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Preface 

We are very pleased to introduce the proceedings (Volume1) of the International 

Conference on Recent Development on Materials, Reliability, Safety and Environmental 

Issues (IMRSE-2021). The conference theme was well represented by the papers 

presented in the conference. The level of interest in the subject matter of the conference 

was maintained in the prestigious event and 53 suitable papers were submitted for 

Publication in the first volume of conference proceeding  

Papers were well represented in the conference to arouse a high level of national and 

international interest. Several countries were represented in the final program from 

Europe, North America and Asia. The conference was highly successful. The presented 

papers maintained the high promise suggested by the written abstracts and the 

program was chaired in a professional and efficient way by the session chairman who 

were selected for their international standing in the subject. The number of delegates 

was also highly gratifying, showing the high level of international interest in the 

subject. This is also indicated by the large number of countries represented by the 

delegates. This Proceeding provides the permanent record of what was presented. They 

indicate the state of development at the time of writing of all aspects of this important 

topic and will be invaluable to all workers in the field for that reason. Finally, it is 

appropriate that we record our thanks to our fellow members of the Technical 

Organizing Committee for encouraging participation from those areas. We are also 

indebted to those who served as chairman, without their support, the conference could 

not have been the success that it was. We also acknowledge the authors themselves, 

without whose expert input there would have been no conference. Their efforts made a 

great contribution to its success.  

 

About Institute:  

Dr B R Ambedkar National Institute of Technology Jalandhar was established in 

the year 1987 as Regional Engineering College and was given the status of National 

Institute of Technology (Deemed University) by the Government of India on October 17, 

2002 under the aegis of Ministry of Human Resource Development, New Delhi. Now the 

Ministry of Human Resource Development, Government of India has declared the 

Institute as “Institute of National Importance” under the act of Parliament-2007. A 

large number of reputed Industrial houses in the country visit the Institution and 

select the final year students as Engineers/ Management Trainees. The Institute has 
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been placed amongst top 50 engineering institutions of the country by National 

Institutional Ranking framework (NIRF) 2021 by the Ministry of Education, 

Government of India. 

As one of the National Institutes of Technology (NIT), the Institute has the 

responsibility of providing high quality education in Engineering, Technology and 

Sciences to produce competent technical and scientific manpower for the country. The 

Institute offers B. Tech programs in eleven Engineering disciplines. In addition to these 

programs, the institute offers M. Tech, PhD programs in several disciplines of 

Engineering, Technology and Science.    

Aim & Objective of the Conference 

The primary objective of this International Conference was to provide a platform to 

scientists, researchers, academicians, industry people and students to contemplate on 

the ongoing research in the field of Materials, Safety, Reliability and Environment from 

the perspective of its contribution towards sustainable development and betterment of 

the society. The deliberations aimed at discussing and highlighting the role of current 

trends in the above mentioned disciplines in meeting global challenges and the 

emerging scenario vis-a-vis future trends in this direction. 
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Abstract 

Shelter for everyone is a rising necessity in every populated country. As a result, a definition of 

affordable housing for developing nations emerges. In India, the issue is far more intense, with a 

projected shortfall of about 17.5 million houses, with 99% living in low-income parts of the country. 

The output of affordable housing poses a major challenge to policy makers. India is said to be 

experiencing the world's largest scale urbanisation. Despite policymaker’s best attempts to ensure the 

economic prosperity of affordable housing projects, the sustainability of affordable housing has 

received scant attention. This article examines the different concepts of affordable housing in relation 

to sustainability. A literature review was conducted with the aim of recommending a cost-effective 

construction technique for building an affordable house with emphasis on sustainability. As a result, 

the aim of this paper is to: (1) assess the importance of various sustainability factors; and (2) create an 

understanding to promote the incorporation of sustainability into affordable housing programmes.  

Keywords : Sustainability, Affordable housing, Stakeholders, Technology transfer 

1. Introduction 

 The global urban population is projected to rise from 3.6 billion in 2011 to 6.3 billion in 2050, with 

emerging economies accounting for 94% of the rise. Slum dwellers and sub-standard housing are 

expected to house 828 million developing nations, with the figure rising to 1.4 billion by 2020. As a 

result, housing the poor mostly during urbanisation period is a major problem for developing nations.  

To resolve this problem, several policymakers have made affordable housing a priority in their efforts 

to improve the quality of life of low-income communities. Despite the fact that several affordable 

housing projects have been introduced, there is controversy about whether low-income resident’s 

affordable housing has progressed. The reduced construction costs, compact design, and short 

construction time that differentiate affordable housing from standard housing are determined by the 

basic service features of affordable housing. Residing in affordable housing, for example, can result in 

good wellbeing, electricity, and transport costs. According to (Charoenkit and Kumar, 2014), increased 

expenditure on non-housing concerns has affected affordable housing. Low demand and withdrawal 

have resulted in a large loss of public resources (Fagariba and Song, 2017). As a result, researchers have 

tried to resolve noneconomic problems related to affordable housing. Housing affordability cannot be 

improved solely by economic importance. Many sustainability concerns, such as building designs, 

community environment, site, transportation systems, and employment opportunities, should be 

considered instead (Anacker, 2019) . By investing less on energy costs, commuting, and medical care 

services, sustainability can be foundation for housing affordability. Improved public services and 

facilities will also help to foster a greater sense of commitment. As a result, it is important to integrate 

sustainability into affordable housing in order to increase housing affordability in the long run. In this 

mailto:mirshahu@gmail.com
mailto:ishfaqshowketmir@gmail.com
mailto:erjaveed375@gmail.com
mailto:faisalaltaf000@gmail.com


 
 

2 | P a g e  
 

research, sustainability is characterised as the construction of affordable housing that meets the current 

housing demand of medium-low economic classes without jeopardising their option to fulfil the 

residential needs of the future groups (Fagariba and Song, 2017). The objectives are to achieve optimal 

quality in terms of natural, social, and economic outcomes. Housing affordability, which is generally 

measured on a cost basis, is not always compatible with environmental sustainability. This is because 

the capital cost of delivering affordable housing would almost certainly rise as environmental protection 

is taken into account. Because of this ambiguity, sustainability is rarely used as a way of accomplishing 

affordability.  

During the next two decades, India is expected to need over 70 million new urban housing units. The 

environmental, fiscal, and societal sustainability of this rapid urbanisation is in question. Given such 

challenges of urbanisation and their effects, it is crucial to formulate solutions for sustainable housing 

that strike a balance between environmental and urban development in India, which currently has 17 

percent of the world's population. In this paper, we argue that in order to strike a balance between 

environmental and urban development, we will need to draw on a variety of expertise and principles, 

including sustainable urban communities. As a result, we present research based recommendations for 

sustainable design, planning and management, sewage treatment, recycling and appropriate reuse, waste 

collection and disposal, green transportation, affordable housing, electricity, and, ultimately, maximum 

revenue collection and value creation in urban services. From the context of integrating urban 

development and the environment in India, the discussion we have presented in this review provides a 

feasible and realistic theory that can be implemented in the field. To achieve ecological, fiscal, and 

social sustainability, all of these activities must be integrated into the structure plan of local 

municipalities or the national master plans of the city. 

2. Literature Review 

Urban sprawl in India has created challenging issues such as traffic congestion, burden on basic services 

such as water and sanitation, and, most significantly, intense shortage of housing in towns, particularly 

in the low-cost section. Because of the greater yields, property developers and private organisations 

prefer to concentrate on the middle and high income groups. Furthermore, high land prices, project 

implementation delays, rising cost of raw materials, and narrow profitability have made low-cost 

housing developments less appealing to private real estate investors and developers. According to 

Technical group TG-12 report (RICS RESEARCH, 2010) ,India has a vast gap between demand and 

supply for urban housing. Economically poorer sections (EWS) and low-income groups (LIG) 

accounted for 96% of India's overall housing shortage. Estimates suggest that 40 percent population of 

India will be living in urban centres with 68 cities from 42 currently. From this data it can be interpreted 

that demand for affordable housing will rise from 19 million in 2012 to 38 million housing units in 2030 

(Isalou et al., 2014). Conversely, since 2007, rapidly rising housing prices combined with a lack of 

housing affordability have caused considerable social unrest, hampering socio - economic and political 

cohesion. Housing policy has moved to encourage the development of affordable housing to meet the 

housing needs of vulnerable communities (Gopalan and Venkataraman, 2015). Over the last twenty 

years, India has implemented housing development programmes in the housing sector. Some affordable 

housing schemes that India has implemented are National housing policy, Jawaharlal Nehru National 

Urban Renewal Mission, Pradhan Mantri Awas Yojana (PMAY), Pradhan Mantri Gramin Awas Yojana 

(PMGAY), and Rajiv Awas Yojana (RAY).  PMAY-Urban (PMAY-U) encompasses all the launched 

housing schemes and outcomes at ‘Housing for All’ to be achieved by the year 2022. The scheme 

accounts 20 million houses to be constructed till year 2022. PMAY Scheme operates on four units; In 

situ slum redevelopment (ISSR); Credit linked subsidy scheme (CLSS); Affordable housing in 
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partnership (AHP); Beneficiary led construction and enhancement (BLC). A report of Housing 

development Finance Corporation the ratio of affordability has declined from 22 in 1996 to 4 in 2016. 

But the recent years have shown a stability. While the government's and RBI's collaborative attempts 

to improve affordable housing has yielded positive outcomes, there are a number of factors slowing 

down the growth of affordable housing in India and limiting private sector investment: (i) availability 

of appropriate low-cost land within the municipal boundaries; (ii) a long legislative approval and 

authorization method; (iii) flaws in development norms, planning, and design process; (iv) a lack of 

involvement from large organised real estate companies due to low profit edges; (v) an increased prices 

of funding for project finance rendering the projects unfeasible; (vi) a lack of appropriate system for 

project maintenance.  

