations. 

Description of “Mechro” 
This Robot is experimental Robot named ‘MECHRO” 

designed to pick and place objects within its reach. Its main 
function is to pick the objects, lift it, move to a distance, 
orient it and then place the objects. This robot is provided 
with four degrees of freedom out of which one is the linear 
movement of the gripper and remaining three are rotary 
motions. The type of configuration used is the “SCARA 

CONFIGURATION” which is a combination of cylindrical 

configuration and revolute configuration operating in 
horizontal plane. The drive system incorporated is “The 

electrical drive system”. This is accomplished by making use 

of stepper motors one for each axis. The distinct parts of 
“Mechro” are the upper arm, lower arm, the gripper and 
base. The arms are made of Aluminium and its houses the 
drive system consisting of motors, sprockets, chains and 
gears. The gripper is also made of Aluminium. Mild steel 
screw shaft at the end of the lower arm provides the linear 
movement of the gripper. The Base of ‘Robot’ is made of a 

heavy material whose main function is to support whole unit 
in stable condition during operation. Stepper motors  
have been chosen to avoid feedback, reduce cost, and  
make the control system less complicated. The stepper 
motors were controlled through a computer. This facilities 

the programmer to write the control programme in any 
convenient language. 

Design of ‘Mechro’ 
The Experimental Robot “Mechro” was provided with four 

degrees of freedom. 1. Rotation of the upper arm about the 
shoulder axis, 2. Rotation of the fore arm about the elbow 
axis. 3. Vertical linear movement of the gripper. 4. Roll of 
the gripper about a vertical axis is the four degrees of 
freedom.  

The upper and lower arms are made of a pair of parallel 
Aluminium plates connected with support rods as it was 
decided to design an open construction, so that all the 
mechanisms will be clearly visible. This will enable future 
students to study them and make further improvements to 
increase the efficiency. The various elements to be designed 
are: 1) The Gripper, 2) Fore arm, 3) Upper arm and 4) Base. 

The Gripper 
In almost all the robots, a major proportion of the load 
carrying capacity of the robot arm is taken by the gripper’s 

self-weight. In the present design, care is taken to minimize 
the weight of the gripper and hence a kinematic system was 
designed. Gripper was designed for a capacity of 1 kg and 
for an opening range of 0–25 mm. 

To grip this load each jaw should generate a force ‘F’ equal 

to 1/4µ kgf.  
= Coefficient of friction of gripping face. Lining the gripping 
face with rubber = 0.3 

F = 0.833 kgf. 

Gripper Link 
Using basic kinematic principles of the Links were dimens- 
ioned to achieve a maximum opening of 25 mm as shown in 
Figure 2 and Figure 3. 

Force required at the draw link of the finger = 1 × 7.4/3  
= 2.46 kg. 

Force required along the draw link ‘x’ = 2.46/cos 50°  
= 3.83 kg. 

Axial force required at the nut ‘L’ = 3.83/cos 40° = 4.99 kg. 

Load on the nut for two fingers = 2 × 4.99 = 10 kg. 

Gripper Actuation 
An M-bolt with brass nut was used to actuate the gripper. 

The torque required to turn the gripper actuation screw, 
T = W.r. [tan (α + φ)] 
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W - load on the nut = 10 kg. 
  r - radius at which the force is acting = 4 mm. 
  α - helix angle = 3.08° for M-8 
  φ - Friction angle for a combination of mild steel and brass 
  = 29.68° 

Torque required for actuating the gripper T = w.r [tan (α + 

φ)] = 2.57 kg.cm. 

Taking into consideration the torque required to overcome 
inertia and other losses due to friction, the net torque required 
for this actuation = 3 kg cm. 

Gripper Linear Movement 
 
The linear vertical movement of the gripper to lift the objects 
was obtained by using a M-12 screw with a brass nut. 

Total load on the vertical screw shaft ‘W’ = Weight of gripper 
assembly + weight of motor for gripper actuation = 2.5 kg. 

Torque required to rotate the nut for raising or lowering the 
gripper assembly, 

T = W.r. [tan (α + φ)] = 1.08 kg cm. 
  r - radius of the screw = 6 mm 
  α - helix angle of M-12 = 6.2 
  φ - Friction angle for a combination of mild steel and brass  
  = 29.68° 

Torque required to rotate the nut = W.r. [tan (α + φ)]  
 = 1.08 kg cm. 

Torque to be overcome due to collar friction = µW (R + r)/2 
µ  - coefficient of friction = 0.3 
w - load on the nut = 2.5 kg 
R - Outer radius of the collar = 24/2 mm 
r - Internal radius of the collar = 12/2 mm 

Torque to be overcome = 0.3 × 2.5 (24 + 12)/2  
 = 1.35 kg.cm. 

Total torque required for the gripper movement vertically  
= 1.08 + 1.35 = 2.43 kg cm. 

To provide a roll to the gripper we are providing a key way 
in the Screw Shaft and corresponding key in a brass collar. 

Design of Arm Plates 
The arm was assumed to be a cantilever with two parallel 
plates. 

Lower Arm 
Load at the end of the lower arm = weight of the gripper 
assembly + weight of motor + self-weight of M-12 Screw + 
weight of sprockets, collars = 3.5 kg. 

Maximum Bending moment of each plate ‘M’ = 41.5 kg cm. 

The required minimum thickness of the plate was found 
using the relation.  

M/Z = fs 

fs - Allowable shear stress for Al = 525 kg/cm2 

A factor of safety of 1.6 was taken. 

fs =  
𝑀

𝑍
 

Z = bd2/6 b = 60 mm 
41.5/6/6 × d2 = 525/1.6, d = 3.5 mm 

Since this Robot is an experimental open structured robot in 
order to accommodate the bearings, gears and chain sprockets 
a plate width of 60 mm was selected. 

Upper Arm 
Considering the loads on the upper arm, the maximum 
Bending moment on each plate of the arm ‘M’ = 82 kg cm. 
The Thickness of plate was taken as, 4 mm. Available 
standard sizes in the market are 5 mm and so 5 mm thick 
plates were used. 

Shaft Design 

Shoulder Shaft 
Loads acting on the shaft are: 

Maximum moment = 7 × 20 + 1.3 × 10 + 6.5 × 20  
= 283 kg cm. 

The shaft diameter was obtained using the relation, 
𝜋

16
× 𝑓𝑠 × 𝑑3  =  𝑀

𝜋

16
×

520

2
× 𝑑3  =  √12 + 982 

d = 1.3 

The diameter of the shaft = 1.3 cm. 

Elbow Shaft 
Maximum moment ‘M’ = 104 kg.cm 
The torque on the shaft ‘T’ = 2 kg cm. 

The shaft diameter was found using the relation, 
𝜋

16
× 𝑓𝑠 × 𝑑3  =  √𝑀2 + 𝑇2 

𝜋

16
× 525 × 𝑑3  =  √1042 + 22 

The diameter’s’ = 1 cm. 

Since there is radial as well as axial load on the bearings, it 
should be of a deep groove type. But, as the smallest deep 
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groove ball bearing available is 15 mm inner diameter, both 
the shafts are designed to suit the bearings. 

Table 1: Torque and Gear Reduction of Axes 

Axes Torque (kg cm) Gear Reduction 

Gripper rolling 4 1:2 
Gripper linear movement 4 1:2.9 
Elbow 4 1:2 
Shoulder 4 1:8 

 Source: Experimental Data. 

Gears: Gear Specifications are given in Table 1. 

Gear I 
Module ‘m’ = 1.25 mm 
Centre distance ‘a’ = 70 mm 
Total number of teeth ‘z’ = 112 
Face Width = 10 mm. 

Gear II 
Module = 1.25 mm 
Face Width = 10 mm 
Centre distance = 90 mm 
Total number of teeth = 144. 

Checking Face Width for Load 

σb = 𝑖+1 [𝑀𝑡]

𝑎.𝑚.𝑏.𝑦
 

 i - reduction ratio = 2 
y - Lewis Form Factor  

σb = 71 kg/cm2 which is less than 360 kg/cm2 for Nylon. 

Base: The researcher has designed a trapezoidal base 
weighing 12 kg to counter balance the whole unit and to give 
stability. 

Control Systems 
Computers play an important role in control systems. The 
main objective of using computer in control is to replace as 
much of the conventional hardware with software and to 
simply existing hardware. 

Micro Computer 
The microcomputer used is PC. 

Hardware Details 
 1. System unit 
 2. Disk drives 

 3. Display 
 4. Keyboard 
 5. Other peripherals. 

System Unit 
This is the Heart and Brain of the PC as shown in Figure 1. 

 

 
Fig. 1: Representation of PC System Unit 

The microprocessor 8088 can be efficiently used to give a 
sequence of pulses to rotate the stepper motors either clock- 
wise or counter clockwise direction. So, the micro-processor 
generates two inputs (i) the pulses which cause phase excita- 
tion (ii) a direction signal which determines the sequence of 
excited phases and therefore the direction of rotation of 
stepper motor. By mechanical design, we made these 
rotations to move the various parts of the robot to pick and 
place the object. However to get proper speed we have to 
introduce delay between any two pulses. During this delay 
the microprocessor simply wastes time doing no useful work. 

Micro Computer Interfacing 
Any microprocessor based system design involves 
interfacing of the processor with one or more peripheral 
devices for the purpose of communication with the 
environment one such single device is PPI 8255. 

In this system, IBMPC/XT AT are used. Compatible 
digital/output add on card. This has 4 numbers of 8255 
residing on it. 8255 is a flexible interface chip for parallel 
input/output devices such as displays and other equipment. 

Each 8255 IC consists of three parts of 8 bit PA, PB and PC 
port. The PC port may also be used as two half ports of 4 
bits, PC upper (PC 4–7) and PC lower (PC 0–3). Each of 
these ports and half ports can be configured as an input as an 
output port by a software control. 

Data is transferred between Micro processor and PPI on 
(D0–D1) data lines. RD and WR signals are used for 
indicating to the 8255 whether a read or write operation is 
being performed. Before doing this the 8255 chip must be 
selected using CS (Chip Select) input. 

Power amplification is necessary to excite the motor coils 
from the digital logic level signals. So, an interface circuit is 
needed between the motor and ½ microcomputer port. This 
can be provided by a Darlington pair which has high current 
gain. 
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A, B, C, D 4 line of output port of 8255 (PAo-PA3) 

Red, Orange, Blue, Green Leads of Stepper Motor for Phase 
1 and Phase 2 winding. 

White Supply (from the power supply circuit). 

Power Supply 
This unit needs a voltage +12V dc to actuate the stepper 
motor. Therefore the 240 ac supply is first stepped down to 
(0–15V) by a transformer and then passed through a bridge 
rectifier, where we get rectified D.C. voltage. Furthermore it 
is filtered and +12 dc is obtained which is now fed to the 
stepper motor. Since this is an open loop system, there is 
always a possibility of error in it. This can be improved by 
having feedback. Improvisation can be done by having 
vision, and tactile sensors.  

Further Developments that can be Made  
in the Robot 
This experimental robot which is of SCARA configuration is 
mainly intended for assembly operations. Especially in 
Automotive and Electronics Industries were the parts to be 
handled are minute and delicate handling becomes easier. 
For any future developments our robot is flexible to take up 
the modifications. Welding: By inserting a welding head it 
can perform operations like spot welding, fusion welding. By 
replacing the welding head by a cutting torchy it is also 
possible to achieve flame cutting under robot control path 
control is required for the purpose. The gripper can also be 
replaced by a magnetic gripper. The single gripper can be 
replaced by multi grippers and it is used where the task is 
short in relation to the end effector change time. This design 
incorporates a number of grippers, tools or sensors within a 
single end effector. They are provided on a rotatable turret 
which can be indexed to bring any individual element into 
position. 

Testing 
On completion of Fabrication the experimental robot was 
assembled and tested for working. The motors were run and 
tested for the specified speed. The Gripper assembly was 
tested and the following results were inferred. The Gripper 
opening and closing was found to be 0–35 mm. 

The roll of the Gripper was 360°. For every revolution of the 
gripper the M-12 screw advanced by 1.7 mm (pitch) giving 
the vertical linear movement of the gripper. Next the 
rotations at the axes were examined and the rotation of the 
elbow axis was found to be equal to 255° and at the shoulder 
axis 360° rotation was obtained. The gripper was found to 
grip a load of 1 kg as shown in Figures 2, 3 and 4 where the 
robot is carrying a calculator. 

 
Fig. 2: Front View of the Mechro 

 
Fig. 3: Top View of the Mechro 

 
Fig. 4: Mechro Holding a Calculator 

Conclusion  
Accuracy is the difference between the measured value and 
the command value of a specified position in the robot’s 

work space. Position accuracy is measurable by making a 
series of measurements of the difference between the actual 
position and desired position of the manipulator. Assume the 
robot is command to move 20 inches and the actual move is 
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measured and found to be 19.99 inches. The error is ± 0.01 
inch and can be represented as an accuracy error of 0.05% 
less than the commanded distance. Repeatability is a 
measure of the spread of positions in a series of attempts to 
position the manipulator at a fixed location. Good 
repeatability is the ability to repeat the same position several 
times within a specified tolerance. Repeatability is a more 
important consideration than accuracy. Both short-term and 
long-term repeatability exist. Long-term repeatability is of 
concern for robot applications requiring is of concern for 
robot applications requiring the same identical task to be 
performed over several months. Over a long time period, the 
effect of component wear and aging on repeatability must be 
considered. For many applications where the robot is 
frequently reprogrammed for new tasks, only short-term 
repeatability is important. To conclude the designed and 
fabricated robot was tested and found that the payload 
capacity is maximum of 1 kg for example as per Fig. 14 the 
MECHRO is carrying a calculator. Hence this robot will 
carry a payload of maximum 1 kg for the light automotive 
components up to maximum of 1 kg and for electronic 
component assembly industry up to 1kg unless like the 
commercially SCARA robot available in the market e.g., 
KUKA, EPSON, DENSO, TOSHIBA, MTAB INDIA etc. 

The novelty of this robot is low cost where the stepper motor 
is used for the applications of high accuracy and repeatability 
with slower speed. The robot is designed with a trapezoidal 
base weighing 12 kg to counter balance the whole unit and to 
give stability. The payload to weight ratio and power to 
payload ratio is high like other robots. This robot withstands 
vibration ensuring structural buckling and payload stability is 
also high. The motion of two jaws is only linear and will 
open upto 35 mm. 
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Surface Roughness and Tool Wear Optimization in Hard 
Turning Using Taguchi Based Utility Concept during 

Comparative Assessment of Inserts 

K. Venkata Subbaiah1, Ch. Suresh1 and Ch. Raju2 

Abstract: The present experimental analysis aims to compare the conventional cutting inserts with wiper cutting 
inserts during the hard turning of AISI 4340 steel and estimating the optimum machining parameters using Taguchi 
based utility concept. Type of insert, hardness, cutting speed, feed, and depth of cut are taken as process 
parameters. Taguchi's L18 orthogonal array was used to conduct the experimental tests. Parametric analysis 
carried in order to know the influence of each process parameter on the three important Surface Roughness and tool 
wear. Taguchi based utility concept used to optimize the process parameters for individual response and multi-
response outputs. Finally ANOVA concept is employed on multi SN ratio to find out the relative significance of 
machining parameter in terms of their percentage contribution. 

Keywords: Hard Turning, AISI 4340 Steel, Surface Roughness, Too Wear, Wiper Ceramic Insert, Utility Concept.  
 
Introduction 

resent manufacturing industries ultimate aim is to 
produce high quality products at low cost to stand in 

highly competitive manufacturing industries. Hard turning is 
becoming the prime option for steels to turn at hard state (45-
65) as it has several benefits over conventional turning 
methods of machining and grinding. It reduces the 
machining time about 60% of conventional hard turning 
time, even at a lower depth of cuts and feed rates [1]. 

Surface roughness characteristics are important to the 
functionality of machined components; hence due to the 
understanding the surface generation mechanisms the 
manufacturing industries are able to improve the durability 
of their machined components. Tool wear is also prime 
machining parameter as it directly related to manufacturing 
cost and surface to be generated. As a result, a large number 
of investigations have been conducted to determine the effect 
of parameters such as feed rate, tool nose radius, cutting 
speed, and depth of cut on machining parameter. Kopac et al. 
[2] state that, an increase in cutting speed results smoother 
surface with ceramic inserts. Noordin et al. [3] find the feed 
was the most significant factor for surface roughness, while 
hard turning of AISI 1045 steel bars with coated carbide. 
Thamizhmanii et al. [4] confirm that the depth of cut is the 
important parameter and cutting speed had less influence on 

surface roughness. Boucha et al. [5] conduct an experimental 
study with the CBN tool in the view of tool wear and cutting 
forces at various levels work piece hardness and cutting 
speeds. Ohtani and Yokagawa [6] stated that the main wear 
mechanism of CBN and ceramic tools is due to abrasion. 

Optimization of process parameters is an essential criterion 
during the manufacturing to acquire high quality. Generally, 
the Taguchi method is the best option for optimize process 
parameters to achieve high quality [7, 8]. However, an 
application of Taguchi is limited to the optimization of a 
single performance characteristic [9]. In the present 
investigation, a multi characteristics optimization model 
based on Taguchi based utility concept has been used for 
multi response optimisation.  

Experimental Setup 
Work Piece Material 
The work piece material was AISI 4340 steel as round bars 
of 30 mm diameter and an axial length of 150 mm. The 
synthesis of material is 0.38% C, 0.228% Si, 0.609% Mn, 
0.95% Cr, 1.5% Ni, 0.22% S, 0.226% Mo and 0.026% P. 
AISI 4340 harden steel has numerous applications in 
automobile industry such as parts like axles, gears, 
camshafts, driving pinion, link parts, etc. The work piece 
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shown in Figure 1 of AISI 4340 steel was firstly hardened 
took after by oil quenched to attain a hardness of 50 HRC 
[10, 11]. A rough turning pass was directed at first to 
eliminate the run out of the work piece, after that diameter 
obtained for experimentation is roughly 25 mm. 

 

 
Fig. 1: Workpiecies at Different Hardness 

Experimental and Measurement Apparatus  
The hard turning of the work piece in dry turning conditions 
was directed on A high-speed precision CNC Lathe (shown 
in fig 2), Jobber XL Make, Model NH 22 having following 
specifications: Maximum Power: 7.5 HP, Spindle speed: 
5000 RPM. The cutting insert used is wiper ceramic inserts 
mixed ceramic designation of GC6050 WH. The nose radius 
is constant 0.8 mm supplied by the manufacturer. The cutting 
inserts were clamped on the tool holder (make: Sandvik 
coromat, model: PCLN L 2525 M12). The surface roughness 
of the turned examples was measured with Mitutoyo make 
surface roughness analyzer shown in figure 3, with a cut-off 
length of 0.8 mm over three sampling lengths. The average 
value of surface roughness was utilized to measure the 
roughness accomplished on machined surfaces. The width of 
tool flank wear (Vb) was measured by using a Nikon optical 
microscope which is connected to a digital camera and 
computer. 

 

 
Fig. 2: CNC Jobber XL Lathe 

 
Fig. 3: Mitutoyo Surface Tester 

Methodology 

Taguchi Method 
The Taguchi method is a commonly adopted approach for 
optimizing design parameters by the application of statistical 
and engineering concepts. An OA is a small set from all 
possibilities which helps to determine least no. of experi- 
ments. To obtain optimum process parameters setting, 
Taguchi proposed a statistical measure of performance called 
signal to noise ratio. In addition to S/N ratio, ANOVA is 
used to indicate the influence of process parameters on 
performance measures. Taguchi’s L18 Orthogonal Array 

(OA) is chosen as the experimental design in the present 
research as mixed levels were presented in the selected 
process parameters. Table 1 presents the selected levels of 
cutting speed, feed, and depth of cut levels were preferred 
within the intervals prescribed by cutting tool’s manu- 
facturer. Table 2 presents the L18 OA corresponding 
responses of Ra and Vb. 

Table 1: Process Parameters and Ranges 

Parameter  
Levels 

1 2 3 

Insert (I) con wiper - 

Hardness (H) 45 50 55 

Cutting Speed (Vc) 140 180 220 

Feed (f) 0.1 0.2 0.3 

Depth of cut (Ap) 0.1 0.2 0.3 
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Table 2: Experimental Results  

Sl. 
No. I H 

(HRC) 
Vc, 

m/min 
F, 

mm/rev 
Ap, 
mm 

Ra, 
µm 

Vb,  
µm 

1 CON 45 140 0.1 0.1 1.06 35 
2 CON 45 180 0.2 0.2 1.07 55 
3 CON 45 220 0.3 0.3 1.38 85 
4 CON 50 140 0.1 0.2 1.26 40 
5 CON 50 180 0.2 0.3 1.44 70 
6 CON 50 220 0.3 0.1 1.59 60 
7 CON 55 140 0.2 0.1 1.43 65 
8 CON 55 180 0.3 0.2 1.58 58 
9 CON 55 220 0.1 0.3 1.38 90 
10 WIPER 45 140 0.3 0.3 0.54 50 
11 WIPER 45 180 0.1 0.1 0.54 34 
12 WIPER 45 220 0.2 0.2 0.51 60 
13 WIPER 50 140 0.2 0.3 0.57 50 
14 WIPER 50 180 0.3 0.1 0.61 44 
15 WIPER 50 220 0.1 0.2 0.30 40 
16 WIPER 55 140 0.3 0.2 0.67 50 
17 WIPER 55 180 0.1 0.3 0.62 70 
18 WIPER 55 220 0.2 0.1 0.69 75 

Utility Concept 
Quality is the important attribute, which is used to evaluate 
product by customers. This quality is controlled and 
improved for their products more acceptable by customers. 
In other view based on number of dissimilar objective 
customers evaluated a product performance. A composite 
index is achieved by combination of various evaluated 
attributes for improving the rational decision making. This 
composite index is known as utility of a product. The 
summation of utilities of each objective indicates the overall 
utility of a product. 

According to the utility theory Xi is the measure of 
effectiveness of an attribute (or quality characteristics) i and 
there are n attributes evaluating the outcome space, then the 
joint utility function can be expressed as: 

 … (1) 
Here, Ui (Xi) is the utility of the ith attribute. The overall 
utility function is the sum of individual utilities if the 
attributes are independent, and is given as follows: 

 

… (2)

 
The overall utility function after assigning weights to the 
attributes can be expressed as: 

 … (3) 

where, 1 1n
ii W


  and Wi is the weight assigned to the 

attribute i. The sum of the weights for all attributes must be 
equal to 1. The overall utility function is of the “larger-the-
best” type characteristics. When utility function is 
maximized, the objective functions are considered to be 
optimized. 

Results and Discussion 
Analysis of Variance for Single Responses 
ANOVA results from Tables 3 & 4 used to establishing the 
significance of the process parameters on response 
parameters. Statistical significance of any process parameter 
on the response is considered only when its P-value is lower 
than 0.05 [21]. All this analysis is carried at 95% confidence 
level (α = 0.05). 

It is seen in Table 3 that the process parameters Insert, H, 
and F are significant sources on average Ra, as their P-value 
is less than 0.05. Type of insert is the most significant factor 
on Ra as its F-value is 210. From Figure 2, Main effects plot 
of data means reveals that wiper insert produces fine surface 
finish compared to the conventional inserts. It is also 
confirmed from the Table 3 and Figure 4, both H and F 
shows only moderate influence on Ra. However, cutting 
speed and depth of cut does not show any statistical 
significance on Ra as their F-values are 0.44 and 1.16, the 
same is also confirmed from the Figure 6 as they produce 
almost horizontal lines on main effect plots of Ra.  

Table 3: Analysis of Variance for Ra 

Source DF Seq SS F P %C 
INSERT 1 2.82665 210.59 0 87.40 
H 2 0.13582 5.06 0.038 4.20 
Vc 2 0.01173 0.44 0.661 0.36 
F 2 0.1218 4.54 0.048 3.77 
Ap 2 0.03121 1.16 0.36 0.97 
Error 8 0.10738   3.32 
Total 17   3.23458    

 

ANOVA results for the Vb presented in Table 4 shows H, Vc 
and Ap are the most significant factors on Vb, as their P-value 
is less than 0.05 and their F-values are 22, 26 and 37 
respectively. Figure 5 shows main effects plot of data means 
for Vb, it is observed that wiper insert shows good 
performance over conventional ones and higher feed rates 
reported with higher levels of H, Vc and Ap. However, feed 
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Table 5: Utility Data Based on Response Characteristics 
S. No. USR UTW U overall 

1 2.19 8.73 2.73 
2 2.14 4.55 1.67 
3 0.76 0.53 0.32 
4 1.24 7.49 2.18 
5 0.55 2.32 0.72 
6 0.00 3.75 0.94 
7 0.58 3.01 0.90 
8 0.02 4.06 1.02 
9 0.75 0.00 0.19 
10 5.83 5.43 2.81 
11 5.79 9.00 3.70 
12 6.10 3.75 2.46 
13 5.50 5.43 2.73 
14 5.20 6.61 2.95 
15 9.06 7.49 4.14 
16 4.63 5.43 2.52 
17 5.05 2.32 1.84 
18 4.48 1.68 1.54 

 

ANOVA results for the overall utility presented in Table 6 
shows all process parameters are significant factors as their 
P-value is less than 0.05. Type of insert used for the hard 
turning is the most influencing parameter for this model and 
its F-value is 85. The contribution of type of insert is 50% on 
the overall utility model and hardened is also shows its 
contribution for this multi response parameter. 

Table 6: Analysis of Variance for Utility 
Source DF Seq SS F P %C 

INSERT 1 10.9329 85.16 0 49.77 
H 2 3.5743 13.92 0.002 16.27 
Vc 2 1.5355 5.98 0.026 6.99 
F 2 2.2596 8.8 0.01 10.29 

Ap 2 2.6381 10.27 0.006 12.01 
Error 8 1.0271   4.68 
Total 17   21.9675    
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Conclusion 
 Type of insert is the most significant factor on surface 

roughness (Ra) and hardness and feed show moderate 
influence only. 

 Depth of cut is the most significant factor on tool wear 
(Vb) and hardness and feed show moderate influence 
only. 

 ANOVA results of overall utility, for multi-response 
optimization, Type of insert, is most significant 
controlled factor followed by Hardness. 

 Hard turning with wiper inserts provides lower values 
surface roughness which is comparable with the 
grinding, i.e. Ra = 0.30 µm. 

 Main effect plots confirms that wiper inserts shows their 
overall superiority over conventional one in both surface 
roughness and tool wear. 

 The present work may be extended to study the 
influence of wiper inserts and hardness on other 
responses like tool wear, tool life and cutting forces, etc. 
under different cutting environments. 
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Multi Response Optimization of the Performance Characteristics 
in Stir Casting Process for Fabrication of Red Mud Based 

Aluminium Metal Matrix Composite 

Amit Sharma*1, R.M. Belokar2 and Sanjeev Kumar3 

Abstract: The aim of this paper is to experimentally investigate the stir casting process parameters for producing 
good quality casting. Taguchi’s orthogonal array is used for experimental design. Stir casting process is used for 
fabricating the MMC under the influence of inert gas. Three process parameters i.e. reinforcement percentage, 
grain size and blade angle are varied to study their effect on the response variable i.e. tensile strength and micro 
hardness. The experimental results are evaluated by using the hybrid GRA coupled PCA methodology and the 
optimum conditions are found by using the Taguchi method. ANOVA is applied to evaluate the contribution of 
design factors on the response variables and the results reveal that the tensile strength and micro hardness are 
strongly influenced by the reinforcement percentage followed by the grain size and blade angle. Micro structural 
characterization of the MMC is carried out to verify the effect of the process parameters on the quality 
characteristics of the developed MMC. EDS, XRD test results confirms the presence of red mud particles in the 
developed MMC. Optimal settings provided by the hybrid optimization methodology resulted in improving the 
quality of the MMC.  

Keywords: GRA, PCA, Taguchi, Al2024, Red Mud. 
 
Introduction 

luminium metal matrix composites are extensively used 
in defence, aerospace and automotive industry owing to 

their enhanced properties in terms of high strength to weight 
ratio, hardness, stiffness and ductility [1]. The properties of 
the composite can be tailored made depending on the 
reinforcement used [2]. The most commonly used reinforce- 
ment materials are SiC, Al2O3, and B4C [3–5]. Several 
researchers have investigated the effect of different type of 
reinforcements on the mechanical properties of the 
composite and it has been observed that the mechanical 
properties of the composite increases with the increase in 
reinforcement percentage [6–8]. There are several techniques 
available for the production of aluminium MMC out of 
which stir casting is the most economical one [9–10].  

Taguchi method is vastly used by researcher all around the 
world for optimization problems. Ficici et al. used Taguchi 
method to optimize the weight loss of brake pad in 
automotive brake system. Author reported that volume 
fraction and pressure were the two main controlling 

parameters that have a very strong effect on the wear of 
brake pad. The optimal condition was found to be volume 
fraction (20%), pressure (0.5 bar), sliding distance (2 km) 
and sliding speed (7 m/s). Confirmatory test was conducted 
using the optimal settings and a good agreement was found 
between the predicted and actual weight loss [11]. Vankanti 
et al. used Taguchi method to optimize the process 
parameters in drilling of glass fiber reinforced polymer 
(GFRP) composite. The optimum condition for thrust was 
found to be speed (500 rpm), feed rate (0.04 mm/rev),  
point angle (90O) and chisel edge width (0.8 mm) whereas 
for torque it was found to be speed (500 rpm), feed rate  
(0.06 mm/rev), point angle (95o) and chisel edge width  
(1.6 mm) [12]. Geetha et al. carried out optimization of 
tensile characteristics of Al356 alloy reinforced with red 
mud composite. Temperature was found to be the most 
significant factor followed by weight percentage and ageing 
time. Validation of the optimal condition was carried out 
with confirmatory test [13]. Lin et al. used Taguchi method 
for optimization of the machining parameters in magnetic 
force assisted EDM. Author concluded that S/N ratios 
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correlated with MRR and SR for the optimal combination 
levels are 9.76 and 12.48 dB higher than the initial 
experimental conditions and emphasized that the method was 
successful in optimizing the machining parameters for both 
MRR and SR [14].  

Taguchi method is helpful in optimizing single response but 
there are several cases in which more than one response are 
to be optimized simultaneously. Grey theory has been 
effectively used in optimizing multiple responses. Several 
researchers have used this powerful theory for the analysis of 
multi response optimization problem. Nooral et al. used grey 
relational analysis for simultaneously optimizing the 
machining parameter of drilling Al/SiC MMC. Author 
concluded that the use of grey relational analysis improved 
the performance of the responses in drilling process [15]. 
Ramesh et al. used grey relational analysis for the 
optimization of surface roughness and tool wear in turning of 
magnesium alloy AZ91D. Author concluded that the analysis 
was found effective in minimizing the surface roughness and 
tool flank wear [16]. Narender et al. carried out optimization 
of EDM parameters on machining Al/10%SiCp composite 
using grey relational analysis. Author concluded that the 
analysis resulted in improving the performance of the 
process and was successful in optimizing the multiple 
responses [17]. Varun et al. carried out simultaneous 
optimization of WEDM responses using grey relational 
analysis while machining EN 353. Author concluded that 
GRA was helpful in optimizing the multiple responses and 
the optimal parameter combination were found to be Ton  

(110 µs), Toff (55 µs), IP (11 A), SV (10 V) [18]. Jangra  
et al. used GRA for optimization of multi machining 
characteristics in WEDM of WC/5.3%Co composite and the 
analysis was useful in predicting the optimal conditions. The 
computed grey grade value corresponding to the optimal 
setting was found to be 0.6561 which was greater than the 
highest grade value among the total experiments performed 
which ultimately resulted in better machining characteristics 
[19].  

The main drawback of GRA is the establishment of weighing 
values of the different quality characteristics. This problem 
can be rectified by using principal component analysis 
(PCA). By using this process we can evaluate the weighing 
values of multiple quality characteristics in a systematic way 
and the same can be used to find the respective grey 
relational grades. Adalarasan et al. used PCA to find the 
optimal process parameters in friction welding of 
Al/SiC/Al2O3 composite. Author concluded that the analysis 
significantly improved the S/N ratio and the quality 
characteristics. The joint formed with the optimal settings 
predicted by the methodology showed symmetric flash, good 
matrix reinforcement bonding and minimal voids in fractured 
surface with improved mechanical properties [20]. Puhan  

et al. used PCA with fuzzy inference system for determining 
the optimal settings in non-conventional machining of 
AlSiCp MMC. Author concluded that the optimal settings 
were found out to be discharge current (1 A), pulse-on-time 
(200 µs), duty cycle (85%), flushing pressure (3.92 bar), SiC 
(15%) and mesh size (300) which resulted in optimizing the 
responses MRR, TWR, surface roughness and circularity 
[21]. Rao et al. used PCA for simultaneous optimization of 
correlated multiple responses of wire electric discharge 
machining process for machining SiCp reinforced ZC63 
metal matrix composite. Author concluded that the optimum 
process parameters were found to be particulate size  
(25 µm), SiCp (10%), pulse-on-time (6 µs), pulse-off-time 
(25 µs) and wire tension (1 gm) and the methodology was 
effective in producing the best results [22]. 

In this study Al2024/red mud MMC has been fabricated 
using stir casting process and the results are analysed using 
the hybrid GRA coupled PCA methodology for simultane- 
ously optimizing the stir casting process parameters. Taguchi 
S/N ratio is used to evaluate the S/N ratio of the response 
values using “larger the better’ criterion. Data is normalised 
using the grey analysis which is further processed and grey 
relational coefficients for the individual responses are 
calculated. PCA is used to find the weighing component of 
individual response and using these weights grey relational 
grades are calculated. Taguchi method is applied on the grey 
relational grades which act as a single response to the multi 
response optimization problem and the optimal values levels 
of the process parameters are determined. ANOVA is 
applied on the grey relational grade to find the effect of 
individual process parameter on the response values. In the 
end, confirmatory experiments are performed to validate the 
effectiveness of the GRA coupled PCA methodology.  

Experimental Work 

Fabrication of Al/2024 MMC using Stir Casting Setup 
The MMC was manufactured using two-step stir casting 
technique. Al-2024 aluminium alloy is used as the matrix 
and red mud is used as the reinforcement. The density of  
red mud (3.2 gm/cm3) is closer to that of aluminium  
(2.78 gm/cm3). The reinforcement used for the investigation 
has Fe2O3, TiO2, SiO2 and other elements in small quantity. 
The aluminium alloy was fed into the specially designed and 
developed muffle furnace and was melted at 700ºC. An 
interrupted flow of inert gas (argon) was used from the side 
arm of the muffle furnace to prevent the melt from coming in 
direct contact with atmospheric gases, thereby avoiding 
oxidation at high temperature. The temperature of the 
furnace was lowered to 640 ± 5oC to bring the melt into semi 
solid state and then the preheated red mud particles were 
added into the melt. Stirring was done at 700 rpm with 
particular stirrer blades constantly with an electric stirrer. 
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Small amount of magnesium was added to enhance the 
wettability. Temperature of the melt was again raised to 
700oC and stirring was further continued for five minutes. 
The mixture was then poured to a cylindrical mould and the 
melt was allowed to solidify for half an hour. The same 
procedure was followed to prepare other samples of different 
wt % of red mud ranging from 5% to 15% with grain sizes 
ranging from 90 µ to 250 µ respectively along with different 
type of stirrer blades. Tables 1 and 2 represent the com- 
position of Al2024 and red mud respectively. 

Table 1: Aluminium Alloy 2024 Composition 

Conc. Cu Mg Si Fe Mn Zn Ti Cr Al 
% 4.29 1.29 0.07 0.2 0.54 0.03 0.06 0.01 Rem. 

Table 2: Red Mud Composition 

Conc. Al2O3 Fe2O3 SiO2 TiO2 Na2O CaO LOI 
% 17–19 35–36 7–9 14–16 5–6 3–5 10–12 

Plan of Investigation 
The processing parameters considered for this study are 
given in Table 3. Experimental trials are conducted using 
Orthogonal Array (OA) having three design factors which 
are varied at three levels. Degrees of Freedom (DOF) needed 
for designing the experiment is six. So, L9 OA is selected 
according to the degree of freedom and is used for designing 
the experiment. The experiments are performed according to 
the L9 OA shown in Table 4 and the response values of the 
individual trial are displayed in Table 5. 

Table 3: Process Parameters and Their Corresponding Levels 

Factors Designation Levels (coded) 
–1 0 1 

Reinforcement (%) A 5 10 15 
Grain Size (Microns) B 90 150 250 
Blade Angle (Degree) C 90 120 180 

Table 4: L9 Orthogonal Array 

Run Reinforcement 
(%) 

Grain Size 
(Microns) 

Blade Angle 
(Degree) 

1 1 0 1 
2 1 1 –1 
3 1 –1 0 
4 0 1 0 
5 0 –1 1 
6 –1 0 0 
7 –1 1 1 
8 0 0 –1 
9 –1 –1 –1 

Optimization Steps 

Step 1: Find S/N Ratio 
Taguchi method is one of the most widely used statistical 
tools in the design and analysis of the experiment. It is used 
to optimize the design parameters in a very effective manner 
so as to produce low cost and high quality product [23]. In 
the present investigation, larger the better criterion is 
considered for deriving the S/N ratios. The S/N ratios are 
calculated for the considered response using the formulas 
given below: 

(a) Larger the better 

𝑆𝑁𝐿𝐵 = −10𝑙𝑜𝑔 (
1

𝑛
∑

1

𝑦𝑖
2

𝑛
𝑖=1 ) ... (1) 

Where n is the number of replications & 𝑦𝑖 is the observed 
response value (𝑖 = 1, 2, 3,....., n) 

(b) Smaller the better 

𝑆𝑁𝑆𝐵 = −10𝑙𝑜𝑔 (
1

𝑛
∑ 𝑦𝑖

2𝑛
𝑖=1 ) ... (2) 

(c) Nominal the better 

𝑆𝑁𝑁𝐵 = −10𝑙𝑜𝑔 (
�̅�2

𝑆2
) ... (3) 

Where,�̅� =
1

𝑛
∑ 𝑦𝑖

𝑛
𝑖=1 , 

    𝑆 = √∑
(𝑦𝑖−�̅�)2

𝑛−1

𝑛
𝑖=1  

Step 2: Calculate the Normalized Values of the 
Respective Responses from the S/N Ratio 
Grey relational analysis (GRA) is a technique that measures 
the correlation degree between the factors and is 
characterized by small data requirements and multifactor 
analysis [24]. It involves data pre-processing depending 
upon the criterion to be used. Normalization is a process of 
transforming the input data to acceptable values for further 
processing. It is very important to normalize the original data 
before performing any further analysis of the using the GRA 
process. The normalization is done using the equations given 
below: 

(a) Larger the better 

𝑥𝑖
∗(𝑘) =

𝑦𝑖
0(𝑘)−𝑚𝑖𝑛 𝑦𝑖

0(𝑘)

max 𝑦𝑖
0(𝑘)−min 𝑦𝑖

0(𝑘)
 ... (4) 

(b) Smaller the better 

𝑥𝑖
∗(𝑘) =

max 𝑦𝑖
0(𝑘)− 𝑦𝑖

0(𝑘)

max 𝑦𝑖
0(𝑘)−min 𝑦𝑖

0(𝑘)
 ... (5) 
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(c) Nominal the better 

𝑥𝑖
∗(𝑘) = 1 −

|𝑦𝑖
0(𝑘)− 𝑦0|

max 𝑦𝑖
0(𝑘)−𝑦0 ... (6) 

Where 𝑥𝑖
∗(𝑘) is the normalized values found using the larger 

the better criterion, max𝑦𝑖
0(𝑘) is the highest value of 𝑦𝑖

0(𝑘), 
min𝑦𝑖

0(𝑘) is the lowest value of 𝑦𝑖
0(𝑘) and 𝑦0 is the desired 

value. 

Step 3: Derive the Grey Relational Co-efficient 
Further, a grey relational coefficient is derived from the 
normalized values of tensile strength and hardness using the 
equation given below:  

𝜉𝑖(𝑘) =
∆𝑚𝑖𝑛+𝜁∆𝑚𝑎𝑥

∆0𝑖(𝑘)+𝜁∆𝑚𝑎𝑥
 … (7) 

Where, 𝜉𝑖(𝑘) is the grey relational coefficient, i = 1, 2, 3, 4, 
5...., n & k = 1, 2, 3, 4, 5, ...., m, n and m are the number of 
trials and responses respectively. 

 ∆0𝑖(𝑘)= is the deviation sequence, 
∆0𝑖(𝑘) = ‖𝑥0

∗(𝑘) − 𝑥𝑖
∗(𝑘)‖ 

    ∆𝑚𝑖𝑛=
𝑚𝑖𝑛
∀𝑗𝜖𝑖

 
𝑚𝑖𝑛
∀𝑘

‖𝑥0
∗(𝑘) − 𝑥𝑗

∗(𝑘)‖   ... (8) 

   ∆𝑚𝑎𝑥=
𝑚𝑎𝑥
∀𝑗𝜖𝑖

𝑚𝑎𝑥
∀𝑘

‖𝑥0
∗(𝑘) − 𝑥𝑗

∗(𝑘) ‖   ... (9) 

𝑥0
∗(𝑘) represents the reference sequence and 𝑥𝑖

∗(𝑘) 
represents the comparability sequence. 𝜁 represent the 
identification coefficient, where 𝜁𝜖[0, 1].  

Step 4: Find the Weighing Component of the Quality 
Characteristics Using PCA 
PCA is a multivariate statistical approach introduced by 
Pearson and further developed by Hotelling [25]. PCA can 
convert the multiple correlated responses data into several 
uncorrelated quality indices [26]. In order to make all the 
responses with different dimensions at diverse ranges of the 
system unique, PCA is usually used in the data pre-
processing. The steps of calculating the weighing component 
are given below.  

 (a)  Array the measured multiple responses during the 
process, 

   𝐴 =

[
 
 
 
𝑦11

𝑦21
𝑦31

⋮
𝑦𝑖1

𝑦12

𝑦22
𝑦32

⋮
𝑦𝑖2

𝑦13

𝑦23
𝑦33

⋮
𝑦𝑖3

⋯
⋯
⋯
⋮
⋯

𝑦1𝑘

𝑦2𝑘
𝑦3𝑘

⋮
𝑦𝑖𝑘 ]

 
 
 

 ... (10) 

  Where, i and k represents the number of experimental 
runs and number of response respectively. 

 (b) Calculate the variance-covariance matrix M from the 
normalized data. 

   𝑀 =

[
 
 
 
 
𝑁11

𝑁21

𝑁31

⋮
𝑁𝑖1

𝑁12

𝑁22

𝑁32

⋮
𝑁𝑖2

𝑁13

𝑁23

𝑁33

⋮
𝑁𝑖3

⋯
⋯
⋯
⋮
⋯

𝑁1𝑘

𝑁2𝑘

𝑁3𝑘

⋮
𝑁𝑖𝑘 ]

 
 
 
 

 ... (11) 

   𝑁𝑘,𝑙 =
𝐶𝑜𝑣[𝑥𝑖(𝑘),𝑥𝑖(𝑙)]

√𝑉𝑎𝑟[𝑥𝑖(𝑘)]×𝑉𝑎𝑟[𝑥𝑖(𝑙)]
 .... (12) 

  Where l = 1, 2, 3,..., k and 𝐶𝑜𝑣[𝑥𝑖(𝑘), 𝑥𝑖(𝑙)] is the 
covariance of sequence 𝑥𝑖(𝑘) 𝑎𝑛𝑑 𝑥𝑖(𝑙). 

 (c) Calculate the eigen values and eigen vectors from the 
correlation coefficient array and denoted by 𝜆𝑗  and 𝑉𝑗  
respectively 

   (𝑅 − 𝜆𝑗𝐼𝑚)𝑉𝑖𝑗 = 0  .... (13) 

  Where 𝜆𝑗  eigenvalues, ∑ 𝜆𝑗
𝑛
𝑗=1 = 𝑛, 

𝑗 = 1, 2, 3, … , 𝑛 
𝑉𝑖𝑗 = [𝑎𝑗1𝑎𝑗2 …𝑎𝑗𝑛]

𝑇
 eigenvectors  

corresponding to 𝑡ℎ𝑒 eigen value 𝜆𝑗 ,  

The eigen vector Vj represents the weighting factor of k 
number of quality characteristics of the 𝑗𝑡ℎ principal 
component and is used for calculating the grey relational 
grade value. 

Step 5: Generate the Grey Relational Grade (GRG) 
GRG value is found by using the equation given below 
where 𝛾 is the grey relational grade value of the respective 
trial. Considering the weights the GRG can be found as,  

𝛾𝑖 = ∑ 𝑤𝑘𝜉𝑖(𝑘)𝑛
𝑘=1  ... (14) 

Where, ∑ 𝑤𝑘 = 1𝑛
𝑘=1 , the total sum of the weights should 

always be equal to 1. In this 𝑤𝑘 represents the weight value 
of individual factor which was evaluated using the principal 
component analysis.  

Results and Discussion 
 

Microstructure Characterization 
 

The developed MMC was characterized using SEM, EDS 
and XRD. Figure 1(a) shows SEM micrograph of the 
composite in BET mode. From the figure it is clear that the 
uniform distribution and good wettability of the red mud 
particles is achieved in the matrix material. This might have 
happened due to the formation of vortex at high speed of the 
stirrer [27]. From the analysis of the response values which 
are given in Table 5 it is observed that with the increase in 
reinforcement the tensile strength and microhardness of the 
MMC increases which also indicate good bonding between 
the matrix and the reinforcement particles [28]. From the 
figure it is also observed that the MMC is having minimal 
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porosity which shows that the process can be effectively 
used for the fabrication of the composite. EDS (Figure 1–b) 
and XRD (Figure 2) results reveal the presence of the 
elements like Fe, Ti, TiO2, Si, SiO2 in the developed MMC 
which confirms the presence of red mud particles in the 
MMC.  

 
(a) 

 
 (b)  

Fig. 1: (a) SEM Micrograph and (b) EDS Analysis of the 
Developed Al2024/red Mud MMC 

 
Fig. 2: XRD Results of the Al2024/red Mud MMC 

Optimization Procedure 
In this paper, tensile strength and micro hardness are 
considered as the quality characteristics that are to be 

optimized simultaneously and the process parameters 
considered for the fabrication of Al2024/red mud MMC are 
reinforcement percentage, grain size and stirrer blade angle. 
Taguchi’s S/N ratio employing “larger-the-better” (Eq. 1) 
criterion is used for finding out the values of the respective 
responses. Table 5 represents the average values and S/N 
ratio of tensile strength and micro hardness respectively. 

Table 5: Average Values and S/N Ratio of Each Run 

Run 

Average Values S/N Ratio 
Tensile 
Strength 
(MPa) 

Microhardness 
(VHN) 

Tensile 
Strength 
(MPa) 

Microhardness 
(VHN) 

1 163.47 75.4 44.27 37.55 
2 166.09 75.7 44.41 37.58 
3 165.33 82.9 44.37 38.37 
4 135.73 70.6 42.65 36.98 
5 162.1 72.4 44.2 37.19 
6 141.39 74.1 43.01 37.4 
7 124.73 73.8 41.92 37.36 
8 157.7 66.9 43.96 36.51 
9 152.51 72.4 43.67 37.19 

 

After finding out the S/N ratio of the respective responses 
the next step is to calculate the normalised values for further 
processing of the data. Normalised values are calculated 
using the eq. (4) and the results are tabulated in Table 6. 

Table 6: Normalised Values after Data Pre-processing 

Run 
Normalised Values 

Tensile Strength  Microhardness 
1 0.744 0.559 
2 1.000 0.575 
3 0.775 1.000 
4 0.231 0.253 
5 0.722 0.366 
6 0.345 0.478 
7 0.000 0.457 
8 0.646 0.000 
9 0.554 0.366 

 
Further the grey relational coefficient values of the 
respective responses are calculated using eq. (7). Prior to 
finding the grey relational coefficient we have to find the 
deviation sequence of the individual quality characteristics 
which is given below: 

∆01(1) = |𝑥0
∗(1) − 𝑥1

∗(1)| = |1.00 − 0.744| = 0.2563 
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∆01(2) = |𝑥0
∗(2) − 𝑥1

∗(2)| = |1.00 − 0.559| = 0.4409 

Table 7 represents the deviation sequence values of the 
individual quality characteristics. From Table 7 the values of 
∆𝑚𝑖𝑛 and ∆𝑚𝑎𝑥 are expressed as below, 

∆min= ∆02(1) = ∆03(2) = 0.00 
∆max= ∆07(1) = ∆08(2) = 1.00 

The value of the identification coefficient (𝜁) is taken as 0.5 
representing equal weightage to both the quality 
characteristics. By substituting all the values in eq. (7), grey 
relational coefficient values are calculated and the results are 
shown in Table 8. 