2.1  Sustainability Indicators 

The primary goal of affordable housing initiatives is to make housing more affordable for low-income 

families. Interconnected economic sustainability necessitates taking into account both the initial 

acquisition costs as well as potential transport and energy costs. Low-income households will spend 

more of their minimal funds on non-housing requirements by lowering transportation and energy costs. 

This will increase employment options while also increasing the number of people eligible for work. 

Furthermore, the attractiveness of affordable housing projects is a significant economic predictor of 

long-term viability. In addition, environmental sustainability addresses topics such as climate change 

and greenhouse gas emission reduction. This macro goal can be met by implementing a variety of green 

technology, recycled products, and clean energy and resources (Alteneiji et al., 2020) . This stresses 

sustainable environmental metrics like energy consumption, water efficiency, effective resource use, 

consistency and longevity, successful waste management, a pleasant and sustainable indoor climate, 

and footprint reduction to reduce loss of biodiversity (Xiao et al., 2020). Environmental sustainability 

is relevant for low-income communities since their budgets are small, and the detrimental consequences 

on their health and wellbeing are unlikely to get better despite financial assistance. Furthermore, in 

developing nations that are more prone to natural hazards, particular attention should be paid to the 

hazard tolerance of affordable housing. To prevent settlement in high-risk areas, proper land use 

strategy is essential. Likewise, integrated land use is highly recommended for affordable housing 

because it improves accessibility, lowers transportation costs, and aids in land use efficiency. In 

affordable housing programmes, social sustainability promotes the equal allocation and use of housing 

resources, with a focus on horizontal and vertical equity (Zheng et al., 2020). Horizontal equity refers 

to fair treatment of people in equal roles, whereas vertical equity relates to unfair care of persons in 

unequal situations. Furthermore, there must be no limits on the delivery process, and all qualifying 

inhabitants of affordable housing must be able to take part. The rising prices for affordable housing can 

be used to calculate the next social sustainability efficiency and performance. This can be attained by 

increased public understanding of the advantages of living in sustainable buildings as well as 

government initiatives. Affordable housing systems, as public-funded projects, provide useful 

implications to illustrate the advantages of living and constructing in a sustainable manner. The third 

social sustainability success relates to the standard of housing and the community in which it is located. 

Users' needs can be met through affordable housing services. Housing architecture also should take into 

account local community and aesthetic standards. A study proposed that affordable housing projects, 

specifically in the context of household sizes, be adopted by both neighbouring communities and local 

governments (Nzau and Trillo, 2020). Diverse housing styles can help people connect and strengthen 

social interactions in their communities. In affordable housing projects, community engagement has 
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been stressed because it not only strengthens social relationships but also meets the present and potential 

needs of people. 

3. Research Methodology 

A comprehensive analysis of the literature was first undertaken to determine the importance of the 

different sustainability criteria for affordable housing. As a result, a compilation of 15 sustainability 

factors (SFs) was created that are appropriate for long-term affordable housing (Refer Table-1). The 

compilation of these SFs was then sent out to affordable housing specialists with ample research and/or 

production expertise for a pilot testing. This was done to ensure that the SFs selected was correct and 

truthful. Both academic and business experts affirmed the validity, with slight changes to the terms 

suitability to express context without misunderstanding. The 15 SFs set out for the research are enlisted 

in table below: 

Code Criteria Factors for sustainability of Affordable 

housing 

Reference 

SF1 Project completion within time  (Chan and Chan, 2004) 

SF2 Performance of project in terms of quality and 

construction cost 

(Al-Tmeemy et al., 2011) 

SF3 Safety and satisfaction of end users  (Chan and Chan, 2004) 

SF4 Environmental friendly  (Wai et al., 2012) 

SF5 Life cycle cost reduction and mantainence cost to be 

incurred 

(Torbica and Stroh, 2001) 

SF6 Energy efficient facilities (Yan et al., 2019) 

SF7 Functionality and technical specification (Yan et al., 2019) 

SF8 Aesthetics  (Osei-Kyei and Chan, 2017) 

SF9 House price and and rental cost relation with income (Lim et al., 2018) 

SF10 Location of house from public facilities (Osei-Kyei and Chan, 2017) 

SF11 Technology transfer (Chiu, 2007) 

SF12 Waiting time before allocation (Pullen et al., 2010) 

SF13 Marketability (Chan and Chan, 2004) 

SF14 Project team performance and their satisfication (Chan and Chan, 2004) 

SF15 Other non-housing costs (Al-Tmeemy et al., 2011) 

Table-1 Criteria Factors for Sustainability of affordable housing. 

A survey questionnaire of affordable housing professionals was designed to gather data. In construction-

related study, a survey questionnaire was used to gather expert opinions. These professionals were 

chosen using two main parameters that had previously been used in prior reports. Participants with 

extensive research and/or industry expertise in the field of affordable housing were chosen. Participants 

in the study were approached if they had in-depth information of affordable housing programmes. 

Academic experts, designers or engineers, and advisors were among the study's sample population. 

Affordable housing specialists were selected and identified from leading scientific refereed journals and 

lists of affordable housing specialists. Snowballing method was also employed (Bhanot et al., 2020) . 

Potential participants were requested to forward the questionnaire to any affordable housing specialist 

they thought qualified to reply it. However, about 250 questionnaires were distributed. The 

questionnaire was linked to communications sent to respondents, along with a web connection choice 



 
 

5 | P a g e  
 

for responding to the questions using a "google form." These flexibility options made it easier for 

professionals to react to the survey, resulting in a higher sample size. Professionals were required to 

determine the significance of each sustainability factor in assessing progress in sustainable affordable 

housing initiatives on a five-point scale (1=not significant, 2=less significant, 3=balanced, 

4=significant, 5=very significant). A total of 60 responses were obtained. When contrasted to the 

response rate of earlier studies, the sample size is considered sufficient for further review despite the 

low response rate. Furthermore, low participation rates are common in electronic survey questionnaires.  

The majority of participants (74 percent) were from research and educational institutes, accompanied 

by participants from consultancies (10 percent). Government agencies and private designers account 

for 5.9 and 3.9 percent of respondents, respectively. Many of the participants of the survey had included 

that they were attached with the affordable housing initiatives in any way. This was a significant that 

most of the respondents of the survey had over 15 years of experience from different countries of world 

in this particular field. 

4. Results and Discussion 

The Cronbach’s Alpha test was used to verify the reliability and validity and how well the collection of 

15 variables was correlated to each other until performing the data analysis. Cronbach alpha Coefficient 

was found to be 0.70. A Cronbach alpha coefficient of 0.70, as per field is appropriate. As a result, the 

Cronbach's alpha indicates that the 15 variables are internally stable and very well associated. The 

qualitative statistics was then used to rank the different parameters according to their measures of 

dispersion. 

4.1 Ranking of SFs from Mean 

The mean and median scores of the SFs were used to evaluate them. The SFs mean values are used to 

rank them first. If two or more SFs emerge the same mean, then the SFs with the lowest standard 

deviation are ranked first. House price and rental cost relation with income (SF9), Location of house 

from public facilities (SF10), Safety and satisfaction of end users (SF3), Life cycle cost reduction and 

mantainence cost to be incurred (SF5), Energy efficient facilities (SF6) are the top five SFs for 

respondents from all countries (Refer Table-2). 

Code Mean Standard Deviation Rank 

SF9 4.844 .437 1 

SF10 4.765 .429 2 

SF3 4.553 .507 3 

SF5 4.476 .598 4 

SF6 4.310 .467 5 

SF4 4.235 .657 6 

SF8 4.235 .876 7 

SF2 4.125 .798 8 

SF12 4.108 .756 9 

SF1 4.000 .675 10 

SF7 3.978 .876 11 

SF13 3.893 .780 12 

SF15 3.845 1.080 13 
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SF14 3.798 .657 14 

SF11 3.685 .987 15 

              Table 2- Ranking of sustainability factors  

The top position of housing price and rental cost means that, while the other requirements are essential 

for long-term affordable housing, the focus is on cost and rent affordability. Price and rental 

affordability were also high on the list of priorities for various stakeholders, including government 

entities, builders, and researchers. This was supported by (Ezennia and Hoskara, 2019), which found 

that one of the key causes of low application of sustainable technological solutions in both industrialized 

and developing economies was cost. As a result, the study concluded that green building technology 

should be implemented to boost the degree of performance of the other parameters in housing projects 

(i.e., minimize life cycle price of housing facility and improve energy efficiency of housing facility) 

despite raising housing price and rental cost. The five least ranked sustainability factors include 

Technology transfer, Project team performance and their satisfaction, marketability and functionality 

and technical specifications all had the mean values below 3.978. 

4.2 Component analysis and discussion 

4.2.1 Household satisfication 

Achieving household satisfaction is vital in explaining the difference between cost - effective and 

sustainable housing. Household satisfaction is described as an evaluation of how closely the existing 

functioning of the household and the state of the environment match their preferred one's preferences. 

Household satisfaction is dependent on the quality of housing in accordance with desires, safety 

efficiency (i.e. security service controls), and convenience of housing maintenance activities. The 

facility's flexibility is regarded a direct result. It covers the facility's efficiency quality as well as the 

benefits it provides to the household. Satisfaction is strongly and positively associated with residential 

environment features, supplemented by the social context, housing services and support, and public 

amenities, according to (Garland et al., 2018) Pearson's correlation. Community involvement and 

security were the most significant predictor of residential satisfaction between regulatory policies. 

Furthermore, a housing facility's perfective maintenance guarantees household satisfaction. 

4.2.2 Stakeholders Satisfaction 

The intended households, legislatures, architects, development team, manufacturers, and residents in 

the project's community are all involved in the development of an affordable housing project. 