Table 7: Deviation Sequence of Quality Characteristics 

Run 
Deviation Sequence 

Tensile Strength Micro Hardness 
1 0.2563 0.4409 
2 0.0000 0.4247 
3 0.2247 0.0000 
4 0.7690 0.7473 
5 0.2785 0.6344 
6 0.6551 0.5215 
7 1.0000 0.5430 
8 0.3544 1.0000 
9 0.4462 0.6344 

Table 8: Grey Relational Coefficient Values of Quality 
Characteristics 

Run 
Grey Relational Coefficient 

Tensile Strength Micro Hardness 
1 0.6611 0.5314 
2 1.0000 0.5407 
3 0.6900 1.0000 
4 0.3940 0.4009 
5 0.6423 0.4408 
6 0.4329 0.4895 
7 0.3333 0.4794 
8 0.5852 0.3333 
9 0.5284 0.4408 

 
Next step is to calculate the grey relational grade, but for 
calculating the GRG values we have to calculate the 
weighing values of each quality characteristics with 
respective to their importance relative to the analysis. 
Principal component analysis (PCA) is employed for finding 
the individual weightage of the quality characteristics. Table 
8 represent the grey relational coefficient values which are 

used for finding out the correlation coefficient matrix along 
with the corresponding eigen values. Table 9 represent the 
eigen analysis of the correlation matrix along with the eigen 
vectors corresponding to each eigen values. The square of 
the primary principal component (PC1) represent the 
contribution of the respective quality characteristics and is 
shown in Table 10.  

Table 9: Eigen Analysis of the Correlation Matrix 

Eigen Value  1.3176 0.6824 
Variable   PC1 PC2 
Tensile Strength 0.707 –0.707 
Microhardness 0.707 0.707 
Proportion  0.659 0.341 
Cumulative  0.659 1 

Table 10: Contribution of Each Quality Characteristics 

Quality Characteristics Contribution 
Tensile Strength 0.499849 
Microhardness 0.499849 

 
Moreover the proportion variance explained by PC1 is 65% 
and is used for the calculation of grey relational grade. The 
results of the grey relational grade are shown in table along 
with the individual ranking.  

Higher grey relational grade value represents higher 
performance of the multiple quality characteristics. Thus 
from Table 11 we can observe that the process parameter 
combination represented in experimental run 3 has the 
highest GRG value (0.8447) and is the best combination out 
of the nine experimental runs.  

Table 11: Grey Relational Grade along with Individual Ranking 

Run Grey Relational Grade Ranking 
1 0.5961 3 
2 0.7701 2 
3 0.8447 1 
4 0.3973 9 
5 0.5414 4 
6 0.4610 6 
7 0.4062 8 
8 0.4591 7 
9 0.4844 5 

 

Next step is to find the optimal settings of the process 
parameters for getting the highest grey relational grade. 
Taguchi method is employed to find the optimal process 
parameter setting and ANOVA is employed to study the 
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effect of each process parameter on the multiple quality 
characteristics. GRG values are used as the response for 
carrying out the analysis using the Taguchi method. Average 
GRG values of the individual process parameters are shown 
in Table 12. Figure 3 represents the main effect plot of the 
SN ratio and from figure we can see that the best parameter 
setting for obtaining the highest GRG is found out to be A3, 
B1 and C1.  

Table 12: Response Table for Grey Relational Grade 

Level Reinforcement Grain Size Blade Angle 
1 0.4506 0.6235 0.5712 
2 0.4659 0.5054 0.5677 
3 0.737 0.5246 0.5146 

Delta 0.2864 0.1181 0.0567 
Rank 1 2 3 

 

 
Fig. 3: Effect of Individual Process Parameters  

on the Quality Characteristics 

The plots for mean S/N ratio of grey grade are presented in 
Figure 3. In the plot, if the point is near the mean line 
(represented as dotted line) it shows that it has little effect on 
the considered response whereas the point which has the 
highest inclination from the average line corresponds to the 
most significant effect on the quality characteristics. From 
Figure 3 it can be derived that reinforcement percentage has 
the highest inclination from the mean which represent that 
the reinforcement percentage has the maximum influence on 
the multiple quality characteristics and the best results are 
obtained at level 3 of the reinforcement percentage. 
Optimum level for grain size and blade angle was found to 
be level 1. 

 Analysis of variance (ANOVA) is a very powerful method 
that is used to predict the effect of the design factors on the 
considered performance variable. With ANOVA we can 
analyse the effect of each factor in terms of percentage 

contribution and evaluate what effect the parameter has on 
the considered response. The effect of the process parameters 
i.e. reinforcement percentage, grain size and blade angle on 
the response variable i.e tensile strength and microhardness, 
are evaluated at 95% confidence interval. The analysis of 
variance test results with respective degree of freedom 
(DOF), sum of square (S), Variance (V) and percentage 
contribution (P) are shown in Table 13. 

Table 13: ANOVA Table for the Grey Relational Grade 

Analysis of Variance for Means 

Source    DOF S  V   P 

Reinforcement  2 0.1557 0.0779 77.11 

Grain Size   2 0.0241 0.0121 11.94 

Blade Angle   2 0.0060 0.0030 2.99 

Residual Error  2 0.0161 0.0080 7.96 

Total    8 0.2019     
 
From the table we can see that reinforcement percentage has 
the major influence on the multiple quality characteristics 
and is clearly seen with the highest percentage contribution 
of 77.11%. The analysis further reveals that reinforcement 
percentage was followed by grain size which was having an 
effect of 11.94% on the multiple performance characteristics 
followed by blade angle which was having minor effect on 
the multiple responses with a value of 2.99%.  

Confirmation Experiments 
The confirmatory experiments are conducted using the 
optimum levels of each processing parameters to verify the 
improvement in the multiple performance characteristics for 
the fabrication of Al2024/Red Mud MMC recommended by 
the hybrid methodology. The values obtained by the 
confirmatory experiments are shown in table 14 which 
shows that the hybrid methodology can be successfully used 
for optimizing the multi response problems. 

Table 14: Verification Test Results 

 
Optimal Settings   

Predicted Actual Difference/Gain 
Level of factors A3, B1, C1 A3, B1, C1  
Tensile Strength 189.24 191.85 2.61 
Microhardness 80.32 80.7 0.38 

Conclusion 
In this paper a hybrid optimization technique along with 
Taguchi method is proposed to find out the optimal settings 
of stir casting process parameters in order to simultaneously 
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optimize multiple quality characteristics. Taguchi’s orthogonal 
array is used to design the experiment and from the analysis 
of the results it is concluded that tensile strength and micro 
hardness increases with the increase in reinforcement 
percentage whereas it decreases with the increasing values of 
grain size and blade angle. From the statistical analysis it is 
observed that the process parameters such as reinforcement 
percentage and grain size had a major effect on the 
mechanical properties whereas blade angle was having minor 
effect on the grey relational grade. Treating GRG as a single 
response it was analyzed using Taguchi’s method. Optimal 
settings were established from the response graph and the 
optimal settings were found to be A3, B1 and C1 i.e. 
reinforcement percentage (15%), grain size (90 microns) and 
blade angle (90o). Confirmatory experiments were conducted 
at optimal settings and the values of tensile strength and 
microhardness were found to be 191.85 MPa and 80.7 VHN 
respectively. Microstructural analysis was carried out which 
confirms the presence of red mud particles in the MMC. This 
study exhibit that the hybrid optimization technique can be 
successfully used to optimize multiple quality characteristics.  
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Reduction in GHG Emission in Iron Ore Sintering Process  

Subhra Dhara*1, S.K. Jha1 and A. Arora1 

Abstract: Sintering is the most prevalent process for agglomerating iron ore fines. The process starts with 
homogeneously mixing various ore fines along with flux and other metallurgical waste fines. Then the mixture is 
added with 8–10% of water and subjected to controlled rotation in a rotating drum, so as to form granules (mean 
size > 3 mm). Water is added as binder in this granulation process. Afterwards, granules are ignited (at 
temperature > 1300°C), so that fines are incipiently fused to form a lumpy porous mass (sinter) suitable to be 
charged in Blast Furnaces. Coke breeze is conventionally being used as heat source for this fusion reaction, 
however it’s role is much broader. It supplies the heat required for evaporation of granulation water and acts as 
reducing agent for partial reduction of Fe2O3 to FeO. Generally, 70–75 kg of coke breeze is consumed to produce  
1 ton of good quality sinter in industrial practices; which in turn emits 215 kg of CO2 (GHG) to environment. 
Granulation is the single most critical step in raw mix preparation; amount and properties of granulation water 
effects granulation index and subsequently sintering process and final product. So, any effort that can reduce 
specific balling water consumed without sacrificing its binding properties can effectively reduce coke required for 
water evaporation and overall coke breeze consumption and subsequently GHG emission. Hence for sustainability 
of industrial sintering operation, it is strongly envisaged to minimize specific coke breeze consumption. Water 
surface tension is a unique property, which exerts a strong cohesive force on adjacent fine particles, acts positively 
to form capillary bridges in between granulated fines and increases granulation efficiency. On the contrary, it is the 
same water surface tension that restricts water to disperse well among layers of fines, as quickly as required during 
granulation. A water molecule is typically dipolar, with dipole moment as high as 1.85 D. Literature study reveals 
that, water molecules get preferentially oriented when subjected to external magnetic field, which causes reduction 
in Hydrogen bond angle from 104.45o and subsequent reduction in surface tension. RDCIS has developed a novel 
method to optimally reduce surface tension of granulation water by 16.92%, by passing it through a controlled 
magnetic field. This reduction is optimal, to achieve uniform dispersion of granulation water even upto the 
bottommost fines layer within the short granulation time without any adverse effect on strength of capillary bridges 
and granulation efficiency. This system was successfully implemented in an industrial sintering plant of SAIL. As a 
result, granulation water could evenly be dispersed within the fines layer and 8% reduction in specific granulation 
water could be recorded; along with 9% increase in granulation index. Reduction in specific granulation water 
effectively reduced the coke breeze required for water evaporation and hence a reduction in specific coke breeze 
consumption by 2.24 kg per ton of sinter produced could be achieved. This lead to reduction in CO2 emission by 
6.93 kg per ton of sinter produced, which is equal to reduced GHG emission by 33000 ton/annum from a single 
sinter plant.  

Keywords: Granulation, Coke Breeze Consumption, Magnetic Treatment, Water Surface Tension, Capillary Force. 
 
Introduction 

intering is a process of agglomerating iron ore fines. 
These fines are generated during iron mining operation, 

which can’t be charged directly into BFs due to size 
constraint. Hence, they are mixed with lime stone and 
dolomite fines, coke breeze, various metallurgical wastes e.g. 
mill scale, flue dust, BOF slag etc. and fused incipiently to 
form lumpy porous iron bearing mass called sinter. Due to 

environmental restrictions and significant technological 
advantages over iron ore lumps, sinter plants have become 
very common in every modern Integrated Steel Plants. 

Sintering is a four step process namely dry mixing, balling, 
ignition and cooling. Firstly, iron ore fines (< 10 mm), coke 
breeze (< 3 mm), flux fines (< 3 mm) and other fine 
metallurgical wastes (e.g. mill scale, flue dust, lime dust)  
are blended as per pre-calculated ratio and mixed 
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homogeneously in primary mixing drums. Then the mixture 
is subjected to rotation in wet condition (Granulation 
Process), inside balling drums. Here raw mix is converted 
into green sinter granules of size preferably more than 3 mm. 
The green mix is then fed on moving sinter pallets through 
gravity segregation principle. Pallet top layer is subjected to 
direct flame heating inside an ignition furnace. The coke 
breeze present in top layer is ignited, supplying thermal 
energy for partial melting of ore and flux decomposition. 
Simultaneously, bottom-ward suction (Dwight-Lyod type) is 
created through the moving pallet. This suction causes hot 
waste gases of combustion to pass through green mix layers 
beneath the igniting top layer. Convective heat transfer 
causes drying of these layers followed by coke breeze 
ignition and incipient fusion (sintering). Speed of pallet 
movement is so adjusted with under-grate suction, that the 
whole bed of green mix is sintered till the end of sinter 
machine length. Then the sintered bed is crushed to form 
sinter pieces. Afterwards the products (still in hot condition) 
are screened in hot screen for separating out undersize 
fractions (< 8 mm). Oversize sinter is cooled on coolers 
(straight line or circular) through air up-draft method. Cooler 
speed is adjusted according to the air draft rate, so that sinter 
products are cooled to temperature less than 80OC. Cooled 
sinter product is again screened in cold screen for separating 
out undersize (< 5 mm generally) while the oversize is 
consumed in Blast Furnaces as iron bearing burden. Under 
size sinter is recycled as return sinter in sintering process 
cycle. 

Overview of the Granulation Process 
Granulation is the process in which primary fine particles 
enlarge their size by forming granules. Whereas the raw feed 
is characterized by widely different chemical composition 
and size distribution (from 10 to < 0.063 mm), granules have 
several favourable mechanical features e.g.:  
 1. Uniform sizes 
 2. Determined shapes 
 3. Better strength  
 4. Homogenized composition and properties. 

The optimal size distribution of granules after granulation is 
summarized as about: 50% particles with > 10 mm, about 
30% particles with 5–8 mm, about 10% particles with 8–10 
mm and 10% other particles [1]. As a result, void space in 
sinter mix bed and the pre-ignition permeability is greatly 
increased. Resultant to this, air-filtration velocity through 
bed increases manifold with subsequent increase in sinter 
machine productivity. Moreover, the fines in the granules, 
which react and melt readily at lower temperatures, are 
situated at outer layers, while coarser particles, which are 
more reducible and resistant to hot degradation, form the 
core [2]. Thus thermo-chemical stages during sintering e.g. 

decomposing and partial fusion, reduction and crystal re-
orientation can occur at faster rates.  

Granulation Mechanism  
Granule structure is quite composite comprising core seed 
and primary layer of fines which cements larger particles 
present in the secondary layer. Venkatramana et al. [3] 
divides feed to the balling drums into three components: 
coarse (seeds or nuclei), intermediates and fines (layering 
material). Though the size range, precise roll or even the 
existence of an intermediate size fraction with distinct 
agglomeration behaviour have not been clearly established, 
some postulate that intermediates in the size range of 0.2–0.7 
mm, 0.5–2 mm or 0.5–1 mm play essentially no role in 
granulation. In contradiction, it is assumed that, there is an 
intermediate 0.5–1 mm class of particles that can switch 
roles as either seeds or adhering fines, depending on 
moisture and material properties. Lister et al. [4] considers 
there is no existence of intermediate particle range. There is 
smooth transition from completely adhering to completely 
nuclei particles as particle size increases. In the intermediate 
size ranges, for one particular size fraction, some particles 
act as nuclei while other particles of same size are adhering. 
Distribution of particles between adhering and nuclei is a 
function of moisture content.  

Granule growth regime is broadly classified into (i) wetting 
and nucleation (ii) consolidation and growth (iii) breakage 
and attrition [2]. The auto-layering mechanism [4] i.e. 
coating of fines present in the feed onto the coarse size 
fractions which act as seeds or nuclei, act as reason for 
granule growth. The auto-layering process is explained by 
many postulates. In the k-postulate, the rate of pickup of fine 
particles is proportional to surface area of rolling granule and 
a layer is formed whose thickness is the same irrespective of 
the nuclei size. Whereas in the more general p-postulate, the 
rate of layering is proportional to volume of rolling granule, 
and consequently, the granule size is proportional to the seed 
size. Mixed postulate explains as layering occurs initially  
by a coating of fixed thickness, which is followed by 
proportionate growth of granules.  

Effect of Granulation Water on  
Granulation Process 
For ore particle to be associated with one another in the 
course of granulation, a certain amount of moisture must be 
present on the surface of the particles to function as bridge. 
More the water content added into the mixture, better is the 
granulation (till the optimum amount). The total layer 
thickness increases with water content of the granulating 
charge, with subsequent increase in mean granule size [2]. 
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The packed bed permeability increases when the moisture 
content is increased and exhibited a maximum value at a 
certain moisture level. Xuewei et al. [5–7] indicated that 
permeability of sintering bed increases with increasing water 
content added during granulation; first a maximum perme- 
ability reaches at suitable water content, then the perme- 
ability decrease with increasing water content; i.e. the 
relationship between permeability of burden and the water 
content added in the mixture is similar to a parabolic curve. 
However this maximum value was different for each raw 
material samples.  

Moreover, when a certain amount of moisture has been 
added to the ore particles, the moisture on the surface of the 
ore is thought to be affected by the moisture absorption 
capacity (water saturation volume) of the ore [8]. Also water 
dispersion rate i.e. rate at which water penetrates through bed 
of fine raw mix is an important factor. With typical layers of 
mixed fines and minimum void space, it needs longer 
residence time of whole granulating charge to get sufficient 
water bridge for granulation. But as in the case in industrial 
operation, feed materials at bottom layers are poorly bonded 
by week water bridges, due to low water dispersion and high 
feed rate.  

Water: An Introduction 
According to Hawley’s condensed chemical dictionary, 
water is defined as a colourless, odourless, tasteless liquid, 
with different allotropic forms e.g. ice (solid) and steam 
(vapour). Molecular arrangement reveals that (Figure 1) each  
Hydrogen nucleus is bound to the central Oxygen atom by 
covalent bond [9]; however structurally a tetrahedral geometry 
in which the angle between electron pairs (and therefore the 
H-O-H bond angle) is 109.5°. But because the two non-
bonding pairs remain closer to the oxygen atom, these exert a 
stronger repulsion against the two covalent bonding pairs, 
effectively pushing the two hydrogen atoms closer together. 
This results in a distorted tetrahedral arrangement in which 
the H-O-H angle is 104.5°.  

 
Fig. 1: Water Molecule Structure  

The water molecule is electrically neutral, but the positive 
and negative charges are not distributed uniformly. Negative 

charge is concentrated at the Oxygen end, which constitutes 
an electric dipole of considerably high dipole moment as 
1.85 D. This partially positive Hydrogen atom in one water 
molecule is electrostatically attracted to the partially negative 
Oxygen of a neighbouring molecule which is called 
Hydrogen bond, a weak but unique bond existing in water. 

Effect of Magnetic Field on Water Surface Tension 
Studies [10, 11] reveal that, randomly arranged water 
molecules are arranged in uniform direction when subjected 
to magnetic field. This mode of arrangement causes decrease 
in covalent bond angle to less than 104.5o, leading to 
subsequent decrease in consolidation degree between water 
molecules. Concept diagram of this effect can be seen from 
Figure 2. This change in water molecular structure reduces 
surface tension of water.  
 

 
Fig. 2: Effect of Magnetic Treatment  

on Water Molecular Arrangement  

Magnetic Treatment on Water Surface Tension: 
Lab Experiment  
Lab scale trials were conducted to measure effect of 
magnetic treatment on water surface tension. Magnetic water 
conditioners were installed on water supply lines, and 
samples have been collected before and after magnetic water 
conditioners. The surface tension of respective water 
samples were measured using capillary method. The 
reduction in surface tension in percentage terms is reported 
in Figure 3. 
 
Application of Magnetic Treated Water in 
Industrial Sintering Process 
The activation of water treatment using magnetic field 
depends on three following conditions(7): 
• Magnetic flux density 
• Duration of exposing water to magnetized field (velocity 

of water current) 
• Amount of exposing water to the magnetic field 
• Temperature of water 
• Purity of water.  

Accordingly, six nos. of magnetic water conditioners of 
calculated magnetic strength were installed around water  
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Fig. 3: Surface Tension Reduction after Magnetic Treatment 

Results and Discussion 
Series of trials, data collection and analysis were conducted 
to compare performance of sintering plant performance with 
and without magnetic treated water.  

Improvement in Granulation Degree  
Granulation degree is the ratio of +3 mm in sinter raw mix 
after and before balling drums. Samples from conveyor belt 
before each drum has been collected and granulometry 
analysis with 3 mm screen carried out. Similarly samples 
have been collected from discharge end of same drum and 
analyzed for granulometry. Care has been taken to collect the 
sample from outlet just 3 min after input sample collection to 
match with normal traverse time from charging to discharge 
end of baling drum. Absolute weight and percentage of +3 
mm calculated and recorded which is compared for normal 
water and that with magnetic treated water (Figure 4).  

 

 
Fig. 4: Effect on Balling Index after Magnetic  

Treated Water Addition  

Reduction in surface tension increases dispersion of water 
among fine raw mix inside balling drum. Hence each layer 
has sufficient water to form strong water bridges around; 
without compromising on fed rate or residence time. So 
granules formed are stronger in terms of compression, with 
subsequent reduction in breakage due to abrasion. 9% 
increase in granulation degree could thus be realized.  

Reduction in Specific Coke Breeze Consumption 
Better dispersion of balling water among fine charge actually 
increased efficiency of water to act as binder. Hence specific 
water content required for balling could be reduced by 8%. 
(Figure 5).  

 

 
Fig. 5: Percentage Water Content in Raw Sinter Feed  

This reduced water content subsequently decreased the water 
load on sintering process, specifically on drying and re-
condensation stages. This means lower content of water to be 
vaporized in drying zone and reduced specific water in 
moisture re-condensation zone. This has saved coke breeze, 
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consumed for sintering process. Figure 6 shows trend of trial 
data on specific coke breeze consumption, 2.24 kg/ton on 
average.  

 

 
Fig. 6: Specific Coke Breeze Consumption in Sintering  

Conclusion  
Granulation is important in many respects for iron ore 
sintering process. By granulation, fine particles of diversified 
chemistry and property are homogenized with subsequent 
increase in their mean size, suitable for charging on moving 
sinter pallets. Researches have analyzed the granulation 
process and various factors controlling the same. Feed 
characteristics and role of water, process variables of balling 
operation are established to effect the process. 

Water surface tension is a necessary evil in sintering process. 
On one hand, it helps in granulation by forming water 
bridges among fine particles; on the other side it restricts rate 
of water dispersion among fines during industrial scale 
continuous operation.  

Hydrogen bond is a typical property of water molecules, 
causing surface tension to exist and water dispersion rate is 
inversely proportional to surface tension. Magnetic field is 
explained to arrange random water molecules in uni-
direction, causing water molecule to condense and resultant 
reduction in surface tension. 

Lab study revealed 16.92% reduction in water surface 
tension because of magnetic treatment. Accordingly, 
magnetic water conditioners were designed and installed in 
sinter machines of Bokaro Steel Plant. The results of the 
magnetic water addition are summarized as below: 

• Granulation degree improved by 9% 
• Water content in sinter feed could be reduced by 8% 
• Reduction in specific coke breeze consumption by 2.24 

kg per ton of sinter produced achieved.  
• This led to reduction in CO2 emission by 6.93 kg per ton 

of sinter produced, which is equal to reduced GHG 
emission by 33000 ton/annum from a single sinter plant.  
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Investigation of Tribological Performance of  
Hybrid Aluminium Metal Matrix Composites  

R.S.S. Raju*1, M.K. Panigrahi2, R.I. Ganguly2 and G.S. Rao3 

Abstract: The present investigation is carried out to develop new generation hybrid aluminum metal matrix 
composites with Coconut Shell Ash (CSA), Al2O3, graphite mixture as reinforcement for analyzing the tribological 
effects of different parameters such as load, sliding distance and sliding velocity. Al-CSA, Al-Al2O3, Al-CSA-Gr, and 
Al-Al2O3-Gr composites are prepared with percentage of volume of 15% and graphite with 3% by stir casting route. 
XRD analysis of shell material has revealed the presence of hard phases of SiC, Al2O3, and Fe2O3. The worn out 
surfaces are examined under Scanning Electron Microscope (SEM) and elemental analysis is carried out by EDS 
analysis. The works predominantly deal with physical, mechanical, and wear properties of as-prepared hybrid 
MMCs. The conducted mechanical test of the entire hybrid MMCs indicated better strength and wear resistance 
than the base material i.e., Aluminium alloy. Al-CSA composite has revealed better mechanical properties like 
tensile, hardness than others composites. Moreover, Al-CSA-Gr exhibits better tribological performance than the 
other composites.  