Stakeholders are given the performance criteria and are expected to follow them. As a result, they have 

the ability to influence the results of a long-term affordable housing initiative. According to the report's 

results, there is a statistically meaningful relation between "timely completion of the project" and "low 

risk of conflicts." Interruptions or total cancellation of projects based on political concerns can have an 

effect on the performance of nearby housing facilities. Lawbreakers also use such ventures as 

hideaways. As a result, residents in the area could be concerned about their safety. As a result, 

prospective buyers and customers could view such surroundings as dangerous. This may result in a 

reduction in the rent and cost of nearby facilities. As a result, disgruntled communities could obstruct 

and oppose the development of future affordable housing projects. As a result, timely construction of 

affordable housing projects guarantees stakeholder satisfaction while avoiding negative social 

consequences. It also ensures satisfaction of project team (Lim et al., 2018). 
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4.2.3 Cost of Housing operation 

Because of the cost savings to low-income households and the community, the operating cost of housing 

is important to consider for sustainable affordable housing. Efficient energy housing will help to reduce 

the operating costs of affordable housing units. The basic concept of energy efficient housing is to use 

the least amount of energy possible for service (such as conditioning, light, and heaters) without 

compromising the health and comfort of occupants. Working to improve the energy quality of 

affordable housing is crucial for reducing the environmental impact of CO2 pollution, known as 

greenhouse effects. As thermal solar systems are used to replace an electric water heater, it saves up to 

80% on the price of heating the water while still protecting the atmosphere. Significant energy demand 

may be decreased by switching from an air-cooled to a water-cooled air-conditioning system. Lighting 

accounts for about 15% of a house's overall energy consumption. Installing higher-luminous-efficacy 

lamps and connecting sunlight to lighting systems, may minimise lighting-related energy usage. The 

thermal insulation is another significant aspect of energy efficient housing. Excellent insulation reduces 

heat gain and loss from a house, improving the housing facility's thermal efficiency. Improve the 

thermal efficiency of a building by using reflective paints and coatings on roofing, or shielding paints 

with lower conduction. Insulating the exterior surface of the housing facility offers improved thermal 

efficiency in a position with a large temperature differential between day and night. Moreover, adopting 

national or international codes for building design affordable housing can be made sustainable and 

energy efficient (Shamsuddin, 2020) 

4.2.4 Affordability by Location 

The price of housing and transport are both factored into the affordability of a place. (Chegut et al., 

2016) found that neighbourhoods that appear to be reasonable in terms of housing costs are not really 

affordable when transportation costs are considered. Residential areas on the outskirts of cities or in 

low-density areas may tend to be more accessible, but they may lack sufficient access to different 

amenities and involve additional transportation costs to get to those facilities. As a result, the low cost 

of housing is substantially influenced by the high cost of commuting, resulting in transportation poverty. 

The impact of family income on transport affordability is determined by the socio-demographics of the 

household. Road transport affordability is influenced by the built environment and city planning. 

There's a connection between both the built environment and how people move. Low urban density and 

mono-functional site use, for example, are linked to increased car travel. Walking and cycling will be 

promoted among several households, particularly low-income holders, in high-density areas such as 

urban centres where dwellings are closer together (Czischke and van Bortel, 2018). 

4.2.5  Quality Parameters 

The assumption that the traditional concept of quality is based on principles like "how well a housing 

facility fits into its context," "the facility's relational influences on its occupants," and "the capacity of 

landscape design project to suit the pattern of nearby structure" could explain the significant link 

between performance measurement and aesthetically appealing view of completed house. Because the 

aesthetic concept of quality is contextual, there is frequently disagreement about whether or not quality 

affordable housing has been accomplished. Quality in expectation is achieved by a housing facility that 

satisfies the customer's and household's expectations, while quality in reality is achieved by a housing 

facility that follows the technical specifications (Wiesel et al., 2012). In order to achieve ‘quality in 

reality,' two key criteria must be met: quality of products and process quality. Product quality refers to 

the use of appropriate building materials, machinery, and engineering in the building of a housing 

facility, while process quality refers to the design and development of the housing facility. It is crucial 

to attain all types of quality. As a consequence of the public's disregard for quality, many affordable 
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housing facilities have been deserted. As a result, it is recommended that a pilot testing be undertaken 

prior to the construction of any housing facility to identify the needs of the expected households. 

Because household requirements are ephemeral, it is vital to evaluate the needs of the expected 

households on a regular basis. This evaluation will confirm that a household's expected quality is met. 

Though quality is an independent variables, it can be accomplished through the features of the housing 

design. In this research, technological innovation was found to be associated with the quality of a 

housing project's efficiency, visually beautiful view of the building project, and building technical 

specifications. This means that by transferring technology, the aesthetically pleasing view and 

technological specifications may be improved (Adabre et al., 2020). 

5. Conclusion 

The building of affordable housing on a massive scale in India provides an important ability to integrate 

sustainability into housing projects. Integration of sustainability into affordable housing not only 

improves housing availability for low-income families, but it also illustrates the program's long-term 

viability. Despite the fact that sustainability is stated in a few initiatives, there is no sustainable system 

in place to direct the creation of affordable housing. As a result, this paper presents a collection of 

primary performance measures for use in affordable housing programme decision-making. The 

integration of sustainability into affordable housing projects contributes to local sustainable growth. A 

systemic incorporation of sustainability into affordable housing projects can be accomplished by 

incorporating these SFs into project feasibility studies, project preparation, and project post-evaluation. 

Despite this, the significance of 15 SFs has been assessed by various stakeholders with major 

differences, indicating that no consensus exists on these SFs. It's important to note that developers have 

largely ignored the 15 SFs, while government entities and academics have stressed them. 

The findings of this study has some policy implications. To begin, sustainability should be incorporated 

into affordable housing systems while taking into account the local needs and also the social and 

economic scenario. This study brought to light several environmental problems that had previously been 

ignored by certain studies. Second, multiple stakeholders must be engaged, as administration, 

developers, and academics all have diverse perspectives on the importance of various sustainable 

performance measures. Prior to beginning the implementation of affordable housing projects, a 

consensus on the vital nature of these sustainability problems must be reached. As a result, using the 

method of multi-objective group decision making, a strong communication framework should be 

developed among multiple agencies. Finally, the government should offer incentives to builders. This 

could serve as a model for integrating sustainability into residential projects. In the meantime, builders 

of both affordable housing and other housing projects may benefit from favourable fiscal plans such as 

low land prices, tax reductions, and so on. As a result, builders will be encouraged to include 

sustainability in their affordable housing projects. 

Only the views of affordable housing specialists were included in this analysis, which is a constraint. 

The opinions of residents of affordable housing units were not taken into consideration. For future 

research, it would be useful to compare and contrast the perspectives of individuals, researchers, and 

contractors on SFs for long-term affordability. Furthermore, the sample group for this analysis is very 

limited. As a result, prospective studies with far broader responses may use comparative tests like 

ANOVA to compare and assess any statistical variations between the different affordable housing 

stakeholders' perspectives. 
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Abstract 

The objective of this paper is to design an ISM Band Patch antenna on Jeans material of different 

thickness of 1 mm, 1.25 mm, 1.5 mm, 1.75 mm, 2 mm which will operate in 2.4 GHz to 2.5 GHz 

frequency band. A copper ring patch with a thickness of 0.035 mm is placed on jeans having 

dielectric constant 1.78 with a thickness varying from 1 mm to 2 mm with single lump port. The 

antenna also comprises of a Split Ring Resonator (SRR) and a stub inside the ring to resonate at 

desired frequency. This has been designed using HFSS commercial software simulator version 

21.0. The Return Loss, VSWR, Radiation pattern, Surface current distribution, Radiation 

Efficiency is measured. 

Keywords- Jeans, ISM Band, Radiation Pattern, Return Loss, SRR and Stub. 

*Author for Correspondence 

 

1. INTRODUCTION 

The idea of micro strip antenna was firstly proposed by Deschamps in 1953 [1], although in 1970s 

[2], it got importance in the field of microwave communication for research purpose. Different 

Shapes and sizes have been developed [2-6] as per requirements with different substrates as well. 

As the research on this gets success as the time progresses, micro strip antennas are in high 

demand throughout the world in the area of communication system in the application of medical, 

cellular application, military, satellite, space communication etc. for the reason of its small size, 

lightly weight, cheap cost of fabrication, easy to access and design. An unconventional approach 

of design is proposed here for the patch antenna on jeans of different thickness using ANSYS 

HFSS version 21 software [7]. Here the length of the rectangular ring antenna is 51.85 mm and the 

width is 58.98 mm. The width of the ring is measured as 1/10th of the quarter wavelength i.e. 

3.125 mm. A square shaped Split Ring Resonator (SRR) is introduced at the ring and also stub is 

added inside the ring. The position of the lump port is enhanced to obtain desired resonant 

frequency. A detailed study of different thickness of jeans has been performed so that this antenna 

can be implemented on any kind of jeans material to meet the desired applications. 