Keywords: AMC, CSA, Wear Rate, COF. 
 
Introduction  

etal Matrix Composites (MMCs) bring significant 
profit since attainable properties are prominent for the 

components concerned and employed to meet diversified 
demands of many industries. Moreover, aluminium alloy has 
been finding wide application in various industries due to its 
high strength – weight ratio, high specific stiffness, and high 
thermal conductivity with a low coefficient of thermal 
expansion and high wear resistance. Precisely, Aluminium 
Metal Matrix Composites (AMC) are effectively implemented 
in few industrial applications like aerospace, automotive, 
defence, and electronic packing [1,2]. From literature, it can 
be observed that physical, mechanical and tribological 
properties were improved by the addition of hard ceramic 
intermetallic compound into the Al matrix. Moreover, the 
materials like hard and soft reinforcements such as SiC, 
Al2O3, TiC, SiC- Al2O3, B4C-Gr, Al2O3-Gr, SiC-Gr, and 
Graphite (Gr) have been used as artificial reinforcement for 
preparation of composite. However, various agro wastes like 
fly ash [3,4], red mud [5] and colliery shale [6], rice husk 
[7], shell char [8,9], and bagasse [10] are used as 
reinforcements in Al-Si, Al-Cu, Al-Mg and Al-Zn are used 
as matrix in the fabrication of AMCs. However, there is a 

critical issue in preparation of the composite with respect to 
fabrication and processing [11]. Generally, AMC is 
fabricated by liquid metallurgy (i.e., stir or compo casting 
and infiltration), squeeze casting and powder metallurgy 
route. For the mass and low cast production, liquid 
metallurgy route is most preferred than the other one.  

Aku et al.[8]evaluated microstructure, hardness and density 
of coconut shell ash composites having 3-15% weight 
volume. They found that by increasing the vol. % of 
reinforcement, density decreases and hardness values 
increases. Shen et al. [12] reported on the correlation 
between hardness and tensile strength of composite, based on 
the effect of particle size, volume fraction and aging 
behaviour of prepared with Al-Cu-Mg alloy reinforced with 
SiC. Seo and Kang[13] prepared a composite with SiC as 
reinforcement with various volume fraction (0.05 to 0.20 of 
size 13-22 µm) which injected into an Al6061 molten alloy 
by stir casting route. Afterward, the composites are extruded 
at 500°C at a constant velocity of 2mm/min. The extruded 
composites are examined with extrusion force, particle 
distribution, microstructure, and mechanical behavior, which 
compared with monolithic alloy. Mahendra et al. [14] 
Prepared aluminum (2024) composites reinforced with SiC, 
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fly ash and hybrid of SiC-fly ash at various volume fractions 
(0, 5, and 10%) by stir casting route. Moreover, the authors 
reported on mechanical properties i.e. density, tensile 
strength, hardness, % of elongation and yield strength of all 
the composites. Certainly, hybrid composite exhibits better 
mechanical properties than the other. Aibodion and Hassan 
[15] studied the effect of mechanical and microstructural 
properties on Al-Si-Fe reinforced with Silicon carbide of 5–
25% of volume. The authors concluded that increase of 
reinforcement increases hardness, tensile strength, and 
porosity whereas decrease density and impact strength. The 
composite has improved mechanical properties due to the 
addition and uniform distribution of reinforcement (SiC) in 
the ductile matrix. Kumar et al. [16] prepared two 
composites i.e. aluminum 6061 and 7075 as base matrix 
along with reinforcement by SiC and Al2O3 respectively via 
liquid metallurgy technique. The composites were examined 
of mechanical, physical, metallography and tribological 
performance. They revealed that density, hardness and 
tensile strength of composite enhanced with reinforcements. 
Kok and Ozdin [17] investigated the wear mechanisms of the 
2024 aluminum alloy composites reinforced with Al2O3. 
They reported that wear resistance of the composites was 
greater than the base alloy, and increased with increasing 
reinforced particles size, also decreased with increase of 
sliding distance, load and the abrasive particle size.  

In the present work, Coconut Shell Ash (CSA), alumina and 
graphite particles are used as reinforcement materials for the 
preparation of aluminum metal matrix composite i.e., Al-
15% CSA, Al-15% Al2O3, Al-15% CSA-3% Gr, and Al-15% 
Al2O3-3% Gr by stir-casting route. The present work aims 
study structure by XRD, EDS, density, and mechanical 
properties such as tensile, hardness (Brinell), abrasion 
resistance at a variable parameter i.e. load, and sliding 
distance and sliding speed remain constant. Moreover, 
coefficient of friction and wear rate are response for as-
prepared composites.  

Materials and Methods 

Materials  
In the present work, Al 1100 grade aluminum (HINDALCO, 
BBSR) is used as the matrix, whereas CSA (procured from 
the local market), Al2O3, Gr is used as reinforcement for the 
preparation of composites. Al2O3 and graphite are supplied 
by National Aluminium Company limited (NALCO).  

Preparation of Al-based Composite 
The composites i.e., Al-CSA, Al-Al2O3, Al-CSA-Gr, and  
Al-Al2O3-Gr are prepared by using stir casting technique at a 
constant volume percentage CSA (15%), Al2O3 (15%) and 
graphite (3%).  

For the preparation of Al-CSA composite, CSA is used as 
reinforcement. Initially, coconut shells are crushed in a jaw 
crusher in order to get small flakes followed by grounding in 
a hammer mill to produce a coarser form of CSA powder. 
The obtained powder is packed in a graphite crucible and 
fired in an electric resistance furnace at the temperature of 
1100ºC and cooled at furnace temperature to form micro-
sized CSA powder. Finally, the CSA powder is sieved in a 
rotary sieve shaker with the size of ≤ 240 BSS mesh  
(63 microns). Similarly, the collected Al2O3 and graphite are 
sieved to ≤ 240 BSS mesh and are used as reinforcement.  

The stir casting technique is employed for the preparation of 
Al-MMCs. In this process, the aluminium matrix is pre-
heated at 450ºC and melting temperature is raised up to 
670ºC to keep the matrix alloy in a semi-solid state. Also, the 
as-prepared particles are pre-heated in an electric arc furnace 
up to 3 hours for 1100ºC (CSA), 500°C (Al2O3) respect- 
tively. The pre-heated-particles are dispersed in a hybrid. 
Thereafter, the molten metal along with reinforcements is 
stirred with the help of a motor driven stirrer in the presence 
of argon gas at a speed of 600 rpm up to 9 minutes. Then, the 
molten metal is superheated above the liquid temperature at 
690°C and poured into a preheated (300ºC) cast iron mold of 
the size of 100 × 20 × 40 mm3. Finally, the composites such 
as Al-15% CSA, Al-15% Al2O3, Al-15% CSA-3% Gr, and 
Al-15% Al2O3- 3% Gr are obtained.  

Characterization Techniques  
The as-prepared Al-alloys were characterized for their 
structural, morphological and mechanical properties. X-ray 
diffraction pattern for the Al-alloys was recorded using an  
X-ray diffractometer (Phillips PW-1729) using CuKα 
radiation of wavelength λ = 0.1541 nm in the scan range 2θ 
= 10–60°. Morphology of the sample was investigated using 
scanning electron microscope (SEM with EDXA, JEOL 
JSM-5600LV) which also has been used for compositional 
analysis of the prepared Al-alloys. Microstructural examina- 
tions (ASTM E-7-95) of samples have been carried out using 
standard metallography technique (ASTM E-7). The entire 
composite is performed with Brinell hardness tester with a 
load of 250 kg and 5 mm ball indenter. The tensile properties 
of the composites have been tested with Hounsfield 
tensometer (model: ETM-ER3/ 772/12) at a velocity of  
1 mm/sec with a maximum load of 20 KN following the 
ASTM standard E8. Pin on the disc wear testing machine 
(Model: TR-201 LE-PHM 400) is used for conducting the 
wear test (ASTM-G99) experiments on composites.  

Results and Discussion  
Characterization of CSA  
XRD Spectrum of coconut shell ash, Al-Al2O3, Al-CSA,  
Al-Al2O3-Gr, and Al-CSA-Gr is shown in Figure 1a. 
Broaden peak is observed from XRD pattern of aluminium 
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composites at (2 theta), whereas two prominent peaks are 
observed. The composites are also indicated two peaks with 
a variation of intensity along with small broaden. This 
signifies that crystalline phases have existed. Figure 1b, 
presence of chemical components SiO2, Al2O3, Fe2O3 is 
major constituents in CSA whereas MgO, CaO and K2O are 
minor. The EDS peaks indicate the presence of carbon, 
apparently in the form of graphite. The formation of in-situ 
mixing of components such as SiO2, Al2O3, and graphite 
which results improves physical-mechanical properties by 
thermal treatment. Al2O3 and SiO2 are well-known 
reinforcing additives for improving wear resistance and 
strength for Al-MMCs. CaO is reacting with alumina and 
silica to form aluminates and calcium silicates, which have 
good adhesive properties and improves load bearing 
capability [18]. Manganisa (MgO) is a refractory material, 
which possesses to withstand high temperature, low thermal 
conductivity, and better thermal shocking resistance [19].  

Mechanical Properties of Al-MMCs 
The mechanical and physical properties of composites are 
shown in Figure 2. The hardness of composites i.e. Al-CSA,  
 

Al-Al2O3, Al-CSA –Gr, Al-Al2O3 – Gr increased due to the 
hardness of reinforced particle such as CSA, Al2O3 in 
addition to the uniform distribution of reinforcement in 
composite. Similarly, graphite is less dense substance than 
aluminum and alumina. Moreover, the graphite percentage 
increases with increase of porosity and decrease of density 
shown in Figure 2. The tensile strength increases with 
intending to volume fraction of CSA, Al2O3 particles, even 
as the elongation decreases with increase in the addition of 
reinforcement particles. Hardness and % of elongation are 
inversely proportional character, with an increase in 
reinforcement as observed in Figure 2, which is due to strain 
hardening of the composite. The strength of composite has 
been increasing due to the addition of hard ceramic 
reinforced particulates. The interfacial among matrix with 
reinforcement strengthens mechanism of grain size. 
Reinforcement particles are harder due to the presence of 
reinforced CSA, Al2O3, which increases load bearing 
capability, and constraints dislocation movement of the 
matrix reduces interspacing, particle movement has been 
critical [20–21].  

 

   
(a)                                                                        (b) 

Fig. 1: XRD of Al-Composites with EDS of Coconut Shell 

 
(a)                                                                        (b) 

Fig. 2: Properties of Composites 
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Tribological Study of Composites  
Figures 3 & 4 represent the effect of load on condition of  
a constant sliding distance 2000m and sliding velocity  
1.5 m/s). Figure 3, the coefficient of friction is directly 
proportional to load for all the materials. Pure matrix exhibit 
least coefficient of friction followed Al-CSA-Gr and Al- 
Al2O3-Gr composites. The coefficient of friction is lower in 
base matrix due to soft nature. The composite exhibits higher 
value than the base matrix. Due to the addition of 
reinforcement, the frictional force has been increased. It 
conversely increases due to the contact of harder face 
particles (CSA, Al2O3) to counter surface. Moreover, the 
aluminum (matrix) debris is transferred into the counter 
surface, resulting in increase in coefficient of friction with 
respect to load. This can be attributed to the plastic 
deformation in composite, which increases with increase in 
applied load. Moreover, due to adhesion, at an early period, 
the movement between the pin and counter face is difficult. 
This leads to utilization of more energy to overcome friction 
between pin and disc, which increases coefficient of friction 
and plastic deformation.  

 

 
Fig. 3: Coefficient of Friction of Al-composites 

 
Fig. 4: Wear Rate of Al-Composites 

Figure 4 represent wear rate of composites at a constant 
condition of speed and sliding distance with varying load. It 
clear that the load increases with increase of wear rate in 
composites due to thermal softening and high frictional 
forces. In wear mechanism, the major role in composite as a 
uniform distribution of particles and interfacial bonding with 
the matrix. It clearly shows that, the composites with 
graphite exhibits better wear rate than others since graphite 
acts as a self-lubricant, foremost to reduction of wear rate. 
Similarly, the hard phase reinforced particle (CSA, Al2O3) 
are distributed properly and strongly bound with matrix. 
Finally, Al-CSA-Gr exhibited better wear rate than the other, 
because of reinforcement (CSA) constitute of various 
elements and those having own advantages. Al2O3, SiO2, and 
MgO are capable of bearing of temperature. CaO is a good 
binder. Similarly, Gr and Fe2O3 are forming an oxide layer at 
the counter face in higher load and sliding distance, which 
prevent the matrix from plastic deformation.  

Conclusions  
The AMC composites are successfully prepared by stir 
casting route using Al1100 as matrix whereas, CSA, Al2O3, 
and Gr are reinforcements. Various elements presents in 
CSA are examined by EDS, whereas, different phases are 
observed in XRD pattern. Mechanical and physical 
properties of all composites are resolute and compared with 
base alloy. The results exhibit Al-CSA performed better 
mechanical properties than the other. Moreover, the density 
of composite are reduced with increase of reinforcements i.e. 
CSA and Gr. Similarly, the density of composite is increased 
with addition of Al2O3. Al-CSA revealed better hardness and 
tensile strength than the others. Due to the supplementary of 
Gr, density and hardness are decreased with improving 
elongation of composite. Al-CSA-Gr displayed better 
elongation and low density with better wear resistance than 
the other. All composite wear resistance has been tested 
under uniform conditions (i.e. track diameter, sliding 
velocity and sliding distance) of varying loads from 10 to 
50N. All the composites enhanced wear resistance than the 
base alloy. Graphite composites have superior wear 
resistance than the other, and also act as a self-lubricant. Al-
CSA-Gr composite is exhibiting less wear and weight loss 
than the others since graphite form a thin film and reinforced 
particles are harder in nature.  
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Synthesis and Characterization of Perovskite  
BaSnO3 by Variable Methods: A Comparative Study 

Asima Adak (Maity)1, Soumya Mukherjee*2,3,  
Mahua Ghosh Chaudhuri2 and Siddhartha Mukherjee2 

Abstract: Perovskite Barium Stannate (BaSnO3) has shown many interesting properties like electrical, catalytic, 
semiconducting, capacitive and thus have been the most versatile ceramic oxides. Transitional metal doping at B 
site, leads to modification of semiconducting, electrical, catalytic, piezoelectric properties. Such versatile materials 
are observed to be synthesized by different techniques such as solid state ceramic method, ball milling, 
hydrothermal, planetary mill activation, Sol-gel and so on. Synthesized samples are mainly characterized by XRD 
for phase identification and purity of the material, SEM images give morphological formation, TEM studies give 
structural information, optical and bonding characterisrics identified by FTIR analysis. The piezoelectric, dielectric, 
optical properties, electrical conductivity of the undoped and doped perovskite are reported in line of applications. 
In the present article the authors tried to briefly describe the properties of the material in nanometer scale with 
respect to morphological formation.  

Keywords: Perovskite, XRD, SEM, TEM, Dielectric. 
 
 

Introduction 
ill now researchers have worked on various perovskite 
grade materials to study their properties and possible 

applications. Perovskite dielectric material BaSnO3 exhibits 
various properties like electrical, thermal, photocatalytic, 
photovoltaic, semiconducting type and so on. Lanthanum 
doped perovskite Barium stannate also exhibit sensing and 
thermoelectric properties at high temperature [1]. Perovskite 
type oxide uses Al2O3 mainly as a tool to construct gas 
sensor for detecting inflammable or toxic gases such as CO, 
NO, C2H5OH [2]. Gas sensor fabricated by the material is 
found to work mainly based on the comparison of electrical 
resistance of semiconductor oxide in air and in the presence 
of detected gas (CO, H2, etc.) [2]. Lanthanum doped BaSnO3 
system is observed to be used for humidity sensor material 
[3]. Humidity sensors are applied for quality control of 
production processes and products as electronic devices, 
precision instruments, textile and foodstuffs. It is also found 
in domestic application such as smart control of living 
environment in a building [3]. Some characteristics of 
humidity sensor such as high sensitivity, chemical and  
thermal stability, high reproducibility, no hysteresis, low cost 
and long life are observed to make it fit for versatile 

applications [2, 3]. In Non-linear dielectric material, dielectric 
constant can be controlled by adjusting field strength. The 
result of such observations leads to development of some 
devices like dielectric amplifier, parametric device, micro- 
wave frequency multiplier, switching circuit snubber and the 
microwave ferroelectric phase shifter used in phased array 
antenna [4]. The ferroelectric barium stannate titanate shows 
abnormal C-curve and clockwise reversible hysteresis loop 
in temperature range 10–40°C [4]. Previous research articles 
indicate Barium Stannate Titanate (BTS) as a binary solid 
solution system that is combined with ferroelectric barium 
titanate and non ferroelectric barium stannate [5]. Both the 
material have perovskite type structure with ABO3 formula 
where B sites of this structure is shifted by either titanium or 
tin ions which leads to applications like capacitor, bolometer, 
actuator and microwave phase shifter since the curie 
temperature, dielectric maxima can be shifted by changing 
the tin content and also it has high permittivity [5]. BTS is 
calcined at high temperature around 1500 K, hence the 
optimized technique to prepare BTS is either ball milling or 
solid state reaction [5]. With increase in temperature from 
room temperature, low frequency dielectric relaxation is 
observed in BTS ceramics [6]. BTS has high dielectric 
permittivity which is dependent on the tin content in a wide 

T 
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temperature range [7]. Barium stannate titanates (BTS) is a 
functionally graded materials (FGM) which should satisfy 
the following requirement like presence of electrical (dielec- 
tric, ferroelectric, piezoelectric), magnetic multifunctional 
properties, structural performance such as mechanical and 
thermal expansion [7]. Barium stannate exhibits dielectric 
property, electrical conduction behavior by doping with 
nickel (Ni), niobium (Nb) [8, 9]. Also electrical resistivity 
decreases with increasing the concentration of niobium [9]. 
BaSnO3 perovskite material behaves as a n type semi- 
conductor with a band gap of 3.4 eV [8–10] while the porous 
BaSnO3 hollow structure shows photovoltaic effect in visible 
region [10]. In the present article authors discuss the 
different process by which undoped and doped barium 
stannate is easily prepared by solid state ceramic sintering, 
ball milling process. Initially crystallization temperature and 
thermal behavior are easily determined by TG/DTA analysis. 
Phase identification, crystal structure are mainly characteri- 
zed by XRD, while microscopic characterization evaluated 
by SEM, FESEM and TEM reveals structural and surface 
morphology of the perovskites. Properties like dielectric, 
electrical, ferroelectric and piezoelectric are compared for 
undoped and doped systems.  

Experimental Process, Results and Discussion  

Experimental Process     
Undoped BaSnO3 and La, Cr, Ni, Ti, Y, Dy, Nb & Sr doped 
BaSnO3 were prepared by solid state ceramic method, ball 
milling and mechanically mixing by Agate mortar. A 
required appropriate amount of stoichometric precursors 
were added, calcinations were carried out for different 
dopants in the same process. Knowledge based on the 
previous works on the synthesis routes of nanocrystalline 
BaSnO3 like solid state ceramic, ball milling, mechanically 
mixing by Agate mortor, Modified auto-igniting combustion, 
Chemical precipitation, Hydrothermal, Precursor, Reverse 
micelle, Cold isostatic pressing and Sol–gel route aids in to 
form the advantages or disadvantages of those processing 
routes. Among all the solid state ceramic method, ball 
milling is observed to be very simple method and cost 
effective. Sol-gel method has some advantages like 
homogeneity, purity, size control, low temperature and 
others. A simple chemical route of BaSnO3 synthesis method 
which claims at the same time the use of very few and low 
cost chemical reagents, namely Ba(OH)2 and K2SnO3.3H2O, 
accompanied by short calcination times, simplicity, mass-
production and high level of repeatability. All these synthesis 
characteristics are important for a successful industrialization 
implementation of the method [11, 12]. The method 
presented here, is a three-step method which can be 
described in Figure 1. 

 
Fig. 1: Scheme of the BaSnO3 Synthesis Method Presented.  

Three Synthesis Steps can be Well Defined [11] 

XRD Analysis 
The crystallization behaviours of the samples are investi- 
gated with XRD and the results shows that doped and 
undoped barium stannate has single phase perovskite 
structure [13]. The crystalline size was calculated with full 
width half maximum (FWHM) using the Scherrer formula 
along the major planes of (011) reflection [14]. Based on the 
Rietveld analysis the structural parameters of BaSnO3 are 
found to be cubic perovskite structure and its corresponding 
lattice parameters. The XRD of the sample annealed at 
1200°C is shown in the Figure 2. 

 
Fig. 2: XRD Patterns of (a) As-Prepared BaSnO3 (b) BaSnO3 

Annealed at 1200°C and (c) Powder Pattern Obtained  
from Rietveld Analysis [14]  
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SEM Analysis 
SEM micrographs of undoped and doped samples show 
uniform fine grained microstructure. The average grain size 
for doped and undoped lies in the range 2–4 µm with a few 
finer grains [1, 8, 9]. It has been seen that grain size de- 
creases with increasing dopant composition [1, 8]. Figure 3 
shows the SEM micrograph of the perovskite-type BaSnO3 
formed by the hydrothermal treatment at 573 K for 120 s 
under saturated vapor pressure. It shows that the particles 
have a well faceted cubic morphology having an average size 
of approximately 7 µm [15]. 

 

 
Fig. 3: The SEM Micrograph of Perovskite-Type BaSnO3  
Prepared by Hydrothermal Treatment at 573 K for 120 s  

under Saturated Vapor Pressure [15] 

TEM Analysis 
High resolution structural, morphological characterisations 
of the powder calcined at 1100°C in static air have been 
performed by using TEM and SAED techniques. BaSnO3 
quasi-spherical nanoparticles of mean size of about 200 nm 
noted are shown in Figure 4. However, among these quasi-
spherical nanoparticles, researchers have also observed few 
BaCO3 particles that adopt a stick-like morphology (Figure 
4). Stick-like or needlelike particles are quite bigger than 
spherical nanoparticles, having lengths up to 3 mm and 
widths in the range 200–500 nm. SAED pattern indexation 
has shown that the main part of diffracted spots information 
belongs to the BaSnO3 crystalline structure (1–5 rings) while 
the indexation of the spots (spots A–D) shows the presence 
of BaCO3 in that samples. The presence in the SAED pattern 
is shown in Figure 4 along with two diffuse spots dividing 
the (002) interplanar distance as well as the diffuse line in 
the (0 0 2) direction [12]. 

 

 
Fig. 4: TEM Bright Field Micrograph of the BaSnO3 Quasi-Sp- 
herical Nanoparticles and SAED Pattern Obtained from a Wide 
Region Containing both Spherical and Stick-Like Nanoparticles [12] 

FTIR Analysis 
Figure 5 shows a typical IR spectra of as-prepared nano- 
crystalline BaSnO3 powder. The IR active mode appears as a 
very strong absorption band at 629 cm−1 in the spectrum. The 
Raman active mode has become active in the IR spectrum 
and is observed as a doublet at 568 and 579 cm−1. The 
splitting of the degenerate modes and the appearance of 
inactive modes in the spectra suggest a lowering of symmetry 
due to distortion. The intense sharp peak at 1060 cm−1 in the 
IR spectrum is due to the presence of BaCO3 in the 
combustion method product. The IR spectrum also shows the 
presence of BaCO3 in the sample. The absorption bands at 
856, 1050 and 1450 cm−1 are the characteristic bands of 
BaCO3 [14, 16].  

 

 
Fig. 5: FTIR Spectra of BaSnO3 Nanoparticles  
(a) As-Prepared (b) Heated at 1200°C [14, 16] 



 
 SMART Technologies for Natural Resource Conservation and Sustainable Development 

270 

Properties 

Optical Property  
The optical properties of ABO3 are improved when they are 
doped with different rare earth ions such as Sm, Tm, Tb, Er, 
Eu, Dy [17]. A strong room-temperature near-IR lumine- 
scence can be observed for the terbium (Tb) doped BaSnO3 
material. Photoluminescence (PL) and radioluminescence 
(RL) emissions in the near-IR region can also be observed. 
Rare earth doped BaSnO3 play an important role as multi- 
functional candidates in the fabrication of optoelectronic 
devices [18]. 5% Fe doped barium stannate thin films exhibit 
maximum crystallinity and transparency over 85% in the 
visible region [19]. 