 

2. ANTENNA DESIGN 

A Rectangular ring antenna having a length of 51.85 mm and the width of 58.98 mm is designed 

as shown in the figure 1. The ground as well as the patch both is in square shape of 84 mm each 

side. Width of the ring is 3.125 mm which is the 1/10th of the quarter wavelength. The SRR being 

introduced is also a square of 3.125 mm each side placed as shown in the figure 1. A Stub is 

designed inside the ring as shown of 1 mm width. The designed antenna is excited by a lump port 

having a rectangular shape is designed at a dimension of (1.07 to 2.07) mm × 3mm. The patch & 

ground with a thickness of 35 µm is assigned with copper. The substrate used is jeans material and 

its permittivity is (εr) = 1.78 and its loss tangent is (δ) = 0.085. 
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Figure 1: Patch of the antenna placed on jeans 

All the measurements of the antenna are calculated by using the following formulas. The used 

formulas are written below: 

a. Effective Dielectric Constant 

𝜀𝑟𝑒𝑓𝑓 =
𝜀𝑟 + 1

2
+

𝜀𝑟 − 1

2
[1 + 12

ℎ

𝑤
]

−
1

2
 

Where, ℎ = height of substrate 

𝑤 = width of microstrip center conductor 

𝜀𝑟 = relative dielectric constant of dielectric substrate (board material) 

b. Width 

𝑊 =
1

2𝑓𝑟√µ
0

𝜀0

√
2

𝜀𝑟 + 1
=

ʋ0

2𝑓𝑟
√

2

𝜀𝑟 + 1
  

Where, 𝑓𝑟 = resonance frequency 

 ʋ0 = speed of light in free space 

 µ
0
 = permeability of free space 

 𝜀0 = permittivity of free space 

c. Effective Length 

𝛥𝐿

ℎ
= 0.412

(𝜀𝑟𝑒𝑓𝑓 + 0.3) (
𝑊

ℎ
+ 0.264)

(𝜀𝑟𝑒𝑓𝑓 − 0.258) (
𝑊

ℎ
+ 0.8)
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𝐿𝑒𝑓𝑓 = 𝐿 + 2𝛥𝐿  

Where, 𝐿 = length of micro strip center conductor 

d. Resonance Frequency 

(𝑓𝑟)010 =
1

2𝐿√𝜀𝑟√µ
0

𝜀0

=
ʋ0

2𝐿√𝜀𝑟
  

 

3. PROCESS OF SIMULATION 

This proposed antenna is simulated with different thickness of jeans material. These are 1 mm, 

1.25 mm, 1.5 mm, 1.75 mm and 2 mm. The length and width of jeans, ground, patch as well as 

SRR are also varied to obtain the desired resonance frequency so that this antenna can be 

implemented and applicable for any quality of jeans material to meet the ISM Band application 

and medical purpose as well. 

 

4. RESULTS 
The Simulation has been done for different jeans material and the obtained resonating frequencies 

are shown in TABLE 1. 

 

The S11 parameter is shown in figure 2. The VSWR is shown in figure 3. Radiation pattern for 

different jeans material is shown in figure 4 as well as 3D Radiation Pattern at 1.75 mm is shown 

in figure 5. Surface Current Distribution is shown in figure 7 and Radiation Efficiency is shown in 

figure 9. 

 

TABLE 1 

 

Thickness of Jeans 

(mm) 

Centre Freq. 

(GHz) 

Freq. Bands 

(GHz) 
S11 (dB) VSWR 

1 2.4 2.33 to 2.47 -13.46 1.49 

1.25 2.429 2.36 to 2.5 -17.18 1.39 

1.5 2.4 2.33 to 2.48 -16.54 1.35 

1.75 2.452 2.38 to 2.53 -20.47 1.21 

2 2.461 2.39 to 2.53 -28.01 1.08 
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The results of the proposed antenna for S11, VSWR, and Radiation Pattern etc are shown below. 

 

 
Figure 2: S11 Parameter 

 

 
Figure 3: VSWR 
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Figure 4: Radiation pattern for different jeans materials 

 

 
Figure 5: 3D Radiation pattern for 1.75 mm jeans material 
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Figure 6: 3D pattern over antenna at 1.75 mm jeans 

 

 
Figure 7: Surface Current Distribution at 1.75 mm jeans 
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Figure 8: SAR field at 1.75 mm jeans 

 

 
Figure 9: Radiation Efficiency of the proposed antenna 

From the above figure, it is very much clear that 92% Radiation Efficiency is produced at 2.4 GHz 

Frequency. So, it can be easily used in any ISM Band Applications as well as Medical 

Applications. 
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As far as 3D Radiation Pattern is concerned, Figure 6 shows that the antenna will radiate over the 

jeans and it will not radiate inside the skin of human. So, it is also not harmful for us to wear. 

 

5. CONCLUSION 
A demonstration of proposed antenna is presented in this research paper for medical applications 

as well as ISM band applications. This antenna can be implemented on any quality of jeans as 

discussed earlier. All the design and results have been simulated by ANSYS ELECTRONICS 

DESKTOP HFSS Software version 21. In view of the present COVID scenario, we are advised to 

maintain physical distance. So, using this antenna, many medical tests can be done by maintaining 

a minimum distance between patients and doctor. Further this antenna also can be implemented on 

other substrate like FR4 epoxy, RT Duroid etc. to obtain other resonance frequencies for other 

applications and also for UWB applications which is under study for our future work. 
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Abstract 

Glass is the most versatile material due to its wide application in the automobile, aerospace and 

construction sector. Due to its low strength and high fragile property, it is important to study the 

properties of toughened monolithic and laminated glass against the sphere, leading to its popularity. In 

this paper, the response of monolithic and laminated toughened glass against spherical shape impactor. 

The numerical investigations are conducted on 1.26 m height and 0.79 m wide monolithic and laminated 

glass against an impactor of mass 4.52 kg sphere of 6.39 m/s velocity using the ABAQUS finite element 

software. The constitutive behaviour of the glass is incorporated using brittle fracture model and 

behaviour of interlayer material is modelled using linear elastic model. The numerical results thus 

obtained is validated with experimental results on the laminated glass, available in the literature. 

Overall, the predicted results of acceleration are found in good agreement with the experimental results. 

Further, the simulations are performed on monolithic as well as layered glass against spherical shape 

impactor in order to predict the response of the glass considering various thickness of target and number 

of layers. The predicted results in terms of acceleration, displacement and Von-Mises stresses are 

compared. It is concluded that the behaviour of both monolithic and layered glass upto 15 mm almost 

the same however, the layered target of over and above 15 mm thickness offers better resistance as 

compared to the monolithic target for the selected condition. 

 

Keywords- Monolithic glass, Laminated glass, PVB, Simulations 
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1. INTRODUCTION  

Glass is the most transformative material across the world. Glasses are transparent, subset of amorphous 

materials and non-crystalline as well as 30 times more transparent than water. Due to the variations 

found in the glass it can be used as an excellent material for the construction industry. In spite of its 

vast applications the major drawback of glass is that, when ordinary glass breaks it breaks into large 

pieces and shatters down to large areas. To avoid shattering glass into pieces laminated glass is used. 

The laminated glass consists of two or more glass layers with one or more interlayers and the most 

common interlayer forms used are PVB (Polyvinyl Butyl), TPU (Thermoplastic Polyurethane) and SGP 

(The DuPont Sentryglass Plus). In order to expand the use of LG in different sectors of construction 

and structural engineering, a thorough understanding of the interaction properties between glass and 

interlayers is therefore very important. Cour-Palais (1987) reviewed the intense activity that occurred 

as a result of the hypervelocity impact up until the Apollo lunar mission. The effects of hypervelocity 

on metallics, glass, and composite materials, as well as spacecraft applications, were studied. The 

Apollo Program was the trigger to the start of the Space Station construction. Flocker et al. (1997) 

studied the laminated architectural glass for low velocity missile impact. Analysed the geometric and 

material parameters to determine their effect on reducing stress wave propagation through the three-

layer system to the critical inside ply in order to improve the damage tolerance of laminated glass 

windows. Bouzid et al. (2001) considered the glass plate subjected to the various loading rates by two 
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methods: Split Hopkinson pressure bar and normalised drop ball test. They proposed the damage model 

to characterise the impact of damage volume and found that the glass plate perforation occurs at a stress 

level equivalent to ten times the tensile strength. Shetty et al. (2013) developed the constitutive model 

using Continuum Damage Mechanics (CDM) to study the damage and failure pattern of the LAG. To 

analyse the pre-failure damage response of the Laminated Architectural Glazing (LAG) due to impact 

of wind loading and wind-borne debris and this can be used to characterise the pre-failure damage 

initiation and distribution. Debuyser et al. (2017) developed the heat transfer model which is based on 

experimental results, considered the thermal behaviour of glass and temperature dependent behaviour 

of the interlayer material for analysis due to its sensitivity for the study of load bearing glass at elevated 

temperature. Biolzi et al. (2018) showed experimentally that the stiffness of interlayers has a major 

influence on overall behaviour. Park (2019) concluded that conventional metal structures are relatively 

more economical than composites material structures, but found that composites material is weak hence 

studied the sandwich composite plate and monolithic laminate plate under low velocity. Osnes et al. 

(2020) found that the probabilistic fracture strength of glass due to loading rates and arbitrary loading 

is determined by using the Strength dependent model (SPM), which was in order of experimental 

results. Wang et al. (2020) found that, in case of post-fracture outer layer cracks, local fracture is found 

due to interlocking efficiency in intact glass. 

Based on the comprehensive literature, it was noted that the response of layered toughened glass and 

monolithic toughened glass with varying target thickness, varying number of layers to low velocity 

impact was found to be minimal. Therefore, an attempt has been made to study the behaviour of 

toughened glass against a sphere using the finite element analysis software ABAQUS. The constitutive 

behaviour of glass as well as PVB was modelled using linear elastic model and fracture model for PVB 

and glass, see Section 2. The results thus predicted from the simulations are compared with the 

experimental results available in literature, see Section 3. The influence of the number of layers and 

thickness of target are studied on monolithic and laminated glass and the results are compared in terms 

of acceleration, stress and displacement, see Section 4. 

 

2. CONSTITUTIVE BEHAVIOUR AND NUMERICAL MODELLING  

The brittle fracture model and the linear elastic model are used to model the constitutive behaviour of 

the glass, whereas the behaviour of the interlayer material PVB is modelled using the linear elastic 

model. 

2.1  Linear elastic model 
Using the linear elastic material model as well as the brittle fracture model, the elasto-plastic response 

of laminated glass such as glass and PVB was incorporated. The parameters required in the model of 

glass and interlayer are shown in table 1. 