Piezoelectric and Electrostrictive Properties  
The effect of heavy dose gamma ray irradiation on the 
ferroelectric and piezoelectric properties of the synthesized 
titanium doped BaSnO3 i.e. barium stannate titanate ceramics 
has been observed. It has been found that on irradiation the 
ferroelectric property decreases with decreasing values of 
remanent polarization Pr and coercive electric field Ec in 
hysteresis loop. The piezoelectric properties including 
piezoelectric coefficient d33, electrostrictive strain and 
electromechanical coupling coefficient (Kp) also decrease 
following the same trend of Pr and Ec. Grain size also 
decreases and grain patterns become irregular after 
irradiation [20, 21]. Generally this clockwise reversible 
hysteresis loop are observed in barium stannate titanate 
ceramics in the temperature range 10–40°C [22]. 

Pyroelectric Property  
Pyroelectric effects of ferroelectric materials i.e. doped 
BaSnO3 are manifested in a change in polarization as a 
function of temperature, which results in a reduction of the 
bound charge required for compensation of the reduced 
dipole moment on increasing temperature and vice versa on 
decreasing temperature [21]. 

Electrical Conductivity Property  
The maximum conductivity of nanocrystalline BaSnO3 is 
found to be 3.63 × 10−3 S cm−1 at 650°C. The total conducti- 
vity is found to increase with increase in temperature [23]. 
The properties of substitutionally doped, BaSn1–xSbxO3 
samples are investigated. The electrical conductivity increases 
drastically for samples BaSn1–xSbxO3 with x ≤ 0.05, exhibits 
a transition from an insulating to a metallic state. For higher 
doping levels, 0.05 < x < 0.15, the conductivity saturates at  
4 Scm–1 [22]. Besides yttrium doped BaSnO3 i.e. Ba2SnYO5.5 
provides high protonic conductivity [24].  

The yttrium doped barium stannate, i.e. YBa2SnO5.5 also 
finds applications as substrates for high temperature 
superconducting materials, in microwave integrated circuits 
and transmission lines because of their compatible dielectric 
properties, lattice matching, thermal expansion coefficients 
and chemical non-reactivity with the superconductors at the 
processing temperature [25]. 

The silicon doped barium stannate i.e. BaSn1−xSixO3 samples 
show NTCR (Negative Temperature Coefficient of 
Resistance) behavior and a better electrical conduction at 
elevated temperature than undoped BaSnO3 ceramic bodies 
[26]. The conductivity of barium stannate increases sharply 
(by four orders of magnitude) at a particular relative 
humidity(RH), temperature and frequency (i.e. for RH 10%, 
temperature 31 °C and frequency 1 kHz) if it is doped with 
lanthanum and the dopant (La) concentration varies from 0 
to 10 mol% [10].  

It has been found that electrical resistivity for niobium doped 
barium stannate BaSn1−xNbxO3 decreases with increasing x 
for x ≤ 0.01. It again increases with Nb variations for x > 
0.01 [12].  

Magnetic Property 
The undoped BaSnO3 is diamagnetic; upon doping Mn, the 
diamagnetic character of BaSnO3 diminishes and the 
ferromagnetic character evolves gradually with increasing 
Mn-content [27]. These Fe-doped BaSnO3 systems exhibit 
ferromagnetism at room temperature with an average 
magnetic moment of 0.047, 0.038 and 0.025μB/Fe and Curie 
temperature of 510, 462 and 446 K, respectively [28]. Room 
temperature ferromagnetism is exhibited by 5 and 10% Fe 
doped barium stannate powder and film [19]. 

Dielectric Property  
Doped BaSnO3 are ferroelectric ceramics which are 
characterized by (i) high dielectric constant (200–10,000) 
compared to ordinary insulating materials (5–100),  
(ii) relatively low dielectric loss tangent (0.1%–7%), (iii) 
high DC resistivity, (iv) moderate dielectric breakdown 
strength (100–120 kV/cm) and (v) nonlinear electrical, electro- 
mechanical and electro-optic behaviour. In BaTi1−xSnxO3 
ceramics, it is possible to control the room temperature 
values of dielectric, electromechanical and elastic 
coefficients in a fairly wide range. With increasing Sn 
content, the Curie temperature Tc of the paraelectric–
ferroelectric phase transition decreases considerably [29–31]. 
The reversible dielectric nonlinearities of several barium 
stannate titanate ceramics are investigated both in ferro- 
electric and paraelectric phases [32]. It has been observed 
that the value of peak dielectric constant (ɛmax), Curie 
temperature is strongly dependent on frequency and dopant 
concentration [29]. 
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Applications  
Capacitive Application  
BaSnO3 has been used to prepare capacitors owing to its 
characteristic dielectric properties [3]. Since capacitance is 
proportional to dielectric constant, capacitance increases 
with the increase in dielectric property. It has been used to 
prepare thermally stable capacitors and to fabricate ceramic 
boundary layer capacitors when combined with BaTiO3  
[4, 33].  

In order to produce capacitor components based on BaSnO3, 
dense (almost pore free) material bodies are required because 
pores would act as sink to the electrical charge carriers and 
would be the source of poor grain to grain connectivity and 
significant dielectric loss. The addition of additive BaGeO3 
can significantly reduce the sintering temperature obtaining 
dense ceramic bodies due to an improvement of the 
densification behavior [34]. Generally the single capacitive 
sensor chip are fabricated with multiple capacitive sensors 
[35]. 

Ethanol and Gas Sensing Applications  
Ethanol-sensing and gas sensing characteristics of barium 
stannate prepared by chemical precipitation synthesis route 
are interesting. The concentration for all test gases is 1000 
ppm. The response of the sensor to ethanol is reported in 
journals. The material exhibits very low response to petrol, 
LPG, H2 and CO. Among these gases, the maximum 
response is 3.4 for petrol at 290°C. However, its response to 
ethanol is very high. At 290°C, the response to 1000 ppm 
ethanol is 31.7. It may be observed that the sensor exhibits 
the highest response around 290. The responses decrease 
with increasing temperature above 290°C [2]. For CO gas 
sensor the mechanism of CO sensitivity is supposed to be a 
surface reaction process. Thus to get a high gas sensitivity, 
the CO elementary sensor is realized as a thin film. The 
sensitivities of the BaSnO3 thin films to CO are measured as 
a function of the temperature and the oxygen concentration 
[36]. It is observed that the BaSnO3 thin films are insensitive 
to CO2 and NH3 [37].  

Humidity Sensing Application  
Barium stannate has a sensing properties required to act as a 
humidity sensing materials. This property was seen while 
BaSnO3 was synthesized by cold isostatic pressing route [7]. 
The relative humidity inside a chamber was regulated by 
mixing two streams of dry and wet nitrogen gas with BaSnO3 
sample. Lanthanum doped barium stannate exhibits superior 
response to the change in humidity [4]. Combination of 
BaTiO3 with BaSnO3 (BTS), results in development of better 
relative humidity sensor based material system [33]. The 

influence of the Ni ions which partly substitute the Ba ions in 
the barium stannate (Ba1−xNixSnO3, where x = 0; 0.1; 0.2; 
0.5), on the sensitivity to humidity shows that the sensitivity 
to humidity within 22% RH (Relative Humidity) and 75% 
RH for the substitution with x = 0 and 0.1, and 22% RH– 
98% RH for the substitution with x = 0.5. The response time 
is two times shorter than that of the sample without nickel 
substitution [38]. 

Conclusion 
From the above studies we can now draw the following 
major conclusion of nano-barium barium stannate materials: 
Nanocrystalline BaSnO3 is a very important functional 
material possessing many interesting properties. The fine-
grained BaSnO3 powders can be prepared at relatively low 
temperatures. The results of XRD, DTA, TGA, FTIR 
spectroscopy, High resolution microscopy analysis gives the 
lot of informations about the characteristics of nano- 
crystalline BaSnO3. The materials noted to possess good 
electrical, dielectric, piezoelectric, ferroelectric and optical 
properties when BaSnO3 is doped with titanium, antimony, 
yttrium, etc. Nanocrystalline BaSnO3 has been used to 
prepare thermally stable capacitors and it can make better 
capacitor when combined with BaTiO3. BaSnO3 sensors are 
multifunctional because they can sense various gases, 
ethanol, humidity, temperature. BaSnO3 sensors exhibit very 
low response to petrol, LPG, H2 and CO. However, its 
response to ethanol is very remarkable. Milling technique 
can be used as one of the simple synthesis route because the 
high-energy ball milling process is a promising method due 
to its simple processing practice compared with the con- 
ventional solid-state reaction and wet-chemistry based 
processes. Different metals can be used as doping material 
which can enhance the properties of pure BaSnO3. Gas 
sensing property can be improved based on reaction chemistry. 
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Mechano-Chemical Synthesis of Nanocrystalline  
Hydroxyapatite from Egg Shells and Phosphoric Acid 

Anindya Pal1, Shubhadeep Maity2, Sumit Chabri3, Supriya Bera2,  
Amit Roy Chowdhury4, Mitun Das5 and Arijit Sinha*1 

Abstract: The aim of the present study is synthesis of hydroxyapatite from egg shell. Nano-crystalline 
hydroxyapatite (HAp) ceramics were successfully fabricated by a mechanochemical method using egg shells and 
phosphoric acid. The CaO and H3PO4 acid at different wt.% ratios i.e. 1:0.75, 1:1.1, 1:1.25, 1:1.5 and 1:1.75, were 
ball milled and then heat treated at 1000°C for 3 hr to complete reactions. The synthesized powders were 
characterized using X-ray diffraction, FTIR spectroscopy, scanning electron microscope and high resolution 
transmission electron microscopy.  

Keywords: Mechanochemical Synthesis, X-ray Diffraction, Egg Shell, Hydroxyapatite, Biocompatibity. 
 
Introduction 

ydroxyapatite (HAp), (Ca10) (PO4)6(OH)2 is the main 
component of human bone and teeth. HAp is among the 

few bioactive materials, which will support bone in-growth 
and osseointegration when used in orthopaedic and dental 
applications. HAp can be successfully synthesized from 
various biogenic materials, viz., coral, seashell, eggshell, 
body fluids by solid state reactions, chemical precipitation, 
hydrothermal reactions, sol-gel methods and mechano- 
chemical methods using different calcium and phosphorus-
containing starting materials. HAp can be successfully 
produced from recycled eggshells along with phosphoric 
acid. The phases so obtained depend on the ratio of calcined 
eggshells to phosphoric acid, the calcinations temperature 
and the mechanochemical activation method i.e., high energy 
ball milling (HEBM) [1]. Research carried out so far 
suggests that these natural resources can be a good source of 
biological HAp or the promising alternative of Ca and P 
precursor for the production of phase-pure and thermally 
stable HAp. Furthermore, HAp synthesized from the natural 
raw materials or natural waste can be more beneficial as it 
often contains useful ions, which are useful for fast bone 
regeneration process [2]. Among different biogenic 
materials, sea shells were found to be an attractive material 

as it contains 95–99% CaCO3 with trace amount of rear 
oxides (SiO2, MgO, Al2O3, SrO, P2O5, Na2O, and SO3), 
nanoscale arrangement of crystals and high compressive 
strength than common mineral crystal [3–5, 7]. Vecchioa  
et al. demonstrated conversion of different egg shells to 
hydroxyapatite structure through hydrothermal reaction at 
relatively low temperature [3]. The partially converted shell 
with dense HAp layer on shell structure showed fracture 
strength similar to the compact human bone [3, 4]. Lemos  
et al. synthesized nano hydroxyapatite powder from egg 
shells via hydrothermal transformation [5]. Several other 
researchers also studied synthesis of HAp powder from egg 
shell using ball milling and wet chemical synthesis route  
[6–9]. The ball milling (mechanochemical) followed by heat 
treatment route produces more complete conversion of initial 
powder, resulting in the formation of HAp with trace amount 
of β-TCP (β-Tricalcium phosphate) [6, 7]. However, none  
of these mechanochemically synthesized powders were 
evaluated for bioactivity study. 

In present investigation, eggshells were collected and 
washed properly with detergent followed by calcinations at 
1000°C for 3 hours. The structural and morphological 
analyses were done using X-Ray diffraction technique and 
scanning electron microscope. During the first 30 minutes 
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most of the organic materials were burnt out, and then the 
eggshell were converted to CaO as visualize from the XRD. 
The calcined shells were crushed and subjected to HEBM in 
Fritsch Pulverisette P6 planetary mill with phosphoric acid in 
different weight ratios for 20 hours at 300 rpm. The ball 
milled powder were further heat treated at 1000°C for 3 
hours. The ball milled and heat treated powders were further 
subjected to structural and morphological analyses. The 
presence of HAp was not observed after ball milling, 
whereas HAp and other calcium phosphate phases appeared 
after heat treatment of the ball milled powders. 

Materials and Methods 
Powder preparation In the present study, egg shell was 
used as a source of calcium for mechanochemical synthesis 
of HAp. The collected egg shell was washed with detergent, 
dried and then crushed into small pieces which were further 
calcined at 1000°C for 3 hours. Most of the organic materials 
were burnt out during the first 30 minutes. The calcined egg 
shell powders were mixed with H3PO4 acid in CaO:H3PO4 
wt% ratio of 1:0.75, 1:1.0, 1:1.25, 1:1.5 and 1:1.75, respect- 
tively. The mixtures were ball milled for 20 hours at a speed 
of 300 rpm to achieve homogenous mixtures. The ball mill 
(Fritsch Pulverisette P6 planetary mill) was equipped with 
tungsten carbide balls and vial. After milling, powders were 
dried and followed by heat treated at 1000°C for 3 hours. 
Table 1 shows the nomenclature of the samples and process- 
ing conditions. The schematic of processing steps can be 
seen in Figure 1. 

The morphologies of the calcined egg shell, synthesized 
powders, and heat treated powders were examined using 
scanning electron microscope (HITACHI, S-3400 N). The 
quantitative analysis of ball milled powder was examined by 
HRTEM equipped with a Si detector operated at an 
acceleration voltage of 20 kV using the associated software 
of Energy-Dispersive X-ray spectroscopy (EDX). 

Table 1: The Nomenclature of the Samples  

Sample 
Seashell 
Powder: 

H3PO4 acid  
Processing Condition 

HAp1 1:0.75 Seashell and H3PO4 compositios ball 
mill for 20 hrs, followed by sintering at 
1000°C for 3 hrs. HAp2 1:1.0 

Hap3 1:1.25 
Hap4 1:1.5 

Hap5 1:1.75 

 
Fig. 1: Process Flowchart of HAp Synthesized  

by the Mechanochemical Method 

Results and Discussion 
Powder synthesis and XRD analysis In the present study, 
egg shell was used as a source of calcium for mechano- 
chemical synthesis of HAp. During calcination, the organic 
materials of raw egg shell burnt out and completely 
converted into CaO as per following reaction:  

1000°C
3 (Calcined) 2CaCO CaO + CO  … (1)         

The trace amount of Ca(OH)2 in the calcined powder is may 
be due to moisture absorption from the atmosphere (Figure 
2). However, in the present study the calcined powder has 
been considered as pure CaO and mixed H3PO4 acid at 
CaO:H3PO4 wt% ratio of 1:0.75, 1:1.1, 1:1.25, 1:1.5 and 
1:1.75, respectively. The XRD of ball milled powder 
(CaO:H3PO4 wt% ratio 1:1.5). After milling, powders were 
dried and followed by heat treatment at 1000˚C for 3 hours 

in the air. The following reactions occurred and the reactant 
phases were analyzed through XRD. The CaO:H3PO4 wt% 
ratio in the precursor powder mixture influenced the reactant 
phases. 

2CaO + H3PO4  Ca(OH)2 + CaHPO4 … (2) 

2 4 3 4

1000°C 10 4 6 2
(Calcined) 2

5Ca(OH)  + 5CaHPO  + H PO  

Ca (PO ) (OH)  
8H O

(HAp)
 

 … (3) 
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Biodiesel Synthesis from Soybean Oil  
in a Tubular Reactor: Numerical Study 

D. Madhurima Reddy1 and Nanda Kishore*1 

Abstract: Biodiesel is considered as a sustainable alternative to diesel fuel, as it can be utilized instead of 
petroleum diesel. In the lieu of petroleum reserves getting diminished, biodiesel satisfies global energy requirement 
and lessens the environmental impact. Biodiesel is synthesized from the transesterification reaction taking place 
between, methanol and triglycerides under the presence of catalyst. Vegetable oils, waste cooking oils and animal 
fats are the few sources of triglyceride. In this work, the transesterification reaction between waste vegetable oils 
(soybean oil) and methanol is modeled and simulated in a tubular reactor of height 353 mm and width 21.8 mm. The 
convection–diffusion–reaction species transport model present in computational fluid dynamics based software 
ANSYS Fluent v.16.2 is used to model the reaction. The effects of molar ratio of methanol to triglyceride and 
temperature on the biodiesel yield are studied in this work. The results show that as the molar ratio and temperature 
increase, the biodiesel yield also increase. The data obtained from the literature, shows the model is in good 
agreement with the literature counterparts. 

Keywords: Biodiesel Synthesis, Transesterification Reaction, Waste Soybean Oil, Tubular Reactor, Molar Ratio, 
Mass Transfer Controlled. 

 
Introduction 

conomic development of any country depends on the 
energy. Energy is the basic requirement for any sector of 

the economy. But a question arises here, that for how long 
these energy producing fuels will last? Dependency of 
humans on petroleum or diesel as transportation fuel or to 
run every sector of the economy has increased so much over 
time that, it has created many environmental concerns [1]. 
These fuels come at high cost and with a global impact. It is 
well known to us, that global warming has become the most 
potential threat to the earth nowadays. Concerns from both 
political and environmental groups about the use of fossil 
based energy carriers are driving our society in search of 
new alternatives. Biomass is such source of energy which 
can be used to give clean and green biofuels. It is highly 
abundant and carbon–neutral renewable energy resource. 
Biofuels can take the form of any state of matter. Bio-char in 
solid state, ethanol and biodiesel in liquid state and biogas in 
gaseous state are produced from biomass [2]. As a coin  
has two sides to it, biodiesel also has its own advantages  
and disadvantages. Biodiesel has an ability to reduce the 
impact on climate change by reducing carbon monoxide, 
hydrocarbons, sulfur and pollutant particulates [3]. Its 

renewability, non-toxicity, biodegradable nature, inherent 
lubricity and superior flash point are some more advantages 
biodiesel has. But some of its disadvantages include expensive 
than petroleum diesel, high cost of feedstock, not suitable for 
use in low temperature, low volumetric energy content, 
increases NOx emissions, etc.  

The literature contains hundreds of references of biodiesel 
production from a wide variety of oilseeds. The dominant 
feedstocks are soybean in the U.S. [4–7], rapeseed oil [8] in 
Europe and palm oil [9, 10] in South-East Asia. Other 
vegetable oils having potential interest as biodiesel feed- 
stocks include corn, sunflower [11, 12], camelina, cottonseed, 
mustard, safflower, coconut, jatropha [13] and castor beans. 
Animal fats (mainly beef tallow) [14] and used cooking oil 
have very good market for biodiesel production. Production 
of biodiesel from algae [15, 16] is also of great interest.  

Biodiesel is commonly produced by transesterification of 
vegetable oil, waste vegetable oils and animal fats. Transes- 
terification reaction is between an oil or fat and alcohol to 
form esters and glycerol. This reaction can take place with or 
without the catalyst. Vegetable oils and animal fats contain 
triglycerides which is the main reactant for transesterification 
reaction. The reaction involves Triglyceride (TG) reacting 
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with Alcohol (A) in the presence of catalyst to form Fatty 
Acid Alkyl Ester (FAAE) and Glycerol (G) [17]. Since most 
used alcohol is methanol, the biodiesel then produce from 
the reaction is called Fatty Acid Methyl Ester (FAME). 
Techniques employed for production of biodiesel depends on 
type of catalysts and often used techniques are base catalysis, 
acid catalysis, enzymatic conversion, solid catalyst, non-
catalytic conversions, BIOX process and supercritical 
processes. These conversions are often carried out in batch 
reactor, semi-continuous flow reactors, continuous flow 
reactors, ultrasonic reactors, supercritical reactors, micro- 
wave reactors, tubular reactors, etc.  

Further the chemical composition of biodiesel is dependent 
upon the feedstock from which it is produced, as vegetable 
oils and animal fats of differing origin have dissimilar fatty 
acid compositions [18]. Vegetable oils are more viscous than 
diesel fuel, therefore they reduce fuel atomization and 
increase the penetration, which in turn cause engine choking 
and thickening of oils. Therefore, to reduce the viscosity, 
different methods like dilution, micro-emulsification, pyrolysis 
and transesterification are used [1].  

Finally, the transesterification reaction involving vegetable 
oils to produce biodiesel has been given a lot of importance 
by numerous researchers which received large amounts of 
citations in the scientific and patent literature [5, 19, 20] on 
the basis of experimental works; however, a limited literature 
is available on the numerical simulation of the transesteri- 
fication of triglycerides, due to the multi-physics involved in 
such reactive flow. Therefore, this work is aimed numerically 
investigate the modeling and simulations of biodiesel 
synthesis process in tubular reactors under varying conditions 
of the molar ratio of methanol to vegetable oils, temperature, 
and different biomasses using a Computational Fluid 
Dynamics (CFD) based solver. 

Literature Review 
Since the literature on the production of biodiesel originating 
different biomasses, different production techniques and 
different types of reactors used for the production is volumin- 
ous, only experimental and numerical studies pertaining to 
transesterification of vegetable oils under various conditions 
are presented herein. For instance, Freedman et al. [5] 
studied the transesterification kinetics of soybean oil and 
reported the effects of molar ratio, time and temperature on 
ester formation from butanol and soybean oil. Noureddini 
and Zhu [7] also studied the kinetics of transesterification of 
soybean oil. They reported the effect of mixing intensity and 
temperature on the rate of reaction, while molar ratio and 
concentration of catalyst were held constant. They proposed 
a reaction mechanism consisting of an initial mass transfer–
controlled region followed by kinetically controlled region. 
They also reported rate constants and activation energies at 

different mixing intensities. Klofutar et al. [21] investigated 
the batch transesterification reaction of rapeseed and waste 
sunflower oils with methanol in the presence of potassium 
hydroxide as a catalyst. They studied the effect of temperature 
on the reaction rate while molar ratio was held constant. 
They quantitatively monitored the transesterification reaction 
with the help of size–exclusion chromatography and 1H 
NMR spectroscopy. They reported the reaction rate constants 
and activation energies for both waste sunflower oil and 
rapeseed oil, by solving the set of differential equations 
characterizing the stepwise reactions involved in trances- 
terification reaction using fourth order R–K method.  

Recently, Wen and Petera [22] reported CFD numerical 
simulation of biodiesel synthesis in a spinning disc reactor in 
2015. CFD software ANSYS FLUENT v.13.0 was used to 
simulate biodiesel synthesis from canola oil and methanol in 
presence of NaOH in spinning double disc reactor. The 
reactor consists of two flat discs of 50 mm, located coaxially 
and parallel to each other with a gap of 0.2 mm between the 
discs. The mass transfer formulation was used to accomplish 
the simulation of this model. The research work included the 
study of hydrodynamics of properties of spinning disc 
reactor. The effect of rotational speed of upper disc on the 
conversion of triglyceride is reported. Rotational speed 
above 1000 rpm caused shorter residence time and on other 
hand also improved production efficiency. Richard et al. [23] 
made an attempt to model the reaction kinetics of transesteri- 
fication reaction of sunflower oil with ethanol in micro- 
reactors at 65°C by inducing better control for heat and mass 
transfer and were successful. The model was simulated at 
different ethanol to oil molar ratios. A single set of kinetic 
parameter was used to determine kinetic constants and mass 
transfer coefficients. Chokchai et al. [24] used conventional 
process for producing biodiesel. The research work focuses 
on feasibility study of using reactive distillation to produce 
biodiesel from palm oil. They assumed using reactive 
distillation can reduce the amount of excess alcohol in the 
feed stream bringing its stoichiometric ratio close to that of 
oil. ASPEN plus 2006 has been used to simulate this process. 
The results show that a 4:1 molar ratio of methanol to oil and 
the reboiler temperature at 150°C produces 97.36 wt% 
methyl ester in 5.6 minutes, that is 5 times fast than reaction 
time taken in conventional process. The excess alcohol at the 
input was reduced by 66%. But need of the hour is to 
optimize the transesterification reaction to meet the growing 
demand of biodiesel. Assessing the performance of inno- 
vative reactors is difficult due to the liquid–liquid reaction 
mixture that is affected by mass transfer, reaction kinetics 
and component solubility. Boer and Bahri [25] presented a 
CFD model of a tubular reactor developed in ANSYS CFX 
that can be used to predict onset of mixing via turbulent 
flow. According to the authors, this advancement in the 
modeling of two phase transesterification reaction makes 
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possible to accurately model any liquid–liquid flow in tubular 
reactors or pipes. Hydrothermal liquefaction of biomass is 
one of methods to produce biofuels, which include biodiesels 
and bio–oils. Syed [26] performed hydrothermal liquefaction 
of biomass in a continuous flow tubular reactor. The work 
includes the CFD simulation of the process in ANSYS 
FLUENT. The model geometry and mesh of micro reactor 
are developed in ANSYS GAMBIT. The continuous media 
is supercritical water which works as catalyst. The authors 
examined the velocity and temperature distributions and 
reaction kinetics and the reactions in ANSYS FLUENT are 
not authentic because the solution did not converge. The 
authors have proposed that more investigations have to be 
done on reaction pathways involving supercritical water as 
catalyst. In this paper, the numerical modeling of alkali-
catalyzed Waste Cooking Oil (WCO) transesterification in a 
stirred tank reactor is presented. Based on the Reynolds 
Average Navier-Stokes equation, Nabeel et al. [27] 
developed a 3-D model to simulate the transesterification of 
WCO in a stirred tank reactor using a commercial numerical 
solver. Two models were compared for the reaction. One of 
the models included the rate constant (finite rate model) on 
one hand and the other (eddy dissipation model) helped 
account for turbulence. Thermodynamic properties of the 
reaction components were incorporated as user defined 
function for the mixing models in ANSYS FLUENT. FAME 
yield were predicted in terms of species concentration and 
compared fairly well with experimental condition for 1 and 
2-L spinning tank reactor, where yield from the numerical 
model varied by about 18 and 23% for 1 and 2-L spinning 
tank reactor respectively. Highlighting the advantages of 
small scale production, Boer and Bahri [28] proposed this 
paper which developed CFD model in ANSYS CFX that 
encapsulates the liquid-liquid flow phenomena observed in 
the reaction medium. The paper includes an analysis of  
the reaction mixture focusing on necessary simplifying 
assumptions, experimental flow visualization results and an 
investigation of different simulation settings. Many micro 
devices have been tested in order to enhance the interaction 
between vegetable oil and alcohol to raise the conversion 
into biodiesel. Santana et al. [29] studied numerically the use 
of a Spiral-micro mixer for mixing and reaction of Jatropha 
curcasoil and ethanol for the production of biodiesel. The 
simulated micro devices had 200 μm in height and width. 
The mixing of the fluid was analyzed with Reynolds 
numbers ranging from 0.67 to 100 and reaction studies were 
carried out for the same Reynolds numbers and a residence 
time ranging from 0.2 to 1000 s. The Spiral-micro mixer 
showed the highest mixing between the oil and ethanol. The 
highest conversion of vegetable oil in biodiesel was obtained 
with the T-micro mixer (average of 51.8%) and for the 
Spiral-micro mixer (average of 50%) for Reynolds number 
studied. They proposed that an increment in residence time 

increased conversion, and the maximum conversion achieved 
was 98.48% and 99.99% for T-micro mixer and Spiral-micro 
mixer, respectively. The efficiency of mixing and reaction 
process can be increased and high conversion ratios obtained 
using this type of micro mixer. Scott et al. [30] modeled 
continuous reactor system using transesterification of soybean 
or rapeseed oil with methanol in presence of homogeneous 
catalyst. The authors studied the reactor performances in 
terms of biodiesel yields for plug flow and continuous stirred 
reactors and mixing behaviors of inter-stage phase separation 
using ASPEN Plus. The results shows that reverse reactions 
can prevail when inter-stage separation is not efficient 
enough at removing the glycerin co-product. The authors 
stated that methanol to oil ratio can improve any reacting 
system performance. Janajreh and Al Shrah [31] numerically 
simulated the multiple step transesterification of waste oil in 
tubular reactor in three dimensional way. This work explains 
the fact that transesterification reaction of triglyceride and 
alcohol is mass transfer limited. They modeled the reaction 
in tubular reactor to understand the distribution of species 
and to use it as a design tool to develop the reactor design. 
They reported that to avoid stratification and promote mass 
transfer, reactants should be homogenized and they need to 
be injected at a high velocity so that they get premixed. They 
estimated the total residence time to be on the order of 20 
seconds.  

Hydrolysis of oils and fats into free fatty acids is a commercial 
win for chemical industries. Sometimes the conventional 
way of producing biodiesel can be expensive due to non-
availability of feedstock, or low free fatty acids in oils. An 
alternative to that is hydrolysis of oils to fatty acids followed 
by esterification to biodiesel [32]. W.-C. Wang et al. [33] 
modeled 3D continuous counter current hydrolysis of canola 
oil in transient state. They used ANSYS CFX v.11.0 to 
model the kinetics of hydrolysis reactions. Distilled water 
and canola oil were used as feedstock. A 316SS reactor of 
150 cm and 8.9 cm ID was used to perform the hydrolysis 
reactions. Both the feedstock are injected through tubes from 
top the reactor. Canola oil was introduced from 120 cm 
below the top of the reactor and distilled water was 
introduced from 25 cm below the top of the reactor. This is 
done to enhance the mixing of two liquids by considering the 
density differences in water and oil. The geometry and mesh 
are created using ANSYS Workbench v.12. The CFD 
simulation was carried out for 600 time steps, where each 
time step represented 30 s of the physical reaction time. The 
total time of the reaction was 300 minutes. They monitored 
the concentrations of TG, DG, MG, and FFA across the 
simulation time. They concluded that the simulation results 
were in good agreement with experimental data, as the flow 
properties and reaction kinetics were accurate. Machado  
et al. [34] also used the hydrolysis–esterification method to 
produce biodiesel. In this work, two steps involving two 
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reactors are included. The hydrolysis step is carried out in 
packed bed reactor, and esterification step is carried out in 
reactive distillation column. Reactive distillation combines 
both physical separation and chemical reaction. They also 
reported advantages of using reactive distillation column and 
are increased productivity and selectivity, reduced energy 
usage, no need of solvents, and most importantly addressing 
the advantages of process intensification. Their work presents 
computer simulation of continuous multi-stage process for 
biodiesel production from soybean oil and ethanol using 
hydro-esterification process. They calculated material flows, 
analyzed energy balance and process economics. They 
reported that at a molar feed ratio of water to soybean oil of 
5.7:1 and a minimum input flow of soybean oil of 30 mol/  
min leads to high conversions. The sensitivity analysis results 
show the conversions can be reached above 99%, if the 
operating conditions are optimized.  

On the basis of aforementioned literature, the objective of 
the present work is set as to numerically model and simulate 
the biodiesel synthesis process in tubular reactors for varying 
molar ratios of methanol to vegetable oils, biomass source 
and temperature. For this purpose, CFD modeling and 
simulation procedure is applied to biodiesel production 
process so that to understand the chemical and physical 
processes in a better way. ANSYS Fluent v.16.2 is adopted 
to model the tubular reactor used for the transesterification 
reaction for biodiesel production. 

Problem Statement and Mathematical Formulation 
Consider a tubular reactor of height and diameter 353 mm 
and 21.8 mm, respectively, with sizes of inlet and outlet 
tubes being 5 mm each as shown in Figure 1. In the present 
work, the transesterification reaction takes place between 
waste soybean oil (triglyceride) and methanol. The reactants 
are premixed and pumped at a velocity of 1.6 m/s. The  
reaction mixture is considered to be in single phase. The 
reaction is assumed to proceed as soon as the reactant 
components are introduced into the reactor with the help of a  
pump. The concentration of base catalyst (NaOH solution) is  
 

1 wt%, and the diffusivity value for the reacting mixture is 
assumed to be constant and equal to 7 × 10–9 m2s–1 [22]. The 
species physiochemical properties and molecular weights are 
given Table 1. The kinetics required for the modeling and 
simulation of this process are adopted from experimental work 
due to Noureddini and Zhu [7] and are given in Table 2. The 
governing equations for this process are as follows:  
 

 

 

 
(a)  (b) 

Fig. 1: (a) Schematic Representation of the Tubular Reactor  
and (b) Corresponding Mesh View 

Continuity equation:  
𝜕𝜌

𝜕𝑡
+ ∇. 𝜌𝑈 = 0 … (1) 

where 𝜌 is the density of the fluid phase and U is the mean 
velocity vector of that phase. There are no source terms in 
the continuity equation or interphase transfer terms as mass 
is not created or transferred in the domain. 

Table 1: Summary of Physiochemical Properties of Various Species involved in this Study 
Species Chemical Formula Molecular Weight Density, kg/m3 Specific Heat, Cp, J/kg-K Viscosity, kg/m-s 

Methanol CH4O 32 791.8 1470 3.96 × 10–4 
Triglyceride C54H104O6 885 883.3 2200 1.61 × 10–2 
Glycerol C3H8O3 92 1261 2386 1.412 
Biodiesel C18H36O2 296 870 1187 1.12 × 10–3 

Table 2: Chemical Kinetics for Each Reaction involved in the Present Process [7] 
Parameter TG → DG DG → TG DG → MG MG → DG MG → GL GL → MG 

Rate constant, ki (m3/mol-sec) 8.333 × 10–7 1.833 × 10–6 3.583 × 10–6 2.047 × 10–5 4.033 × 10–6 1.167 × 10–7 
Activation energy, Ai (J/ kgmol) 5.5 × 107 4.16 × 107 8.31 × 107 6.13 × 107 2.69 × 107 4.013 × 107 
Pre-exponential factor, ko 3.925 × 107 5.78 × 105 5.91 × 1022 9.88 × 109 5355 21533 
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Momentum equation:  
𝜕𝜌𝑈

𝜕𝑡
+ (∇. 𝜌𝑈𝑈) =  −∇𝑝 + ∇. 𝜏 + 𝜌𝑔 … (2) 

Energy equation:  

𝜌𝐶𝑝
𝐷𝑇

𝐷𝑡
= ∇. 𝜆𝑒∇𝑇 − ∇. ∑ 𝜌ℎ𝑙(𝑇)𝐷𝑒∇𝑚𝑙 − 𝜌 ∑

𝐷𝑚𝑙

𝐷𝑡
ℎ𝑙(𝑇)𝑙𝑙   

 … (3) 
Species transport equation: 

𝜕

𝜕𝑡
(𝜌𝑚𝑖) + 

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖𝑚𝑖)

=  
𝜕

𝜕𝑥𝑖

(𝜌𝐷𝑖,𝑚 + 
𝜇𝑖

𝑆𝑐𝑡

)
𝜕𝑚𝑖

𝜕𝑥𝑖

+ 𝑅𝑖  + 𝑆𝑖 

 … (4) 
where Di,m is the diffusion coefficient of the mi specie, and 
Sci is the turbulent Schmidt number.  

Species mass fraction:  
𝜕

𝜕𝑡
(𝜌𝑌𝑖) + ∇. (𝜌𝑣𝑌𝑖) =  −∇. 𝐽𝑖 + 𝑅𝑖 + 𝑆𝑖 … (5) 

∇. 𝐽𝑖 is the diffusion flux of species i, that arises due to 
concentration gradients the diffusion flux of species is given 
by, 

𝐽𝑖 =  −𝜌𝐷𝑖,𝑚∇𝑌𝑖 … (6) 

where 𝑹𝒊is the reaction source term account for species 
reaction. The chemical reaction rate is given by the Finite 
rate/Eddy dissipation model as below, 

𝑅𝑖 =  𝑀𝑤,𝑖  . ∑ 𝑅′𝑖,𝑟
𝑁𝑅
𝑟=1  … (7) 

k–𝜀 turbulence model:  
It is a two equation model which gives the general description 
of turbulence by means of two transport equations. The first 
transported variable determines the energy in the turbulence 
and is called turbulent kinetic energy (𝑘). The second tran- 
sported variable is the turbulent dissipation (𝜖) which deter- 
mines the rate of dissipation of the turbulent kinetic energy. 

𝜕

𝜕𝑡
(𝜌𝑘) + 

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =  
𝜕

𝜕𝑥𝑗

[(𝜇 + 
𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

] 

              + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘  … (8) 

𝜕

𝜕𝑡
(𝜌𝜖) + 

𝜕

𝜕𝑥𝑖

(𝜌𝜖𝑢𝑖) =  
𝜕

𝜕𝑥𝑗

[(𝜇 + 
𝜇𝑡

𝜎𝜖

)
𝜕𝜖

𝜕𝑥𝑗

] 

             +𝐶1𝜖(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) − 𝐶2𝜖𝑝
𝜖2

𝑘
+ 𝑆𝜖 … (9) 

where, 𝐺𝑘, 𝐺𝑏 represents generation of turbulent kinetic 
energy due to mean velocity gradients and buoyancy. 𝜇𝑡 
represents the eddy/turbulent viscosity. 𝑌𝑀 is the fluctuation 
dilation, and 𝑆𝑘, 𝑆𝜖 are the source terms. 

Numerical Methodology 
Aforementioned governing conservation equations of mass, 
momentum, energy, species transport and kinetics of biodiesel 
synthesis along with appropriate boundary conditions are 
simultaneously solved using a computational fluid dynamics 
based solver, ANSYS 14.5 in conjunction with mesh 
generating solver GAMBIT 2.4. In order to generate the 
mesh in the entire tubular reactor, first individual faces such 
as bottom face, top face, left wall face, right wall face, inlet 
and outlet faces with specified dimensions as shown in 
Figure 1(a) are designed. Then all these faces joined together 
to form a complete reactor, subsequently number of mesh 
intervals along each face are provided and then finally 
quadrilateral mesh is generated in the entire reactor domain 
as shown in Figure 1(b). The total numbers of cell, face and 
node present in the mesh developed for the geometry shown 
in Figure 1(a) are 310164, 628758 and 155457, respectively. 
Further the type of boundary has also been assigned along 
each face of the reactor and the default interior of the reactor 
is fit as continuum fluid medium as all chemical components 
involved in this process are in liquid form. Thus generated 
mesh is exported to ANSYS Fluent 14.5 and the same has 
been checked for mesh accuracy. Since all chemical 
components involved in this study are in liquid form, the 
multiphase model of the solver is not selected in this study. 
The standard k-ε viscous model is chosen along with species 
transport and turbulence-chemistry interaction models are 
selected. After selection of models, the materials and their 
properties are selected either from the dropdown menu of the 
solver or provided according to property details of com- 
ponents given in Table 1. Since the reaction components are 
premixed, the mixture properties of the species are specified 
in the mixture category which includes specifying the 
reaction kinetic data that is provided in Table 2. Then the 
boundary conditions are supplied in accordance with the 
combination of independent variables for a given simulation. 
Finally, after supplying all aforementioned information in 
the software, the final solutions procedure is initiated using  
a Semi-Implicit Model for Pressure-Linked Equations 
(SIMPLE) solver. The final converged solutions are saved 
and proceed for post processing for evaluation of the results.  

Validation 
The transesterification of soybean vegetables oils in tubular 
reactor has been simulated by Isa metal [31] using the 
experimental kinetics reported by Noureddini and Zhu [7]. 
Thus in this work validation has been carried out with results 
of Isam et al. [31] at 50˚C, methanol to TG molar ratio of 
6:1, and inlet velocity of 1.6m/s; and presented in Table 3. 
From this table it can be deduced that the mass fractions of 
all species involved in the reaction are in good agreement 
with the reported values of Isam et al. [31]. The present 
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conversion is 61.05% whereas that of Isam et al. [31] is 
62.9%. This validation sets up the reliability and accuracy of 
the present solution methodology to extend for obtaining the 
simulation results on biodiesel from soybean vegetable oil 
under mass controlled conditions. 

Table 3: Comparison of Mass Fractions of Reaction  
Species of Present Work with those of Isam et al. [31] 

Species Inlet Mass 
Fractions 

Present 
Work 

Isam  
et al. [31] 

TG 0.143 0.0557 0.053 
Methanol 0.857 0.0932 0.0833 
DG  0.0001 0.0002 
MG  0.0453 0.06 
Glycerol  0.0010 0.00132 
Biodiesel  0.6105 0.629 
Conversion  61.05% 62.9% 

Results and Discussion 
Figure 2 shows the effect of molar ratio on the yield of 
biodiesel at different temperatures. It can be seen from this 
figure that for all values of the temperature, the yield of 
biodiesel increases with the increasing molar ratio. At small 
temperature of T = 50˚C, the biodiesel versus molar ratio 
attains a kind of stability after molar ratio of 8; however, for 
other two values of the temperatures, the biodiesel versus 
molar ratio curve almost linearly increases with the tempera- 
ture.  

 

 
Fig. 2: Molar Ratio vs. Biodiesel Yield for  

Transesterification Reaction for Waste Soybean Oil 

Figure 3 shows the effect of the temperature on the biodiesel 
yield for different molar ratios. It can be seen from this 
figure that for all values of the molar ratio, the biodiesel 
yield increases with increasing temperatures. At molar ratio 
12:1, the biodiesel versus temperature curve tend to become 
stable after T = 60˚C, but for other two values of molar ratio, 
almost linearly increasing trend of biodiesel yield versus 
temperature is found.  

  
Fig. 3: Temperature vs. Biodiesel Yield for Transesterification 

Reaction for Waste Soybean Oil 

Figure 4 shows the effect of molar ratio on the biodiesel 
yield due to the mass transfer controlled transesterification of 
waste soybean oil at different temperatures. From this figure 
it can be observed that for all values of the temperature, the 
biodiesel yield due to mass transfer controlled transesteri- 
fication increase with molar ratio. Furthermore, unlike the 
case of normal transesterification reaction, in the case of mass 
controlled transesterification the biodiesel yield has increased 
substantially and a kind of stability of curve is attained for 
molar ratio > 8 regardless the values of the temperature. 
 

 
Fig. 4: Molar Ratio vs. Biodiesel Yield for the Mass Transfer 

Controlled Transesterification Reaction for Waste Soybean Oil 

Figure 5 shows the effect of temperature on the yield of 
biodiesel due to mass transfer controlled transesterification 
of waste soybean oil for different molar ratio values. From 
this figure, it can be observed that regardless the values of the 
molar ratio, the biodiesel yield due to mass transfer controlled 
transesterification reaction increases with the temperature 
and the corresponding curves attain a kind of stable behavior 
when temperature goes beyond 60°C. Furthermore, compared 
to normal transesterification, the yield of biodiesel due to 
mass transfer controlled transesterification is substantially 
large for all combinations of the molar ratio and temperature.  
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Fig. 5: Temperature vs Biodiesel Yield for Mass Transfer 

Controlled Transesterification Reaction for Waste Soybean Oil 

Conclusions 
With the increase in global human population and environ- 
mental concerns, the need for renewable energy is also 
increasing. Biodiesel has become more attractive recently 
because of its environmental benefits. The synthesis of 
biodiesel has therefore become more challenging. Trans- 
esterification reaction is currently the most appropriate and 
convenient method. The same has been simulated as part of 
this thesis work. The meshing software GAMBIT v.2.4 and 
CFD software ANSYS Fluent v.16.2 was successfully used 
for modelling and simulating the biodiesel synthesis process 
in a tubular reactor: 
 • The transesterification reaction was modelled using 

waste soybean oil and methanol. Kinetic data from the 
literature has been used to study the chemical reaction. 

 • The results were validated with literature values which 
showed that the conversion obtained from the simulation 
is acceptable. 

 • Transesterification reaction can also be mass transfer 
limited. To study the effect of mass transfer on the bio- 
diesel yield, the diffusion coefficients were employed. 
The results show that the yield of biodiesel has increased 
when the reaction is mass transfer limited for all 
combinations of the temperature and molar ratio. 
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Synthesis, Characterization, Stability Evaluation and Release 
Kinetics of Trehalose-Encapsulated Bioactive-Nanocapsules 

Surashree Sen Gupta*1 and Mahua Ghosh1 

Abstract: Nanocapsules containing Secoisolariciresinol Diglucoside (SDG) encapsulated with trehalose was 
prepared by the water-in-oil-in-water emulsion technique. They had an encapsulation efficiency of (83.4 ± 2.82)%. 
The size-reduction was achieved by high pressure homogenization and particle-size was (208.6 ± 2.68) nm. The 
morphology of the dried nanocapsules was observed to be uniform and smooth in texture. Diffraction patterns 
confirmed the purity of the trehalose encapsulant. Differential Scanning Calorimetry (DSC) studies detected 
uniformity of the outer shell structure of nanocapsules. Release was sustained in nature and continued up to 10 
hours. Shelf-life studies revealed that after 30 days on being exposed to a relative humidity of 97% SDG retention 
was 98.2%. 
Keywords: Nanocapsules, SDG, Trehalose, Emulsion, Sustained Release. 

 
Introduction 

ioactive products like flaxseed lignans show several 
health promoting effects including anti-carcinogenic, 

oestrogenic, antioxidative effects [1–3]. The most potent 
flaxseed lignan is Secoisolariciresinol Diglucoside (SDG). 
However due to its extended structure, efficient absorption 
and utilization of the lignan poses a predicament. A feasible 
solution to this problem is the nanoencapsulation of SDG 
which will ensure the targeted delivery and appropriate 
storage of the bioactive compound by suitable means as 
nanoencapsulation entails the confinement of vital ingredients in 
a minuscule level. A range of different encapsulating methods 
and materials have been described [4–6]. By application of 
various encapsulating materials and suitable methods, the 
nanocapsules that are produced demonstrate specific 
attributes in terms of particle size, stability, method of     
core release and so on. Hence it is imperative that the 
encapsulation method for every bioactive compound should 
be designed specifically based on its functionality and the 
surrounding matrix in which it will be released. Furthermore 
the safety and biodegradability of the nanocarrier is also 
essential as the final product is intended for consumption 
purposes. Hence keeping all these facts in mind trehalose has 
been chosen as the suitable encapsulant [7] while freeze-
drying method was selected as the process of encapsulation 
[8]. As a coating material trehalose demonstrated certain 
properties like temperature resistance and rheological 
uniformity. 

Hence in the present work nanocapsules have been prepared 
for SDG using trehalose as the encapsulant. The prepared 
nanocapsules were characterized from all aspects including 
shelf-life and release behavior. The study showcased immense 
prospect of these nanocapsules for application in the food 
and beverage industries. 

Materials and Methods 

Materials 
Flaxseeds were obtained from Directorate of Agriculture, 
Govt. of West Bengal, India. SDG was isolated from 
flaxseed by following the method of Al-Jumaily et al. [9]. 
Flaxseed oil was purchased from local market. D (+) 
Trehalose was procured from Sigma-Aldrich Co., St. Louis, 
USA. All other reagents were of analytical grade and 
procured from Merck India Ltd., Mumbai. India. 

Encapsulation of SDG 
A double emulsion was synthesized for encapsulating water-
soluble SDG. About 1g of SDG was mixed with water which 
will form the inner core phase. This was heated to 60ºC. 
Double the amount of flaxseed oil, as the amount of water 
taken, was mixed with span 60 and lecithin in the ratio of 
70:30 and heated to 60ºC. Gradually the aqueous phase 
containing SDG was dispersed into the oil phase under 
agitation with a magnetic stirrer and then blended together 
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using a high-speed blender at 60°C for 30 minutes at 5000 
rpm. After complete addition of the aqueous phase, the 
system was cooled to bring down to room temperature. The 
prepared W/O emulsion was mixed with measured quantity 
of lecithin. 20% (w/w) of the emulsion was homogenized 
with 80% (w/w) of aqueous solution containing Tween 20 
emulsifier and trehalose as the encapsulant. The encapsulant 
was used in an equal proportion as the amount of W/O 
emulsion (W/O emulsion: trehalose = 1:1). Tween 20 and 
lecithin emulsifiers were used in the proportion of 70:30. 
The outer aqueous layer consisted of an aqueous phosphate 
buffer of pH 7, with 100 mM NaCl. The W/O phase was 
blended with the aqueous solutions using homogenizer at 
8000 rpm with 6 re-circulations using homogenizer to get 
pre-emulsions. The resultant emulsions were further homo-
genized with high speed stirrer at 30,000 rpm for 15 minute. 
Size-reduction was achieved by high pressure homo-
genization technique (NanoDebee [8799], B.E.E. Inter-
national Inc., Easton, MA 02375, USA) with a hydraulic 
pressure of 3000 psi and a homogenization pressure of 
40,000 psi and 5 cycles at 5°C. 