Table 1. Properties of the glass material and the PVB interlayer (Yuan et al., 2017) 

Materia

l 

Density (kg/m3) Young’s modulus 

(GPa) 

Poisson’s ratio (ν) 

Glass 2500 70000 0.22 

PVB 2000 253 0.435 

 

2.2  Fracture model 

The fracture model is available in ABAQUS which can be used to model the brittle materials such as 

glass. Impact damage initiation, progression, and failure patterns can be evaluated using this material 

model. This model has two types of failure associated with it. The first failure mode is used for the 

prediction of the initial stages of glass failure. The cracking failure stress has to be integrated into the 

built model to predict the starting point of failure. Crack initiation begins when the main stresses 

formed, the limit of both reaches the predefined failure stress in the model. Fracture energy is correlated 

with the first failure mode. The modes of failure give the following fracture properties of glass as shown 
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in table 2. In order to predict the starting point of failure at the crack initiation stage, the cracking failure 

stress has to be incorporated in the designed model. The fracture energy of glass was found 9.4 N/m 

from available literature Bouzid et al. (2001). The direct cracking failure stress of glass was 74 MPa 

and the Non-zero parameters ρ is 2 and 𝓮max is 0.002 (Kuruvita Arachchige Don, 2014) The linear elastic 

material model properties of PVB available in Yuan et al (2017). 

 

Table 2.  Fracture properties of glass 

Energy (N/m) 9.4 

Stress (MPa) 74 

Displacement (m) 1.081x10-7 

 

After crack Initiation, the propagation of crack is also referred to as post failure mode in which only 

power law technique needs to be considered. The material was assumed to be failed when the local 

cracking displacement becomes equals to or exceeds the failure displacement at any point.  

 

2.3  Modelling of target and impactor 

The simulations were carried out using Abaqus/Explicit and the finite elements are used to simulate the 

response of the laminated glass against hard impactor at low velocity. The spherical impactor of 82.5 

mm in radius and 4.52 kg in mass was considered proximity of the experiment, Yuan et al (2017). In 

the numerical analysis, four monolithic glass of 7.52, 10.28, 15.8 and 24.08-mm thickness are modelled 

and the laminated glass of 3-layer, 4-layer, 6-layer and 9-layer of equivalent thickness considering 

individual glass thickness of 2 mm with 0.76 mm thickness PVB sheet as an interlayer material. The 

length and width were taken as 1.26 and 0.79 m, respectively, of the glass panel and PVB. The glass 

plates and the PVB interlayer are modelled as a deformable and fixed boundary, while the impactor was 

modelled as rigid analytical, as the steel elastic stiffness is three times greater than the glass. The 

numerical model geometry was used as symmetric, the meshing size and its isometric view along with 

front view is shown in Fig. 1, which shows the uniform mesh size throughout the glass, inclusion of 8-

noded brick element with a reduced method of integration. 

 

 
Fig 1: (a) Assembled glass-impactor (b) glass with meshing of 3 mm and (c) glass corner meshing. 

 

3. VALIDATION OF NUMERICAL RESULTS 

The experiments were conducted on a plate having dimensions 1.26 m x 0.79 m. The impact was made 

using an analytical rigid impactor which strikes on laminated glass with the velocity of 6.39 m/s Senthil 

et al. (2020). Based on the experimental observation the results have been recorded in terms of 

acceleration and displacement. The simulations were conducted on the glass of 1.2 m height and 0.79 

m wide of 4.76 mm thick layered glass and the results thus predicted were compared with the 

experimental results. Overall, the results of the simulations obtained were considered in level of 

agreement with the experiment shown in Fig. 2.  

(a) (b) 
(c) 
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Fig 2: (a) acceleration and (b) displacement (mm) of target against 6.39 m/s incidence velocity from 

the experiment (Yuan et al. 2017) and simulations (Senthil et al., 2020). 

 

However, between the actual displacement and the observed displacement, a peak displacement 

difference of 1.32% was found. As a result, the finite element model is precise and efficient. It has been 

noticed from the previous study by Senthil et al. (2020), and the predicted result reveals that the uniform 

mesh size gives more economic results compared to dense meshing in the target area only, so the 

uniform mesh size of 3 mm is considered. 

 

4. RESULTS AND DISCUSSION  

The simulations were carried out by varying the thickness of target and varying number of layers and 

comparative study of monolithic and laminated glass with respect to above parameters in order to 

estimate the efficiency of glass target under low velocity. The response of the monolithic and laminated 

glass has been set down in terms of acceleration, displacement, and Von-Mises stresses presented in the 

following sections. 

4.1  Performance of Monolithic Glass 

The performance of monolithic glass targets by varying thickness is studied in this section. The 

numerical investigations are conducted on 1.26 m height and 0.79 m wide monolithic and laminated 

glass against an impactor of mass 4.52 kg sphere of 6.39 m/s velocity using the ABAQUS finite element 

software. The Mises-stresses on the target of 7.52, 10.28, 15.8 and 24.08mm thickness were 186, 78, 

148 and 54 MPa, respectively Fig. 3.  

 

  
Fig 3: Von-Misses stress (Pa) on (a) 7.52 (b) 10.28 (c) 15.8 and (d) 24.08 mm at 16 ms. 

 

   
Fig 4: Displacement in monolithic glass of (a) 7.52 (b) 10.28 (c) 15.8 (d) 24.08 mm at 16ms. 
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Fig 5: (a) Acceleration and (b) displacement in monolithic glass of different thickness. 

 

The acceleration found to be maximum at initial phases of the impact duration and peak accelerations 

are 8608, 2856, 1382 and 1160 m/s2for 24.08, 15.28, 10.28 and 7.52 mm respectively shown in Fig. 

5(a). It is observed the maximum displacement in case of 7.52 mm thick glass plate and the glass was 

broken into significantly near to the impact area, see Fig. 4. It was also observed that the peak 

displacement in monolithic glass decreases as the thickness increases. The decrease in displacement 

was found 57, 27, and 4.21% when the glass thickness increased from 7.52 to 10.28 mm, 10.28 to 15.8 

mm and 15.8 and 24.08 mm, respectively. Similarly, the predicted displacement of 122.44, 52.90, 38.69 

and 37.05 mm in targets of 7.52, 10.28, 15.8 and 24.08mm thickness at 40, 40, 9 and 7.5 ms respectively, 

Fig. 5(b).  

 

4.2 Performance of laminated glass 

The performance of layered glass targets by varying numbers of layers is studied in this section.  The 

maximum stresses in the laminated glass are observed 103, 88, 73 and 54 MPa in the 3-layer, 4-layer, 

6-layer and 9-layer laminated glass at 16 ms, see Fig. 6. It was observed that the increasing number of 

layers of glasses from 3 to 9, the stresses was found to be reduced significantly, almost 50%. The 

number of layers and thickness of target also changes the course of deformed profile of the target.  

 

  
Fig 6: Misses stresses in laminated glass of (a) 3-layer (b) 4-layer (c) 6-layer (d) 9-layer at 16 ms. 

The maximum stress in PVB of first and second layer of three-layer glass is 32 and 30 MPa respectively, 

see Fig. 7(a-i)-(a-ii). It was found that the stresses in the second layer PVB of 3-layer configuration less 

than the first layer however, the difference is marginal. It was also observed that the clear star crack in 

the PVB of both the layers. The maximum stress in PVB of first, second and third layer of four-layer 

glass is 25, 25 and 27MPa respectively, see Fig. 7(b-i)-(b-iii). The maximum stress in PVB of first, 

second, third, fourth and fifth layer of six-layer glass is 5, 3, 5, 6 and 11 MPa respectively, see Fig. 7(c-

i)-(c-v). Similarly, the maximum stress in PVB of first, second, third, fourth fifth, six, seven and eight 

layers of nine-layer glass is 3, 3, 3, 2, 3, 3, 8, and 14 MPa respectively, see Fig. 7(d-i)-(d-xiii). In the 

case of 4-layer configuration, the stresses were found to be almost the same in all the layers of 

PVB.  However, the similar trend was noticed in case of 6-layer as well as 9-layer. The pattern of Mises-

stresses in the PVB of different layers of configuration is shown in Fig. 8. It is observed that the stresses 
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in the second layer of PVB of three-layer configuration was found decreased as compared to the first 

layer of PVB, however, the trend is reversed in case of other configurations. The peak displacement 

decreases as the number of layers of glass increases, see Fig. 9. Overall, it is observed that the 

displacement in the layered target decreases marginally with increase of target thickness. However, the 

number of layers of target changes the distribution of displacement in the target. The area of global 

deformation was found to decrease with increase in the target. However, the pattern of failure was found 

to have changed a lot in case of a 6-layer. It has been found that in the case of 3-layer 4-layer, 6-layer 

and 9-layer laminated glass experiences the peak displacement of 61.40, 47.5, 37.5 and 34.8 mm 

respectively. It is found that the laminated glass of 6-layers is most economical, 7.14 % decrease in 

displacement is found from 6-layers to 9-layers of laminated glass, which is much less compared to 

other layers of glasses as shown in Fig. 10(a). The acceleration variance over time can be seen more in 

initial phases while increasing the number of layers of glass as shown in Fig. 10(b). The acceleration in 

24.08 mm thick 9-layer laminated glass is found 4314.44 m/s2 and as the thickness of layered glass 

decreases, the peak acceleration decreases to 2786, 1710 and 956 m/s2 in case of 6-layer, 4-layer and 3-

layer laminated glass, respectively. 

 

 

 

 

(a-i) (a-ii) 

(b-i) (b-ii) (b-iii) 

(c-i) (c-ii) (c-iii) (c-iv) (c-v) 

(d-i) (d-ii) (d-iii) (d-iv) (d-v) 

(d-vi) (d-vii) (d-viii) 
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Fig 7: Von-Misses stress in PVB of: (a-i) 3-layer PVB-1 (a-ii) PVB-2 (b-i) 4-layer PVB-1 (b-ii) PVB-

2 (b-iii) PVB-3 (c-i) 6-layer PVB-1 (c-ii) PVB-2 (c-iii) PVB-3 (c-iv) PVB-4 (v)PVB-5 (d-i) 9-layer 

PVB-1 (d-ii) PVB-1 (d-iii) PVB-3 (d-iv) PVB-4 (d-v) PVB-5 (d-vi) PVB-6 (d-vii) PVB-7 (d-viii) 

PVB-8 at 16ms. 

 

 
Fig 8: Variation of Von-Misses stress in different layers of PVB.  

 

 

Fig 9: Displacement of (a) 3-layer (b) 4-layer (c) 6-layer and (d) 9-layer configuration at 16 ms  

 

Fig 10: (a) Displacement and (b) acceleration in laminated toughened glass 

 

4.3 Comparison of Monolithic and Laminated Toughened Glass 

The response of monolithic and laminated thickness is compared in this section with respect to change 

in Peak acceleration and peak displacement in the target. When the thickness of the target increases, the 

peak acceleration is also increasing in both LG and Monolithic glass. It was observed that the 

acceleration in 24.08 mm thick monolithic glass and equivalent layered glass 4314 and 8608 m/s2, 

respectively, shows the decrement of 50% in acceleration. However, the response of both monolithic as 

well as layered glass of up 15 mm, was found to be almost the same, Fig. 11(a). 
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Fig 11: (a) Peak acceleration and (b) displacement of monolithic and layered glass. 

 

It is concluded that the behaviour of both monolithic and layered glass was found to be almost the same 

upto 15 mm however, the layered target of over and above 15 mm thickness offers better resistance as 

compared to the monolithic target against the chosen velocity. The displacement in monolithic glass of 

7.52 mm and 3-layer equivalent thickness was found to be 122.49 mm and 61.4 mm respectively. The 

displacement of target is found to decrease in 3-layer LG by 50% in comparison to monolithic glass of 

7.52 mm thickness as shown in Fig. 11(b). The peak displacement in 4-Layer laminated glass is 

47.51mm while in monolithic glass of 10.28 mm thickness 52.90mm. similarly in 6-Layer laminated 

glass is 37.54 mm at 9ms while in monolithic glass of 15.8 mm thickness is 38.69 mm at 9 ms, 9-Layer 

laminated glass is 34.87 mm at 6.5 ms while in monolithic glass of 24.08 mm thickness is 37.05 mm at 

7.5ms. It was observed that the displacement in monolithic of 10.28, 15.80, 24.08 and equivalent 

thickness laminated glass of 4-layer, 6-layer, 9-layer glass is almost the same on progression. It was 

also observed that it goes on decreasing and variation is found insignificant after 10.28 mm thickness 

of monolithic and 4-layer laminated glass plate. 

 

5. CONCLUSION 

The study is focused on the response of the monolithic and laminated toughened glass against a hard 

sphere through finite element analysis, concluded in terms of acceleration, displacement and von-Mises 

stresses with respect to thickness of glass and in number of layers of glass and following conclusions 

were drawn; 

 In monolithic glass the highest displacement is identified in 7.52 mm thickness of glass however, 

it was found to decrease as the thickness of glass increases. Also, with increase in thickness of 

glass, it accelerates rapidly at early stages for short time, due to which stress generation increases. 

 The acceleration is found much higher in case of monolithic glass with a thickness of 24.8 mm 

compared to 9-layer laminated glass. It was also observed that the displacement in case of 24.08 

mm monolithic and 9-layer equivalent glass is almost the same however, the displacement in 

7.52 mm thick monolithic glass was significantly higher as compared to 3-layer equivalent glass. 

 It is concluded that the behaviour of both monolithic and layered glass was found to be almost 

the same upto 15 mm however, the layered target of over and above 15 mm thickness offers better 

resistance as compared to the monolithic target against the chosen velocity. 
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Abstract 

In this paper, we are designing fault tolerance architecture for Memory BIST (MBIST). The Built-

in Self-Test (BIST) method is used in self-test IC using pseudo-random sequences. These pseudo-

random sequences provide good coverage regarding faults present in IC. For the fault tolerance 

architecture, we are using a parallel prefix adder. Several ripple carry adders (RCAs) are used in 

the design to achieve fault tolerance using gradual and roving degradation. 

Keywords- Fault Tolerance, Memory BIST (MBIST), Built-in Self-Test (BIST), Pseudo-

Random Sequences, Ripple Carry Adder (RCA), Gradual Degradation, Roving 

Degradation, Kogge-Stone adder (KSA), Arithmetic and logical unit (ALU), Triple Modular 

Redundancy (TMR).Fuzzy AHP, Fuzzy TOPSIS, Maintenance Strategy, Geometric Mean, 

Sensitivity Test 

 

1. INTRODUCTION 

In current scenario, the demand for a circuit having a smaller area and low power consumption is 

increasing rapidly in various fields like defence, space, medical, security supervision, and so on. If 

the fault occurs in any part of the system, it compromises the overall circuitry. As the IC shrinks, 

circuits become more inclined to external sources such as energy particles and electromagnetic 

radiation. As a result, fault tolerance design is becoming an important part of IC self-test circuits. 

This design enables the detection and recovery of the faults in IC [1]. 

Within IC, we address 4 types of redundancy: software, hardware, time, and information 

redundancy [2]. The main objective here is to design the system that will minimize system failure 

with minimal overhead, small area, low power, and high speed. 

Software redundancy occurs at the application level, in which additional lines of code are used to 

detect and correct detected faults [3]. 

Hardware redundancy is due to several duplicates of hardware components. This redundancy may 

be at function, gate, transistor, or architecture level. It minimally affects system performance and 

is used to compensate for transient and permanent faults [4]. 

Time redundancy is achieved by repeating the same process on the same hardware and comparing 

it with system faults. Two redundancies are required to detect the fault and three redundancies are 

required to correct the fault. This lengthens the delay and can be used to overcome transient and 

temporary delays [5].  

This information will be created when additional redundancy is required for identification and 

error correction. There are several redundant information schemes [6].  

The ALU circuit (arithmetic and logical unit) is the core processors such as CPU, DSP, and the 

GPU. This means that fault tolerance is a key element of this device. Such as addition, subtraction, 

multiplication, division and address calculation [2].  

In this paper, we will compare the RCA adder circuit with triple modular redundancy (TMR) and 

the RCA Kogge Stone adder circuit (KSA). This comparison leads to gradual and roving 

deterioration [7]. 

 

 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
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2. RESEARCH BACKGROUND 

 

2.1 Kogge-Stone Adder (KSA) 

 

KSA generates a carry signal and is used as a high-performance adder in the industry with             

O (log2N), which enables high-speed operation parallel to shallow node depths.  

KSA is divided into three steps as shown in fig1. 

 
Figure 1: Kogge-Stone Adder [8] 

 

 Pre-computation stage 

 

This is the first step which generates the propagation signal and generate the signal.  

Propagation signal, Pi = Ai ⊕ Bi 

Generated signal, Gi =Ai . Bi 

Shown Ai and Bi are the initial input of the adder. 

Shown symbol ⊕, and . are XOR, and AND gates. 

 

 Prefix stage 

 

In this stage, we must deal with the carry corresponding to each bit. This stage consists of 

two cells, the black cell, and the gray cell as shown in fig2.  

 
      Figure 2: Black and Gray cell [8] 
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 Black cell  

 

This cell is the signal for the next step to generate propagation and generation signals. It 

accepts two sets of propagation and generation signals Gi, Pi and Gj, Pj from the 

generation and propagation signal set (G, P).  

G = Gi + (Pi . Pj) 

P = Pi . Pj 

 

 Gray cell 

 

Generate the generated signal in this cell, which is necessary for the next step to calculate 

the sum. It receives two sets of propagation and generated signals Gi, Pi and Gj, Pj, which 

are calculated in the set of generated signals (G).  

G = Gi + (Pi . Pj) 

 

 Final computation 

 

This stage produces Sum (Si) and Carry (Ci). 

      Si = Pi ⊕ Ci-1 

     Ci-1 = (Pi + Cin) 

      Cin is the initial carry bit. 

     Shown symbol ⊕, . and+. are XOR, AND, and OR gates. 

 

2.2 Triple Modular Redundancy (TMR) 

It is a fault-masking technique that has been applied to firmware to ensure fault tolerance. It 

contains three identical logic circuits that perform the same task in parallel and compare the results 

of these parallel tasks by majority voting circuit which selects the most common output from those 

three devices as shown in Figure 3. 

 
Figure 3:Triple Modular Redundancy (TMR) block diagram 

 

In Figure 3, Device 2 and Device 3 are copies of Device 1 with the same input value, so the output 

of the three devices must be consistent. If one of the devices may have faults, then that device will 

generate different output. This change in output is easily recognized and corrected by the voting 

logic. 
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3. RESEARCH ARCHITECTURE 

3.1 Sparse Kogge-Stone Adder  

 In the GP block, the black and gray cells are the same as those in the regular KSA. Figure 4 

shows the 16-bit sparse KSA. A typical sparse KSA has the same implementation delay as an 

FPGA, although the former uses much fewer resources [9]. 

 
Figure 4: Sparse Kogge-Stone Architecture with Fault detection [10] 

 

3.2 Hardware Redundancy 

We can use N - modules (NMR) redundancy to obtain the baseline fault tolerance. This approach 

is easy to implement, but the overheads are high.  A fault-tolerant method whereby the device is 

effectively copied three times and the majority control signal is sent to the output using the voting 

mode. In fig3, the major voting will produce a result without fault and produces 3 copies of the 

same circuit. As long as all faults are contained in a spare block, this method will work. The delay 

will be raised because of the voter block in the critical route of the circuit. This is the easiest way 

to identify and fix faults. 