Particle-Size Determination and Powder Production 
The particle size distribution and mean droplet diameter of 
the emulsions were measured using dynamic light scattering 
technique (Nano-ZS, Malvern Instruments, Worcestershire, 
UK). Mean particle diameters were reported as Z-average 
diameters. Samples were diluted prior to the measurements 
to avoid multiple scattering effects, using a dilution factor of 
1:10 sample-to-deionised water. Data reported was a mean of 
3 consecutive readings. 
The emulsions were initially frozen with liquid nitrogen      
(–196°C) and then stored overnight at –70°C. Next day the 
frozen emulsions were lyophilized. An Eyela Freeze Dryer 
(Type - FD-5N, Ser. No. 10160657, AC100V, and 50/60 Hz 
500 W, Tokyo Rikakikai Co. Ltd., Japan) was used for 
freeze drying which was operated at –20°C and a chamber 
pressure of 13.3 Pa. The dried emulsions were crushed with 
mortar and pestle to get uniform powder-like products. 

Efficiency of Encapsulation 
Content of SDG in nanocapsules were analyzed by hydrolyz-
ing the capsules. Approximately 10 mg nanospheres were 
hydrolyzed in 10 ml of 1(N) HCl solution and agitated in an 
orbital shaker maintained at room temperature for 12 hour at 
200 rpm. After 12 hour, the oil was extracted with hexane. 
Hexane and ethanol were used to separate the other 
components. SDG comes in the ethanol phase which        
was then evaporated to dryness and the amount of SDG 
collected was noted quantitatively and confirmed 
spectrophotometrically. The processes were repeated three 
times. 

Encapsulation efficiency = [(actual loading of bioactive 
product)/(theoretical loading of bioactive product)] × 100 

Morphology 
The surface morphology of the dried nanocapsules was 
observed using scanning electron microscopy [Carl Zeiss 
EVO18 (Special Edition) Germany]. Prior to observation, 
samples were mounted on metal grids, using double-sided 
adhesive tapes and coated by gold under vacuum. 

Crystallinity 
 
Nanocapsules were analyzed for crystallinity by X-Ray 
Diffraction (XRD) technique. Diffractometer (XPERT-PRO 
from Panalytical Diffractometer) was used Cuα (λ = 1.5406) 
as X-ray source. Kα1α2β radiation from copper was used at 
40 kV and 30 mA. Kα2/Kα1 ratio was 0.50000. Scanning 
velocity was 1°/minute from 2° to 80°. Experiments were 
performed at 25°C. 

Oxidative Stability 
Pressurized DSC experiments were carried out for the nano-
capsules to assess their oxidative stability using a TGA/ 
DSC1 thermal analyzer from Mettler, Toledo, Switzerland, 
using software STARe System. Typically, 1 mg of sample 
was placed in an aluminum pan hermetically sealed with a 
pinhole lid and oxidized in the presence of dry air (Gateway 
Airgas, St. Louis, Mo, USA), which was pressurized in the 
module at a constant pressure of 200 psi. A 5ºC minute–1 
heating rate from 20 to 120ºC was used during each 
experiment. The oxidation onset was calculated from a plot 
of heat flow (W/g) versus temperature for each experiment. 
The sample was run in triplicate, and average values rounded 
to the nearest whole degree are reported. 

Release of SDG 
The nanocapsules were placed in glass bottles containing 30 
mL dissolution media consisting of Phosphate Buffered 
Saline (PBS) with pH 7.4 which corresponds to the pH of 
small intestine. It was incubated in a shaking bath at 37ºC 
and 100 rpm. At time intervals of 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 
and 10 hr 10 mL samples were withdrawn and filtered. 10 
mL of fresh PBS was added to the mixture and the filtered 
residues were also added back to the dissolution media. The 
10 mL filtrate was thereby processed. The filtrate was taken 
in a separating funnel and was extracted with hexane. The 
hexane layer was discarded and the ethanol layer was taken 
and absorbance was measured at 280 nm. The concentration 
of SDG was calculated according to equation (1), 

C = A/εL  … (1) 
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Where C = concentration of SDG 
 A = absorbance of the SDG at maximum wave length 
  (λmax) 
 ε = molar extinction coefficient of SDG  
  (SDG = 3208 Lmol–1cm–1 at 280 nm [10]) 
 L = distance (1 cm) 

Release Kinetics 
The in vitro lipid release patterns were fitted to various 
release kinetic models like Hixson–Crowell cube root law 
[11] and Korsmeyer–Peppas model [12]. 

Shelf-life of the Nanocapsules 
Evacuated, sealed desiccators filled with calcium chloride at 
30ºC and a beaker with saturated solution of potassium 
sulphate (aw = 0.97) was kept overnight. 1 g of the nano-
capsules was kept in a beaker inside the desiccators for 30 
days. After 0, 5, 10, 15, 20, 25 and 30 days samples were 
removed and analyzed for moisture content and amount of 
SDG retention. 
Moisture content: Weighed amount of capsules on a watch 
glass were placed in oven at 110ºC for 6 hr. Gravimetric 
difference in weight before and after drying gives the 
moisture content. 
SDG retention: Weighed amount of capsules were hydro-
lyzed with 1(N) HCl (20 mL) for 12 hour at 300 rpm. After 
12 hour the samples were treated in a similar manner as 
above (for release study) and concentration were evaluated 
according to equation (1). 

Statistical Analysis 
Statistical analysis was performed using one-way Analysis of 
Variance (ANOVA). For statistical studies OriginLab 
software (OriginLab Corporation, Northampton, UK) was 
used. Values were expressed as Mean ± SEM. 

Results and Discussion 

Particle Size and Efficiency of Encapsulation 
The particle-size of the SDG nanoemulsion was evaluated to 
be (208.6 ± 2.68) nm. The generally accepted droplet-size for 
nanoemulsions is between 20 to 500 nm [13]. Hence in the 
present work an acceptable water-in-oil-in-water nano-
emulsion was successfully prepared. The smaller the droplet 
size of emulsions better is its stability and shelf-life [13]. 
Hence in this case as a droplet size of 208.6 nm was achieved 
the nanoemulsion was free from any kind of coalescence or 
agglomeration behavior of the emulsion droplets. 
An encapsulation efficiency of (84.4 ± 2.82)% was achieved. 
The core composition plays a vital role in determining the 

stability of a nanocapsule. It is important that a high SDG 
loading is achieved while retaining the basic nanocapsules 
characteristics [14]. A loss of about 16% occurred probably 
during the processing step. Modulating the core material 
composition while adjusting the processing steps are 
necessary to further enhance encapsulation efficiency. 

Morphology 
The surface morphology of the nanocapsules is observed in 
Figure 1. The surfaces of the nanocapsules were dry, opaque 
and homogeneous in nature. A dense packing along with a 
distinct boundary demarcation was observed for the 
molecules. 

 

 
Fig. 1: SEM Micrograph of SDG Nanocapsules 

Crystallinity Study 
The XRD crystallograph is shown in Figure 2. XRD diffract-
tion patterns help to understand the exact crystalline/ 
amorphous nature of an encapsulant [15]. It is essential in 
this context as a clear idea regarding the purity of the shell 
can be interpreted from the data. Large Bragg peaks are 
observed in Figure 2, which is characteristic of trehalose. 
Hence it is affirmed that there is no crack or leakage in the 
nanocapsule structure as pure, unscathed trehalose structure 
has been detected from the crystallographic analysis. 

 
Oxidative Stability 
From Figure 3 it is evident that there are no cracks on the 
outermost shell of the nanocapsules. Hence the core 
materials were not released [16]. This observation is in parity 
with the XRD studies. The crystalline nature of the 
encapsulant is the primary factor which controls the thermal 
stability of the nanocapsules between 20 to 120°C. Trehalose 
could also withstand the entire process of nanocapsule 
synthesis involving the variable temperature processing, 
without affecting the property of the nanocapsules leading to 
their deterioration. Furthermore the formation of the 
nanoemulsion, involving choice of emulsifiers and lipid, was 
also quite efficient which imparted sufficient stability to the 
entire nanostructure. 
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Fig. 2: XRD Crystallograph of SDG Nanocapsules 

 

 
Fig. 3: DSC Graph of SDG Nanocapsules 

 
Release of SDG 
Figure 4 gives a clear picture of the release profile of SDG. 
After 1 hour about (0.53 ± 0.02) × 10–3 mol/L, after 2 hour 
(1.03 ± 0.11) × 10–3 mol/L, after 3 hour (1.17 ± 0.08) × 10–3 

mol/L, after 4 hour (1.23 ± 0.07) × 10–3 mol/L SDG was 
detected. However after 5 hour the amount of SDG detected 
was gradually found to lower to (1.22 ± 0.05) × 10–3 mol/L, 
(1.17 ± 0.12) × 10–3 mol/L after 6 hour (1.12 ± 0.06) × 10–3 

mol/L after 7 hour, (1.07 ± 0.09) × 10–3 mol/L after 8 hour 

(1.05 ± 0.10) × 10–3 mol/L after 9 hour, and finally         
(1.04 ± 0.08) × 10–3 mol/L after 10 hour. 
The sustained release was due to trehalose forming a 
compact structure and displaying slow decay. In addition, the 
presence of an intermediate layer of flaxseed oil also 
contributed towards insinuating the controlled release of 
SDG. Beyond 5 hours, the proportion of SDG gradually 
lowered because the amount of SDG released into the 
medium was less than the amount withdrawn. The pH-
dependent release profile actually portrayed the behaviour of 
the nanocapules in human small intestine. 
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Fig. 4: Release of SDG from the Nanocapsules 

Release Kinetics 
The release profile of SDG from nanocapsules was plotted as 
cube root of lipid (%) remaining in matrix against time 
(Hixson-crowell cube root law) and the log cumulative lipid 
release (%) against log time (Korsmeyer model) (Figure 5). 
The release of SDG from nanocapsules was fitted in different 
models. It was observed that the best fit was for Korsmeyer-
Peppas model, R2 = 0.426 (Figure 5b) and the worst fit was 
for Hixson-Crowell cube root law, R2 = 0.147 (Figure 5a). 
The value of the release exponent (n) is obtained from the 
Korsmeyer-Peppas model which in this case was found to be 
0.228 which is less than the standard value of 0.5 (When n = 
0.5, lipid is released from the nanocapsules with Quasi–
Fickian diffusion mechanism; when n > 0.5, then non-
Fickian or zero order release exists; when n < 0.5, then 
Fickian diffusion for spherical capsules) [12]. Here it is 
observed that Fickian diffusional release occurs due to the 
molecular diffusion process from spherical nanocapsules. 

 
Fig. 5: Release Kinetics of SDG Nanocapsules 

Shelf-Life Study 
A high retention of SDG was observed for the nanocapsules 
upto 30 days at a water activity of 0.97 (Table 1). Humidity 
is a critical factor for the long time preservation of 
nanocapsules containing bioactive component. It plays an 
important role in hampering the physical and chemical 
stability of any emulsion based encapsulation system. 
Trehalose displayed an extremely moisture-resistant nature 
which prevented any sort of deformation of the 
nanocapsules. Hence much change in SDG retention was not 
observed during the prolonged preservation of nanocapsules 
upto 30 days. 

Conclusion 
Trehalose-encapsulated SDG nanocapsules, were 
successfully synthesized by multiple emulsion technique. 
The emulsifier system selected for the manufacture of the 
emulsion proved to be effective in the sustained release of 
SDG from the nanocapsules. An excellent shelf-life was also 
observed for the nanocapsules. 

 
Table 1: Shelf-Life Study of SDG Nanocapsules  

 SDG (%)a Moisture Content (%)b 

Time → 

(days) 
0 5 10 15 20 25 30 0 5 10 15 20 25 30 

SDG 

nanocapsule 

99.2 

± 

1.22 

99.2 

± 

1.98 

98.9 

± 

2.46 

98.8 

± 

3.78 

98.5 

± 

1.96 

98.2 

± 

2.67 

98.2 

± 

2.92 

18.5 

± 

1.39 

15.6 

± 

1.33 

12.5 

± 

1.33 

8.40 

± 

1.31 

1.43 

± 

0.32 

0.49 

± 

0.37 

0.3 

± 

0.18 

a,bValues are expressed as mean ± S.E.M, n = 3. 

(a)                                              (b)
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Bio-Engineering Approach to Control River Bank Erosion 

T. Sanyal1 

Abstract: River bank erosion is a natural hazard that manifests more commonly in regions with unstable soil 
stratification. Causes behind river bank erosion are several, the most common being large water level fluctuation of 
river. Fluvial drag and vortices at bank toe are other common causes. Design principle for bank protection against 
erosion is based on i) prevention of migration of bank soil, ii) facilitating dissipation of pore water intruded into the 
bank soil without disturbing the bank configuration and iii) inducing accretion of silt on the eroded bank. Besides 
providing direct protection of the affected bank, sometimes structural interventions may be necessary in 
conjunction. The conventional practice of placing granular inverted filter over eroded banks, apart from 
environmental limitations, is fraught with constructional impreciseness leading to recurrence of failure. As a result 
bio-engineering measures are now being increasingly favored even in developed countries to control river bank 
erosion. Bio-engineering approach is engineered utilization of appropriate natural resources keeping in view site-
specific technical needs. Jute Geotextiles (JGT), a kind of technical textile, in conjunction with appropriate 
vegetation can cater to the technical requirements as effectively as inverted granular filter. Vetiver grass in rivers 
carrying sweet water and mangroves in brackish water zones are effective as soil-binder, silt-inducer and flow-
attenuator. JGT incidentally has been used successfully in more than fifty eroded river banks all over the country. It 
is felt that given the environmental adversities looming large, bio-engineering approach for control of river bank 
erosion strongly deserves encouragement by the Government and engineers. 

Keywords: Bio-Engineering, Jute Geotextile, Transmissivity, Vetiver, Mangroves. 
 
Introduction 

rosion of banks of rivers and waterways is a frequently 
occurring phenomenon especially in regimes with 

unsettled soil stratification. There are several reasons for 
river bank erosion of which the combined effect of rise of 
water level in rivers during the monsoon and drawdown 
thereafter is the most common. Velocity of flow hugging a 
bank, eddies at the bank toe, severe wind-induced waves are 
other common causes of river bank erosion. The conventional 
approach to control river bank erosion is to place inverted 
granular filter over the affected bank after correcting the 
bank slope to a stable profile. With development of 
geotextiles the function of filter required to stabilize the 
eroded bank can be far better managed. The current trend is 
to adopt bio-engineering measures which utilize natural 
resources to protect the eroded/erosion-prone river banks. 
This is in essence utilization of engineered natural resources 
to control soil-related distresses as in the case of river bank 
erosion. The paper discusses in brief the basic technology 
and the natural implements that can be engineered to control 
river bank erosion. 

Causes of River Bank Erosion 
As indicated the most common cause of river bank erosion is 
sharp water level fluctuation. Water above the ambient level 
during the rains intrudes into the bank soil and the intruded 
pore water tries to force its way back into the river when the 
level goes down, toppling the bank soil in the process. Extent 
of intrusion of water into bank soil depends principally on 
hydraulic conductivity of bank soil while magnitude of 
erosion of bank is a factor of its ‘erodibility’. At ambient 
level of water in rivers banks seldom erode as pore water 
pressure within bank soil is counter-balanced by water 
pressure of river. River erosion takes place when hydraulic 
gradient is formed due to recession of water level. The other 
reason of bank erosion is the frictional drag exerted by the 
flow hugging it. River bank may succumb to such fluvial 
erosive forces (‘erosivity’) exerted on bank. The third 
common cause is formation of eddies at the bank toe which 
eat up bank soil progressively from bottom.  

Strong wind-induced waves may also cause bank erosion. 
Waves generated by large vessels may also erode river banks 
occasionally. 
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Remedial Principle 
The basic principle to control river bank erosion caused as a 
result of water level fluctuation is i) to check migration of 
soil particles from the affected bank and ii) to facilitate 
dissipation of pore water pressure generated within bank soil. 
Understandably what is needed is a filter over the affected 
bank that can fulfill both the requirements concurrently. 
Granular inverted filter is conventionally recommended for 
the purpose. To control erosion caused by fluvial frictional 
drag, usually repulsion of flow away from the bank by 
construction of spurs etc is advocated. Eddies at bank toe 
may be controlled by building submerged spurs. The conven- 
tional practice of placing granular inverted filter over eroded 
banks, apart from environmental limitations and high cost, is 
fraught with constructional impreciseness leading to 
recurrence of failure. As a result bio-engineering measures are 
now being increasingly favored even in developed countries 
to control river bank erosion.  

Bio-Engineering Technique  
Simply expressed, bio-engineering approach is engineered 
application of appropriate natural resources keeping in view 
the remedial principle as indicated and site-conditions. The 
two remedial functions are carried out by geotextiles, 
preferably natural geotextiles while function of soil-binding 
is done by appropriate vegetation. Each part of a plant 
performs distinct functions. Roots increase hydraulic 
conductivity of soil and reinforce them by performing 
functions of anchorage, absorption, conduction and storage. 
Stems help in interception of soil particles on move. Leaves 
aid storage and enhances aesthetic appeal. Pour water 
pressure in the underground is eased off due to transpiration 
through roots. Vegetation with deep roots and high surviv- 
ability rate should be chosen considering the climatic and 
geotechnical conditions. Vegetation strengthens the top soil 
improves integrity of the soil body.  

Role of Geotextile in River Bank Erosion Control 
Filtration, the critical requirement for designing a protective 
cover over the eroded bank, as indicated implies two-fold 
functions viz a) checking migration of bank soil particles and 
b) easing of confined pore water within the bank soil. A filter 
over the affected bank is needed till vegetation is sufficiently 
mature to perform its expected functions. Filtration function 
is best performed by specially made fabric known as 
geotextile—a kind of technical textile having its pores so 
designed as would not allow the most of bank soil particles 
to pass through and. at the same time facilitate passage of 
pore water across (‘permittivity’) and along (‘transmissivity’) 
it. Understandably the functions are contrasting. Optimizing 
the pore size of geotextiles holds the key as smaller the pore 
size, the better will be particle-restraint and the lower will be 

its permeability. Prior judicious empirical compromise of 
pore size is thus called for. Geotextile should be tailor-made 
to cater to this requirement, besides possessing adequate 
tensile strength to withstand installation and other imposed 
stresses. Synthetic (polymeric) geotextiles are commonly 
used in the overseas for its durability, dimensional uniformity 
and affordable price. But it suffers from environmental 
limitations as polyamides, polyethylene etc that go in its 
making are not eco-concordant. It is for this reason natural 
geotextiles, especially Jute Geotextiles (JGT) is being 
increasingly favored for its eco-compatibility, spinnability 
and high initial modulus as an integral component of bio-
engineering technique. JGT in addition supports growth of 
vegetation and biodegrade after leaving nutrients as residue 
hastening growth of vegetation for soil-binding.  

Design Elements 
Design of JGT should thus focus on two factors i.e. AOS 
(Apparent Opening Size) of woven JGT and co-efficient of 
permeability of JGT with relation to average grain size 
distribution of bank soil and hydraulic conductivity of bank 
soil respectively. Empirical relations have been developed 
for man-made geotextiles, which have the advantage of yarn 
uniformity and dimensional stability. Considering features of 
jute fibers it is suggested that AOS of JGT should be allowed 
sufficient tolerance (say 15%) considering its lack of 
dimensional uniformity and for ‘hairiness’ of its yarns. 
Tensile strength of 20 kN/m of woven JGT is usually adequate 
for most river bank applications. Besides AOS of JGT, it is 
necessary to design the granular armor layer over JGT laid 
on the prepared bank slope to lend stability to the bank against 
uplift forces. It requires to be ensured that displacement of 
armor layer should be minimal and JGT should not turn into 
a plane of sliding. Vegetation will sprout through the 
interspaces of armor rock. It is important to point out that the 
selected woven JGT must be durable enough to last till the 
bank soil stabilizes to an acceptable degree. Bank erosion 
caused due to complex hydraulic milieu may take longer 
time for stabilization necessitating extended effective life of 
JGT. Bank soil may stabilize sufficiently if filtration is 
effective for at least two seasons usually. JGT remains 
unaffected for six months without treatment usually. 
Protective coating over it is therefore needed to enhance the 
fabric durability for at least three years. Such eco-friendly 
water-repellent protective coating is claimed to have been 
developed by IIT, Kharagpur and also by Indian Jute 
Industries’ Research Association, Kolkata. When bank soil 
propelled by pore water pressure tries to ease out of pores of 
the geotextile, larger particles form an arch-like configure- 
tion over JGT pores and restrain smaller particles from 
migrating. The process results in altered disposition of soil 
particles in bank soil and lends a state of compactness and 
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also effects of filter (‘filter cake’). In reversing flow 
conditions, filter cake formation in bank soil is usually partial 
when the cycle time is too short to form a graded soil filter. 
In rapidly reversing flow conditions even partial filter cake 
formation in bank soil may not be attainable. In such 
conditions, granular filter is used in conjunction with JGT. 
Light weight JGT is adequate for unidirectional flow 
conditions, whereas thick GT should be suitable for rapidly 
reversing flow conditions. Research institutes in the west 
have developed separate empirical design criteria for 
synthetic geotextiles for river bank protection against 
erosion. On the basis of experience gained in more than fifty 
field applications with JGT for control of river bank erosion 
in India, the following empirical criteria are recommended 
for ensuring soil retention. 
• If d40 is ≤ 0.06 mm, then O90 should be less than d90, 

10d50 and 300 μm separately  
• If d40 is > 0.06 mm, then O90 should be less than 1.5 d10 

U1/2, d50 and 500 μm separately (Sanyal 2016) 

To fulfill permeability requirements the basis principle is 
that as long as the permeability of the geotextile (kg) is 
greater than the permeability of the soil (ks), the flow of 
water will not be impeded at the soil/geotextile interface. For 
practical applications, the following indicators may be 
adopted for JGT as recommended in Geotextiles & Geo- 
membranes Manual (Ingold: 1994). 
• If d40 is ≤ 0.06 mm, then 300 μm < O90 < 1500 μm and 

5mm < tJGT < 15 mm  
• If d40 is > 0.06 mm, then 500 μm < O90 < 2000 μm and 

5mm < tJGT < 20 mm. 

JGT acts as a drain allowing transmission of water along its 
plane (transmissivity). For JGT, if permittivity criteria are 
satisfied, transmissivity criteria are usually fulfilled. For 
survivability, JGT shall have the minimum average roll 
values (MARV) for armor layer as shown in Table 1 
considering weight of individual stone about 50 kg with drop 
height of 1 m. 

Table 1: MARV for Survivability of JGT 

Sl. 
No. Property ASTM Units Values 

1. Wide Width tensile 
Strength 

D 4595 kN/m 20 

2. Puncture Strength D 4833 kN 400 (± 10%) 
3. Burst Strength D 3786 kPa 3100 (± 10%) 

 
To obviate probability of clogging and blocking of JGT, 
Gradient Ratio Test (GR Test) or Hydraulic Conductivity 
Test (HCR Test) as per ASTM–D 5567 or GR (Gradient 
Ratio) test as per ASTM–D5101–90 should be conducted 

prior to deciding on the fabric porometry (AOS). Indian 
Standard IS: 14262:1995 (Planning & Design of Revetments-
Guidelines) recommends the following regarding criteria for 
selection of geotextiles. For granular materials containing 
50% or less fines by weight, the following relation is to be 
satisfied.  

85% passing size of bed material (mm) 1.0Equivalent opening size of fabric (mm) ≥  

The said Standard also recommends that the minimum 
allowable opening size of the geotextile shall be 0.149 mm. 
When the bed material size is between 50% and 85% by 
weight, maximum allowable opening size of the geotextile 
should be 0.211 mm. If the bed material contains fines with 
more than 85% by weight, it is advisable to use non-woven 
geotextiles. However the recommendations require modi- 
fication considering the fact that physical features of JGT 
and man-made geotextiles have inherent physical dis- 
similarities. 

Design of riprap involves determination of thickness of 
pitching, weight and also diameter of individual boulders. 
The Standard published by Bureau of Indian Standards  
IS: 14262-1995 provides guidelines for determination of the 
said parameters. The aforesaid Indian Standard also presents 
a nomograph for calculation of the weight of stone. 

Type of Jute Geotextile for Use in River Bank 
Only woven treated JGT is to be used in river bank 
applications. Typical specifications of untreated woven JGT 
may be seen in Table 2 below. The grey JGT has to be 
smeared with a suitable eco-friendly water-repellent additive 
to enhance its durability.  

Table 2: Typical Specification of Untreated/Grey Woven JGT 

Nomenclature Woven JGT 20 kN/m 
(Untreated) 

Construction 1/1 DW Plain Weave 
Weight (gsm) at 20% MR ≥ 627 

Width (cm) ≥ 100 
Ends × Picks/dm ≥ 85 × 32 
Thickness (mm at 2 kPa) 1.7 ± 10% 
Tensile Strength (kN/m) MD × CD ≥ 20 × 20 
Elongation at break (%) MD × CD ≥ 12 × 12 
Puncture Resistance (kN) 0.400 ± 10% 
Burst Strength (KPa) 3100 ± 10% 

Permittivity at 50 mm constant head 
(/sec) 

350 × 10
–3

± 10% 

A O S ( micron ) O
95

 150–400 
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Fig. 1: Method of Installation of JGT on River bank 

The specifications of woven JGT shown in Table 2 are 
supposed to satisfy the hydraulic design principles on 
permissible shear stress on the bank. Care should be taken to 
decide on the pore size of the fabric. Water-repellent 
treatment in all river-related applications is a must. For 
unidirectional waterways woven JGT with the above features 
may be adopted. In rivers with two-way flows (tidal rivers) it 
is advisable to use a heavier type JGT—say of weight  
760 gsm which proved effective in a field application in the 
Hugli estuary. Overall stability of the bank with Jute 
Geotextiles may be checked with the help of any suitable 
software (say BSTEM Version 5.0) by inserting values of 
several critical bank-related and hydraulic parameters to 
determine the Factor of Safety. 

Types of Vegetation for Soil-Bind 
Geotextile supplements action of appropriate species of 
vegetation for binding bank-soil. Species of vegetation thus 
warrants careful selection considering the type of bank soil 
and salinity of river water which wets the bank. The critical 
factor in the choice of vegetation is the volume of its roots, 
the depth of its penetration in soil and its salt tolerance in the 
case of tidal rivers. Vetiver is considered the best choice in 
this regard for rivers with sweet water flow. Vetiver grass, a 
type of perennial grass with deep root system and tall 
densely tufted grass blades, could be the ideal species of 

grass if the soil type and climatic conditions suit (Figure 2). 
The grass provides a cover on bank slope protecting it from 
direct impact of flow and helps moderate the velocity of 
flow. For tidal rivers the consideration should be on the 
range of salt-tolerance of the species. The ideal vegetation is 
mangroves which thrive in coastal regions. There are about 
64 species of mangroves with varying limits of salt-
tolerance. The range of salinity in the tidal river should 
therefore be considered before deciding on the mangrove 
species. Advice of agronomists/botanists will guide the 
planner to select the right type of mangrove. One striking 
feature of mangroves is that they have stilt roots which help 
in silt accretion when silt-laden water passes through them 
(Figure 3). 

 

 
Fig. 2: Vetiver Grass 
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Fig. 3: Mangroves with Stilt Roots 

It has been the experience of the author in the Hugli estuary 
that silt accretion could sometimes exceed the growth-rate of 
some of the mangrove species. Therefore estimation of silt 
accretion on the bank vis-à-vis growth-rate of a species of 
mangrove has to be tested in simulated conditions before 
deciding on the species of mangroves. Mangroves will also 
help in attenuation of flow velocity. An intensive study on 
this aspect is needed for objective evaluation. 

Conclusion 
In developed countries such as the USA, Japan effectiveness 
of different types of vegetation in attenuation of fluvial 
velocity is being studied. Instead of spending huge sums on 
mining of rich mineral resources for river bank protection 
with the attendant pollution hazards, bio-engineering inter- 
ventions as indicated is certainly worth trying. For this 
laboratory simulation studies should be taken up followed by 
field trials to lend a strong convincing scientific footing to 
the concept. 
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Development of Eco-Friendly and Sustainable Feminine  
Hygiene Products form Lignocellulosic Jute Fibre 

S.N. Chattopadhyay*1, R.K. Ghosh1, S. Bhattacharyya2 and S. Bhowmick1 

Abstract: Jute has multifarious uses in a variety of areas. However, the possibility of using jute as crucial 
components for health and hygiene products, particularly sanitary hygiene products has not been explored in details 
in India. Menstrual Hygiene is one of the prime health concerns at global levels at present. In India, the policy 
makers at the central as well as state levels have included this agenda in the public health programmes. According 
to a survey conducted by A.C. Nielson, only 12% of the Indian women use sanitary napkins. They mostly use cloth 
which exposes them to a variety of infections. One of the main reasons of low usage of napkins is high price which 
makes the beyond the affordable range. There are yet another group of manufacturers, the members of Self Help 
Groups (SHG) which have started manufacturing sanitary napkins using low cost technology. The smaller 
manufacturers also face some problems in procurement of raw materials, particularly the absorbent materials. 
NIRJAFT is engaged in development of absorbent raw materials from Jute for use in production of sanitary 
protection materials. The absorbent pulp which is mainly used for manufacturing sanitary napkins is wood pulp 
which is becoming a scare commodity as deforestation is punishable. There have been a number of attempts in India 
as well as outside to develop absorbent materials from various materials like banana fibre, water hyacinth etc. 
However, none of the materials have been promoted or marketed widely. Jute pulp as an absorbent material was 
developed keeping the above issues in mind. After development of the pulp, certain numbers of sanitary napkin 
packets were manufactured in two manufacturing units and the products were field tested in two locations with the 
objective of upgrade the quality of the jute pulp further. After preparation at the SHG manufacturing units, the 
napkins were evaluated. The tests were carried out using the following parameters as per specifications of Bureau 
of Indian Standards (BIS). With reference to the performance of the samples with respect to absorbance, retention of 
fluid, disposability after use, pH of the product, sensitivity to skin and microbiological susceptibility, the product is 
better than those available in the market. Moreover, the product prepared from virgin jute pulp is economic, 
hygienic and sustainable in character. 

Keywords: Sanitary Napkins, Jute Pulp, Super Absorbent Polymer, Hygiene, Woodgel. 
 
Introduction 

enstrual Hygiene is one of the prime health concerns 
at global levels at present [1–5]. In India, the policy 

makers at the central as well as at the state levels have 
included this agenda in the public health programmes. This 
has some reasons. According to a survey conducted by A.C. 
Nielson, only 12% of the Indian women use sanitary napkins 
[6]. They mostly use cloth which exposes them to a variety 
of infections [7]. One of the main reasons of low usage of 
napkins is high price which makes the beyond the affordable 
range. Another reason may be lack of availability in the 
remote and hard to reach areas. The napkins are mostly 

manufactured by the big multinational Corporations like 
Johnson and Johnson, Kimberly Clarke, etc. However, there 
are some local companies which serve the niche market. 
There are yet another group of manufacturers, the members 
of Self Help Groups (SHG) which have started manu- 
facturing sanitary napkins using low cost technology. The 
smaller manufacturers also face some problems in procure- 
ment of raw materials, particularly the absorbent materials.  

However, availability of quality raw materials, particularly 
wood gel is a problem area especially for the small and SHG 
manufacturers. First of all, since both production capacity 
and market reach of the SHG manufacturers are limited, the 
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procurement amount is not substantial. Therefore, the 
procurement price is on the higher side. Second and more 
importantly, most of the materials are ‘seconds’ or 
production rejects of the reputed companies. Third, none of 
suppliers of quality products are located in West Bengal. 
Most of them are either in Maharashtra or in Gujarat. This 
causes uncertainty in the supply schedule of raw materials. 
Most of the wood pulp used for the purpose is imported, and 
therefore expensive, increasing the overall cost of a sanitary 
napkin. Cotton is seen as a major fiber poised to replace 
wood pulp especially in the feminine hygiene products 
where less bulky is preferred and thinner is better. The high 
cost of cotton is the reason why it has not been able to 
replace pulp. The absorbent pulp which is mainly used for 
manufacturing sanitary napkins is wood. This is mixed with 
a chemical popularly known as Super Absorbent Polymer 
(SAP) which enhances the absorbency power of the pulp 
considerably. This mixed material, when comes in the 
contact of liquid (menstrual blood) takes a gel form and that 
is the reason why this is called ‘wood gel’. There have been 
attempts to use alternative materials in place of wood gel. 
The materials include banana fibre, water hyacinth etc. in 
various parts of the world, mainly in the African countries. 
However, all these attempts have been carried out at a small 
level. There has been little or no attempt to scale up of these 
initiatives so that these materials can be used by a sizeable 
number of manufacturers as alternatives to wood gel. In view 
of scenario on availability of wood gel described in the 
section above, availability of similar absorbent material on 
the basis of locally available fibre materials would be 
immensely helpful. First of all, the materials will be virgin 
and will be free from impurities. Second, if production of 
pulp is encouraged, the timely supply will be assured and 
this will create another livelihood opportunity since jute is 
abundantly available in some districts of the state. Third, the 
price is expected to be lower than the wood gel. Jute being 
lignocellulosic in nature, is a very good alternative raw 
material for making pulp and several pulping methods have 
been developed [8–11]. Jute fibre consists of 60% α-
cellulose which can be used to replace wood pulp and save 
our forests. Taking these factors into consideration it was 
thought that jute pulp cellulose can very well replace the 
imported and costly wood pulp. A sanitary napkin basically 
comprises of three layers; top layer, absorbent layer and 
barrier sheet. The absorbent layer is the key component of 
the napkin (cellulose pulp) and the extent to which this layer 
is able to absorb and retain the fluid determines the 
efficiency of the napkin. So, the pulps thus produced may be 
utilised for use as absorbent material for making sanitary 
napkins. In the present work some studies have been done 
for production of pulps by different methods and their 
utilisation as absorbent material. The process has been 

optimized and evaluation of the final product was done with 
respect to performance, comfort and hygiene parameters. 
The quality of the developed product was compared using 
specified parameters with two major brands of sanitary 
napkins in the Indian markets. In order to conduct the survey, 
a structured questionnaire was prepared. The samples, along 
with a questionnaire were distributed in two locations. The 
main objective was to get a comparative assessment of the 
products used by them at present and the samples given to 
them for feedback. A detailed analysis of the feedback 
revealed that the samples prepared from jute pulp is equally 
good and sometimes better than the products used by them at 
present. 

Materials and Methods 

Materials 
Jute fibre: Jute fibre of low quality was cut into 2–4 cm 
pieces and used for pulping. 

Chemicals: The following chemicals of analytical grade were 
used in the experiment : sodium hydroxide, sodium silicate, 
trisodium phosphate, hydrogen peroxide, acetic acid, non-
ionic detergent, super absorbent polymer (commercial 
grade), sodium carbonate, sodium sulphite, anthraquinone 
and methanol. 

Methods 

Pulping 
 1. High chemical, high temperature ASAM pulping-Jute 

fibres were treated in a solution containing sodium 
hydroxide (5%, owf), sodium sulphite (20%), anthr- 
aquinone (0.1%) and methanol (15%) using a liquor 
ratio of 1:12 for 3 hours at 160°C. The pulps were washed 
thoroughly after pulping.  

 2. Pulping with caustic, sulphite and anthraquinone at 
160°C-Jute fibres were treated in a solution containing 
sodium hydroxide (5%, owf), sodium sulphite (20%) 
and anthraquinone (0.1%) using a liquor ratio of 1:12 for 
3 hours at 160°C. The pulps were washed thoroughly 
after pulping.  

 3. Pulping with caustic, sulphite at 160°C-Jute fibres were 
treated in a solution containing sodium hydroxide (5%, 
owf) and sodium sulphite (20%) using a liquor ratio of 
1:12 for 3 hours at 160°C. The pulps were washed 
thoroughly after pulping.  

 4. Pulping with caustic, sulphite and Methanol at 160°C- 
Jute fibres were treated in a solution containing sodium 
hydroxide (5%, owf), sodium sulphite (20%) and 
methanol (15%) using a liquor ratio of 1:12 for 3 hours 
at 160°C. The pulps were washed thoroughly after 
pulping.  
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 5. Pulping with caustic, sulphite and anthraquinone by 
open cooking-Jute fibres were treated in a solution 
containing sodium hydroxide (5%, owf), sodium 
sulphite (20%) and anthraquinone (0.1%) using a liquor 
ratio of 1:12 for 3 hours at boil. The pulps were washed 
thoroughly after pulping.  

 6. Low chemical ASAM pulping at 115°C-Jute fibres were 
treated in a solution containing sodium hydroxide 
(1.2%, owf), sodium sulphite (5%), anthraquinone 
(0.1%) and methanol (5%) using a liquor ratio of 1:12 
for 3 hours at 115°C. The pulps were washed thoroughly 
after pulping.  

Bleaching of Pulp 
All the pulps were bleached separately in a covered vessel 
using H2O2 (20 ml/l), trisodium phosphate (5 g/l), NaOH  
(1 g/l), sodium silicate (10 g/l) and nonionic detergent (2 g/l) 
at 1: 20 material to liquor ratio for 1.5 h at 90–95°C. The pH 
was maintained at around 10. The bleached pulp was washed 
in normal water and neutralized with dilute acetic acid (2 g/l) 
and was given a final wash for further processing.  

Beating: All the pulps were subjected to beating separately in 
laboratory scale valley type beater for different durations to 
produce pulp of 40°SR freeness. 

Preparation of Samples  
The samples were manufactured using standard methods 
adopted by the SHG. The manufacturing mode was semi-
manual with machines are used for grinding, pressing and 
sealing. Jute pulps were mixed with SAP, 2% on the weight 
of fibre and samples weighing 10gms were pressed under 
pressure of 100 kg/cm2 to form mat of 20 cm × 7.5 cm ×  
1.5 cm. The samples were finally treated under U.V light. 

Evaluation of Samples 

Qualitative Fibre Analysis and Optical Properties 
The diameters of the grey, pulped and pulped-bleached fires 
were done using a light Microscope; the longitudinal view of 
the fibres was viewed under the microscope. The chemical 
composition of the jute fibre was done using standard 
procedure. The Whiteness Index in HUNTER scale, 
Yellowness Index in the ASTM D1925 scale and Brightness 
Index in TAPPI 452 scale of different pulps produced were 
determined by Spectrascan 5100 computerised colour 
matching system using relevant software. 

Determination of pH 
Determination of pH of Jute based sanitary napkin 
ingredients as per IS: 1390–1983 procedure. Each test 

specimen is prepared by taking 2.0 ± 0.05 gms of sample in 
100 ml of deionised water in to stoppered glass bottle. The 
flask was then agitated mechanically using a mechanical 
laboratory based agitator for 20 mins. Then pH was measured 
using pH paper (Merck, India), online pH meter (Eutech 
Instruments, Singapore), dipping electode based pH meter 
(Mettler Toledo, USA). 

Determination of Absorbency and Ability to withstand 
Pressure after Absorption. 

This test was conducted as per the IS: 5405–1981. The time 
taken for the fluid to get completely absorbed by the napkin 
and the area of the spread of the fluid was noted. The sides 
and back of the napkin were observed for any fluid leaking 
through after placing a one kg weight on it. 

Disposability 
The disposability of the napkins was tested as per IS: 5405–
1981. The napkin with the top and back covering removed 
was immersed in 15 liters of water and time taken to 
completely disperse in water was noted. 

Results and Discussion 
Jute being lignocellulosic in nature is an ideal raw material 
for pulping. The chemical composition of fibres were 
evaluated and tabulated in Table 1. The α-cellulose content 
of the fibre is maximum whereas lignin content is minimum. 

Table 1: Chemical Composition of Jute Fibres 

Raw 
Material 

α-
Cellulose Hemicellulose Holocellulose Lignin 

Jute 
fibre 

66.6 19.8 86.4 12.6 

 
The pulping of the fibres were carried out by the following 
methods:  
 1. High chemical, high temperature ASAM pulping 
 2. Pulping with caustic, sulphite and anthraquinone at 

160°C 
 3. Pulping with caustic, sulphite at 160°C 
 4. Pulping with caustic, sulphite and methanol at 160°C 
 5. Pulping with caustic, sulphite and anthraquinone by 

open cooking 
 6. Low chemical ASAM pulping at 115°C.  

All these pulps were bleached by hydrogen peroxide 
bleaching process. The yield of the pulps were evaluated at 
every steps along with optical properties of bleached pulp 
which are tabulated in Table 2. 
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Table 2: Effect of Different Pulping Methods  
on Yield and Optical Properties 

Sample Yield 
(%) 

Whiteness 
Index 

Yellowness 
Index  

Brightness 
Index  

K/S 
Value 

A 57.20 88.27 11.28 68.71 0.09 
B 57.95  85.79 12.78 69.90 0.10 
C 60.8  81.19 16.58 61.40 0.18 
D 61.8  80.09 25.23 61.07 0.28 
E 80.75  82.42 17.58  60.40 0.19 
F 71.44  79.43 23.83 57.23 0.31 

 
Yield and appearance of the pulp is very important. 
Removals of non-cellulosic materials are maximum in case 
of high temperature and high chemical pulping resulting in 
lower yield. Whereas, in case of low chemical low temp- 
erature pulping and open cooking, weight loss is minimum 
and yield is very high. In all the cases whiteness and 
brightness obtained after bleaching is very good. 

The diameters of the fibres were evaluated under micro- 
scope, they are as follows: 
  grey fibre   - 0.11 mm 
  pulped fibre  - 0.08 mm 
  bleached pulp fibre - 0.06 mm  

As the diameter of the fibre decreases, surface area of the 
bleached pulp fibre increases, this is needed for better 
absorption and retention of fluid. The disintegration of pulp 
was carried out in the laboratory which separates the 
individual fibres in the pulp and volume increases. This 
material is then mixed with super absorbent polymer (SAP) 
in mass mixture. The super absorbent pulp produced in the 
laboratory was taken to two NGO at Howrah, where sanitary 
napkins were produced. 

 • Sampriti Mahila Mahasangha. Amta, Howrah (NGO-1) 
 • Nari-O-Sishu Kalyan Kendra. Panchla, Howrah (NGO-2) 

Sanitary napkins were prepared following the steps as 
mentioned below: 
 1. Weighing of 10 gm samples 
 2. Preparation of mat of 20 cm × 7.5 cm × 1.5 cm. 
 3. Compacting the mass using 100 kg/cm2 pressure. 
 4. U.V. treatment of the sample. 

All the samples produced from jute pulps (experimental 
samples), regular samples produced by two NGO’s (NGO-1 
and NGO-2) and two multinational product samples were 
evaluated for its absorbance and fluid retention properties 
and tabulated in Table 3.  

From Table 3, it is clear that the all the samples produced 
from the jute pulp performs well and better than that 
obtained from commercial samples. All the commercial 
napkins as well as the napkin developed from jute pulp 
conformed to absorbency standards of BIS. 30 ml of test 
fluid flowed @15 ml/minute onto the samples was fully 
absorbed by all the napkins except one commercial sample. 
The time taken for the fluid to get completely absorbed 
ranged from 5 seconds to 30 seconds among the various 
brands. Positioning of the napkin was found to be a critical 
factor in observing leak–through property. With a slight shift 
in position of the flow point, from the centre towards the 
sides, some napkins tended to leak through the sides and the 
fluid showed up at the back. The study of pH of the pulps 
after mixing with SAP is important parameters. All the 
samples have been evaluated and have been tabulated in 
Table 4. It is found that the pH values of all the samples lie 
between 7 to 7.5. So, pH of all the samples was found to be 
within the range (6 to 8.5) suitable to the human skin.  

Table 3: Comparative Study of Different Sanitary Napkins 

Sample  Amount of SAP 
Added (%)  

Quantity of Testing 
Liquid Added (ml)  

Area Absorbed by 
Sanitary Napkin (after 2 

min)  

Area Absorbed by Sanitary 
Napkin (after putting 1 kg wt for 

1 min)  

Feeling of Upper 
Surface by Hand  

A  2 15 4.5 cm × 5 cm 5 cm × 5.5 cm Very good  

B  2 30 6 cm × 6.5 cm 6.5 cm × 8 cm Good  

C  2 30 6 cm × 6.5 cm 6.5 cm × 8.5 cm Moderate  

D  2 30 6 cm × 7.5 cm 7 cm × 8.5 cm Good  

E  2 30 6.5 cm × 8 cm 7 cm × 10.5 cm Good  

F 2 30 7 cm × 10 cm 7 cm × 11 cm Good  

NGO-1 Unknown  30 7 cm × 8 cm 7 cm × 11 cm Moderate  
NGO-2 Unknown  30 6 cm × 7 cm 6 cm × 7.5 cm Good  

Carefree Unknown  30 6.5 cm × 8 cm 7 cm × 9 cm Moderate  

Stayfree Unknown  30 – – Very bad  



 
 SMART Technologies for Natural Resource Conservation and Sustainable Development 

332 

 

Table 4: Determination of pH of Jute based Sanitary Napkin as per 
IS: 1390–1983 Procedure 

Sample 
Code 

pH Paper 
(Merck, 
India) 

Online pH Meter 
(Eutech 

Instruments, 
Singapore) 

Dipping Electrode 
Based pH Meter 
(Mettler Toledo, 

USA) 

A  7 6.96 7.38 

B  7 7.07 7.21 

C  7.5 7.61 7.58 
D  7 7.00 7.03 

E  7.5 7.46 7.12 

F 7.5 7.45 7.46 
NGO-1 7 7.01 7.32 

NGO-2 7 6.68 6.72 

Carefree 7 7.08 7.01 
Stayfree 7 7.21 7.58 

 
Disposability in water was seen in less than 5 minutes for 
almost all regular type napkins, with fluff pulp as the middle 
layer. The middle layer of jute pulp napkin also dispersed in 
water within 5 minutes.  

In order to conduct the survey, a structured questionnaire 
was prepared before the survey. The main objective was to 
get a comparative assessment of the products used by them 
at present and the samples given to them for feedback. The 
samples, along with a questionnaire were distributed in two 
locations. The girls were told to hand over the questionnaire 
after duly filling up their opinion on the sample napkins after 
use.  

A number of samples has been prepared and distributed to 
end users in two locations:  
 1. Howrah–semi urban area  
 2. Purulia–Tribal dominated areas  
 3. Questionnaire has also been prepared and distributed 

with sanitary napkin sample pack.  

One set of samples was distributed to 56 adolescent girls in 
Bauria, Howrah. All the girls were school students.The 
samples were distributed in a programme organized in the 
Nari O Shishu Shiksha Kendra. Another set of samples were 
given to 39 students in Bongabari, Purulia II Block, Purulia. 
The napkins prepared in Amta I was distributed in Purulia. 
The distribution took place in Sathi Production Centre, one 
of the first production centres of sanitary napkins in West 
Bengal. 

Regarding performance of the sample napkins as compared 
to the napkins used at present, the findings bring out almost 
similar scenario for Howrah and Purulia. While 84% of 

respondents in Howrah report that the sample napkins are 
better, this percentage in Purulia is slightly lower. This is 
clearly evident from Figure 1. 
 

 
Fig. 1: Performance of the Sample Napkins vis-à-vis  

Napkins used at Present (%) 

The finding on the absorbency power is in tune with the 
findings from earlier figure. While the majority of the 
respondents feel the absorbency power of the sample napkins 
is superior to the napkins used currently, the percentage is 
marginally lower in Purulia than in Howrah as depicted in 
Figure 2. 

 

 
Fig. 2: Absorbency Power of the Sample Napkins (%) 

Conclusion 
 • Pulps produced by Low Chemical ASAM process 

produce very white pulp after bleaching. The yield of 
the pulp and performance of the product is good. 

 • Pulping by open digestion following alkaline sulphite- 
anthraquinone process also produces good yield and 
white pulp after bleaching. The performance of the 
product produced from this pulp is also good. 

 • The performance of the product during field trial clearly 
shows that the sample prepared from jute pulp is 
preferred by most of the respondents. 
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