 

3.3 Graceful Degradation 

Redundant hardware is used to detect and to achieve better defects. If any one of the substitute 

hardware blocks is used to update a fault block, the device's ability to degrade is degraded. When 

detecting faults, the voter's circuit connects each block to the same blocks as the replacement 

parts. The defective block is replaced by one of the redundant blocks in the event of a defect. In 

this case, as shown in Figure 5, we have four work blocks and four control blocks. 
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Figure 5: Block diagram of Graceful Degradation 

In fig5, Blocks 1–4 and the two test blocks all serve the same purpose in this diagram. For the 

testing of 1 to 4 blocks, the 2 redundant blocks marked Test Blocks1 and Test Blocks2 are used. In 

this example, the TMR test is used. The defective block is replaced by one of the test blocks if a 

defect is detected. The system therefore continues to operate, but the capacity for error detection 

has been decreased. If there is a bug in Block 4, report it. The first block to be tested with the test 

block. Because no faults were discovered in Block 1, the defect verification process continues in 

Block 2. There are no flaws in Stage Two. Compare Block 3 with the Test Block. Eventually, 

because there is no fault in block 3, the test is performed in block 4, and because there is a fault in 

block 4, the test block will replace it. 

 

 

4. Result discussion  
The ISE Xilinx 14.7 design suite is used to obtain the RTL view. Fig. 6, 7, and 8 illustrates the 

waveform of TMR-RCA, Sparse KSA, and Graceful Degradation. 

 

 
 

Figure 6: TMR-RCA waveform 
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Figure 7: Sparse KSA waveform 

 
 

Figure 8: Graceful Degradation waveform 

Table 1: Comparison of TMR-RCA, Sparse KSA and Graceful Degradation 

Parameters TMR-RCA Sparse KSA Graceful Degradation 

Minimum Period (ns) 2.084 2.389 19.419 

Minimum input arrival time before clock (ns) 3.521 3.984 5.702 

Minimum output required time after clock (ns) 15.066 18.782 7.286 

Maximum combination path delay (ns) 6.469 7.96 6.469 
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Table 1 states that the simple TMR-RCA structure and the use of a quick chain of transmission 

offer the best delay performance, up to a very large bit width and a fault-monitoring and recovery 

of the entire adder chains. In a period of one clock. Only the RCA circuit is detected in a sparse 

design of Kogge-Stone and several clock cycles to fix the failure can be used. 

 

 

5. Conclusions 

The features of the FPGA fault-tolerant adder are lateness and logical complexity (expressed in bit 

width). In conventional repairs such as TMR-RCA and KSA errors, the basic additional structure 

is analyzed to give fault tolerance. A sparse KSA is recommended to resist the second half of the 

error in its entirety. The simulation results show that the design can detect errors in the strap 

circuit and correct them. Following analysis, the most effective design approach seems to be 

TMR-RCA. As far as resources are concerned, it is easy and capable of using high-speed transport 

chains. However, there is evidence for very large bit sizes that KSA works best than ripple adders 

when used in FPGAs. By incorporating a further two RCAs into the architecture, Sparse KSA was 

designed to use existing RCAs in the design and used TMR-RCA-like methodology. Each with 

very limited KSA is used. Deficient units are therefore constantly replaced by substitute units. The 

defective tolerance is reduced to ensure the proper running since the replacement block is initially 

used for debugging purposes. 
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Abstract 

Solar thermal energy storage (TES) is a broad field for researchers. A lot of work has been done in 

this field. The main method of storing solar energy is to accumulate solar thermal energy using 

phase change materials (PCMs) in the latent heat thermal energy storage (LHTES) system. The 

outline of this paper is to investigate the recent technology used to store solar thermal energy, 

particularly in concentrated solar power (CSP) plants by using PCMs. Thermal properties, that is, 

latent heat, specific heat, melting point are the main parameters of different PCMs for the TES 

system. Three issues have been discussed depending on various research papers published on this 

topic taken into account state-of-the-art understanding and developments. The first part is different 

PCMs used for thermal energy storage. In the second part, the latest evolution of encapsulation 

technologies of PCMs has been discussed. The rest of the part is about cost issues and the contrast 

between latent and sensible TES systems. The present article will be very thoughtful as a good 

reference to the engineers and researchers for utilization and selection of various PCMs in the heat 

storage industry, especially the solar thermal power industry. 

Keywords- Phase change material (PCM), Storage System (SS), Latent heat, concentrated 

solar power (CSP), Power Plant 

 

*Author for Correspondence 

 

1. INTRODUCTION 

Solar power is mostly used as a renewable energy source. The only shortcoming of this renewable 

source is its unavailability at night time and high dependence on geographical location and 

climatic conditions. ‘World Energy Book 2018’ stated that universal energy requirement of all 

sector will grow by 33% from 2011 to 2035. Emission of CO2 which is energy-related will 

increase gradually if the use of fossil fuel is usual. To diminish the corresponding environmental 

problem, use of fossil fuel should be reduced. Guiqiang et al (2018) stated that solar energy is one 

of the most popular among different types of renewable energy sources, due to its high efficiency, 

satisfaction and value of direct utilization compared to others. Two main technologies for energy 

harvest are Concentrated solar power (CSP) and photovoltaic (PV). For commercial purpose 

efficiency of CSP technology is more than PV Technology, although cost of PV panels is more. S. 

Dubey et al (2013) stated that PV solar power has biggest disadvantage due to its critical energy 

storage capacity. Biggest advantage of CSP plant is its more heat storage capacity over then PV 

based solar plant at night time. Jie et al (2015) investigated that CSP power plant become the first 

choice to provide large scale (> 100MW) electric grid system because of its high thermal energy 

storage capacity. Currently Spain is the biggest CSP manufacturer with 55 CSP plants. Total 

energy capacity of Spain is 2.30 GWe. USA has 20 CSP plants total installed capacity of USA is 

1.902 GWe up to 2018, concentrating solar power projects (2015). Shouman et al. (2015) studied 
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that other countries like Iran, Morocco, Egypt and Algeria have integrated CSP with natural gas 

combined cycle for commercial purpose. Countries like India, Australia, Italy, China, Israel, 

Jordan having good solar resources and commercial project with operational condition. Cordaro et 

al. (2011) investigated on HTF is one of the most important components to store energy in TES. 

Various types of HTF are used in CSP for commercial work like air, inorganic molten salts, and 

water/steam. Suitable characters of HTF are low freezing point, wide range of temperatures, high 

heat capacity, good thermal suitability and low viscosity. Another important criterion of a HTF is 

low cost. Molten nitrate salt is currently used as HTF up to temperature range 6000C.Latent heat, 

sensible heat or combinations of both are used as storage medium to utilize produced heat. 

Thermal and chemical, combined energy storage has not yet been used in a CSP plant due to its 

both economic and technology challenges. In most of the reports it is observed that, thermal 

energy storage with latent heat in PCMs needs importantly more storage size as contrast to 

sensible energy storage system at the equal operating temperature. Tamme et al. (2004) 

investigated that Inlet and outlet temperature of solar field heat reserve is an important feature 

because of its temperature variation and also for Rankin cycle operation. To date, molten salt and 

oil are mostly used as sensible heat storage in commercial CSP plant. Latent heat energy storage 

CSP plant using of PCMs is under research and development till now. In this paper latent heat 

thermal energy storage (LHTES) is the main focus. 

 

 

2. PCMs USED AS VARIOUS THERMAL STORAGE 

Many investigations have been done by different researchers on the use of PCMs for LHTES. 

Generally, various PCMs is used as thermal energy storage application like organic compound, 

inorganic compound and eutectic as seen in figure 1.  

 

 

 

 

 

 

 

 

Fig 1: Categorization of PCMs (Sharma et al, 2009) 

Organic compounds like paraffin wax, acids, alcohols and esters are used as PCMs. Inorganic 

material like salt hydrates and metals are used for eutectic material. Hoshi et al. (2005) 

characterized different materials. Materials which have melting temperature below 2150Cis known 

as ‘low’ temperature category materials, materials which have melting point up to 4250C is known 

as ‘medium’ temperature and materials which have melting temperature above 4250C is known as 

‘high’ temperature materials and these are more flexible for CSP plant. Some materials useful for 

PCM having melting temperature in the range 290K to 1210K have been shown in figure 2.  
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Fig 2: Heat reserve capacity of different PCMs (Liu et al, 2015) 

Different salts like carbonate, fluoride, sulphate, chloride and some eutectic salts are example of 

useful inorganic materials and are shown in figure 3. 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: Heat reserve capacity of different molten salts (Liu et al, 2015) 

 

Melting temperature and other important parameters of PCMs are shown in Table 1 to 3. Eutectic 

material LiCl-LiOH(33:67 wt. %) have the highest energy density during phase change compared 

to other PCMs shown in Table 1. 

 

Table 1: Different melting temperature between 900C and 2700C for Inorganic PCMs 

Compound 

(wt.%) 

Meltin

g point 

(0C) 

Latent heat 

(kJ/kg) 

Density 

(kg/m3) 

Energy 

density 

(kJ/m3) 

Thermal 

conductivi

ty 

(W/m K) 

 

MgCl2_6H2O 116 166.6 1470 (liq. 120 oC) 244,570 0.550 

NaNO3–KNO3 

(49:51) 

222 101.7 1910 193,334 0.57 

KCl–ZnCl2 

(66.1:33.9) 

232 196 2485 491,050 0.9 

LiCl- LiOH (37:63)  260 487 1553 751,752 1.12 

Reference source: Dincer et al. (2002) 

 

In Table 2, we see that melting temperature of PCMs varies from 2000C to 4200C which is 

perfectly matched for running temperature range of TES. 
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Table 2: Melting temperature between 2800C and 3900C for Inorganic PCMs  

Compound 

(wt.%) 

Melting 

point 

(oC) 

Latent 

heat 

(kJ/kg) 

Density 

(kg/m3) 

Energy 

density 

(kJ/m3) 

Thermal 

conductivity 

(W/m K) 

 

ZnCl2 282 77 2910 218,027 0.6 

NaNO3 306 194 2252 449,149 0.4 

NaOH 316 167 2105 346,507 0.95 

KNO3 339 119 2115 244,763 0.7 

Reference source: Lane et al. (1980) 

 

It is observed that NaNO3, NaOH, KNO3, NaCl–KCl(54:42 wt.%), and KOH are useful for latent 

heat TES system.NaF-MgF2(70:30 wt. %) having melting temperature 6520C can because for high 

temperature latent heat TES as is observed in table3.  

 

Table 3: Melting temperature above 3900C for Inorganic PCMs 

Compound 

(wt.%) 

Melting 

point(oC) 

Latent 

heat 

(kJ/kg) 

Density 

(kg/m3) 

Energy 

density 

(kJ/m3) 

Thermal 

conductivity 

(W/m K) 

 

MgCl2–NaCl 

(39:61 ) 

437 354 2483 870,484 N/A 

Na2CO3–

Li2CO3 

(54:46) 

499 373 2324 858,403 2.92 

NaF–MgF2 

(70:30) 

652 863 2823 2,425,210 1.16 

MgCl2 716 454 2142 967,284 N/A 

NaC 770 819 2395 1,950,245 1.72 

Reference source: Pincemin et al. (2008) 

 

 

Some important properties needed for PCMs as thermal storage materials are given in Table 4. 

 

Table 4: Demands of PCMs as heat depository materials 

Thermal resistance Chemical 

resistance 

Physical resistance Economic 

resistance 

Temperature  Phase Change Stability Low density  Low-price 

Enthalpy change, melting 

point which is near equal to 

the useful temperature  

No phase change Density is high N/A 

Thermal conductivity is high 

in both cases as liquid and 

solid phases 

 Compatibility 

with container 

materials 

 Non-toxic, non-    

flammable,  

Small or no sub 

cooling 

N/A 

Reference source: Farkas et al. (1985) 

 
Some commercially available PCMs along with their thermal features are shown in Table 5. 
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Table 5: Properties of some commercially available PCMs 
PCMs Density (kg/m3) Melting point 

 (oC) 

Latent heat 

(kJ/kg) 

Product materials 

 

H310 1910 310 150 Plus ICE, High 

Temperature PCM 

H390 2310 390 230 -Do- 

H420 2180 420 140 -Do- 

H510 2240 510 320 -Do- 

H550 2310 550 180 -Do- 

H630 2090 630 430 -Do- 

(Reference source: www.pcmproducts.net) 

 

In present situation, use of Phase change material to store heat energy for hybrid system is a new 

trend to manage heat storage capacity form sunlight. As proposed by Adinberget al. (2010), the 

thermal energy storage system provides the energy conversion in day time as well as in night time 

and overcast period (figure 4). 

 

 

 

 

 

 

 

 

 

 

Fig 4: Heat transfer storage concept (Adinberg et al.2010) 

 

1. RECENT DEVELOPMENT OF PCM ENCAPSULATION TECHNOLOGY 

It is very difficult to avoid leakages in fluid encapsulated PCM when it is heated up. Regin et al. 

(2008) and Nomura et al. (2010) emphasized on the role of proper encapsulation to store PCM. 

The fundamental requirements for such encapsulation are (1) fulfilment of corrosion resistance, 

flexibility, thermal stability and strength to PCM; (2) encapsulation act like a cover to shield PCM 

from chemical interaction with heat transfer fluid at the time of heat transfer; (3) capsules should 

be small in size and have large volume-to-surface ratio to provide more heat transfer area; (4) also 

contribute good structural stability and easy handling.  

Fig 5: Packaging procedure of PCM for enhancing heat transfer capacity (Salunkhe et al, 2012) 

http://www.pcmproducts.net/
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Recently, micro-encapsulation PCM technology is getting attention. Figure 5 shows various 

packaging procedure of PCM for enhancing heat transfer capacity Advantage of micro-

encapsulation technology is to get more volume-to-surface ratio to provide better thermal storage 

capacity during phase changing. High temperature encapsulated PCMs become very challenging 

day by day and that’s why it is less important. Another point of view is first to produce a cell 

(spherical or cylindrical) and then to put PCM inside it. Figure 6 shows two different category of 

encapsulation of PCM.  
 

 

 

 

 

 

 

 

 

 

 

 

Fig 6: Classifications of encapsulated PCM 

 

4.  INVESTIGATION ON COST FOR LHTES SYSTEM 

In the year 2012, department of energy, U.S. Govt., investigated on sun shot inventiveness. (Xu et 

al., 2015 and Marianowski et al., 1977) shown cost difference for the contrast among SHTES and 

LHTES, depending on enthalpy calculation of an earlier developed system. As per normal 

capacity policy as claimed by the researchers (Xu et al. 2015) the value of the four dissimilar set-

up (Granite rocks with SHTES under 5-hour demand, KOH associated with LHTES under 7-hour 

demand, LHTES with NaCl–KCl (55:45 wt. %) under 5-hour demand) were estimated and 

differentiated, for parabolic tour CSP plant along with 62MW power output at a plant efficiency of 

37%. This information indicates the essential requirement for optimizing the heat storage system 

before it is used in practical applications. 

 

5.  CONCLUSION 

Reliability, cost and production of the TES system have got the primary focus among the 

researchers as is evident from various publications. Various govt. agencies and industries have 

extended the support to many projects in the field of thermal energy storage using PCM to make it 

fruitful. One of the major successes in this area is the reduction in the storage tank volume, by 

using PCM. Both LHTS & SHTS and PCM encapsulation have been discussed in this work. This 

work has done a comparative study of various technologies used in thermal energy storage system 

using PCM. Properties of various PCM have been incorporated in this work, which can be used as 

a reliable source by researchers in academic as well as professional world and practice engineers. 

Ultimately use of Solar energy reduce the global warming and put an effort to reduce 

environmental pollution for the upcoming generation. 
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Abstract 

A recently identified community of chemicals found in aquatic ecosystems are pollutants of increasing concern or, 

literally, emerging pollutants (EPs). It was only the advances in analytical techniques that enabled the 

identification of these pollutants even at low concentrations. The persistent discovery of new chemicals prompts 

concerns about their origin routes, their destiny, their transport, their transition and their effect on the aquatic 

ecosystem. As new chemical substances are continually being generated and scientific research optimizes its 

awareness of existing and previous pollutants, pollutants of increasing concerns will stay a moving target. 

EPs primarily originating from the disposal of urban and industrial wastewater effluents, are widespread in the 

aquatic ecosystems. Owing to the potential biological effect on organisms within the ecosystem, their existence 

is of worry. A holistic approach to sampling is needed in order to understand their fate and transformations in 

wastewater and ecosystem. This implies the attainment of relevant evidence and promotes a deeper interpretation 

of spatiotemporal pollutant patterns and occurrence. During treating of wastewater, owing to more planning 

criteria and absence of good analytical techniques, there is a shortage of residual pollutants study. This leads to 

under-reported analysis of many EPs joining wastewater treatment works and the aquatic ecosystem. Sludge can 

hold concentrations of certain chemicals, during the treatment of wastewater that ends up being applied to 

agriculture without analysis for EPs. Hence a framework for environmental reporting that is more holistic is 

needed, so that the destiny and effect of EPs are explored in all environmental systems. This review discusses 

current understanding of EPs and provides recommendations for better future analysis. 

 

Keywords :Emerging Pollutants, Wastewater, Pharmaceuticals, Personal care Products 

1. Introduction 

Industries, farming, and the general public use water each day and release several chemicals into waste water. In 

the problem of contaminating waste water, farming activities, industry releases and humans play an important 

role. Both of these activities have created different toxins and changed the water cycle, creating a global issues 

pertaining to their possible effects on wild life and human health. 

Present practice and expertise indicate that expenditures will continue to increase in chemical contaminant 

identification, and reduction. However, with the enormous amount of chemical toxins attributable to the 

cumulative impact of both, natural mechanisms and anthropogenic impacts tend to account for just a limited 

fraction of the overall chemical emissions in the spectrum of currently controlled chemical contaminants 

(Deblonde et al., 2011). The lengthy list of contaminants is further increased by the progressive discovery and 

introduction of potential emerging pollutants. It is then unlikely that the number of other chemicals that exist on 

the basis of the presumption that the chemicals deemed by regulations are by far the most relevant and that they 
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have the highest risk to the atmosphere, public health and the economy will be neglected by regional and 

international lists of approved chemicals (Bell et al., 2011). Comparatively recently found classes of unregulated 

pollutants which exist in aquatic ecosystems, such as pharmaceuticals and care products, are pollutants of 

increasing concerns or emerging pollutants (EPs) and typically entail chemicals used in daily life and numerous 

manufacturing ingredients (Barceló, 2003). A wide variety of inorganic and organic pollutants are regulated in 

surface waters by the regulations listed by the European Commission. (Dulio et al., 2018) (EU Parliament, 2008). 

Associated with agriculture and industrial chemicals have generally been these. Nevertheless, regulation is 

anticipated to widen to encapsulate the latest project of medicines 17b-estradiol (E2), 17a-ethinylestradiol (EE2) 

and diclofenac as a priority harmful chemical, the higher number of municipal derived chemicals described as 

EPs (Ashton et al., 2004). EPs are not usually chemicals that are recently created. It may be mentioned that three 

basic groups apply to the word. Substances newly incorporated into the environment are included in the first 

grouping (e.g., industrial additives). The next group consists of compounds that may have been present in the 

atmosphere for several years ago, but their existence has been observed only in recent years and their importance 

has begun to draw attention (e.g., pharmaceuticals) (Geissen et al., 2015). The last group contains chemicals that 

have been recognized for a longer period of time, and only recently have their possible harmful effects on human 

health and the ecosystem been understood (e.g., hormones) (Wells et al., 2010). The key concern with EPs is that 

the existing data for each of these pollutants is sparse and comparatively small, and the relevant detection 

techniques and instrumentation either aren't yet available or are at an introductory stage (Gavrilescu et al., 2015). 

That's why the identification of these micro-pollutants in the environment has only become feasible with steady 

improvement in analytical analysis and evaluation methods. In other words, it is still not clear for several ECs, the 

potential risk they pose for the environment and public health has been explained, while monitoring strategies and 

appropriate technologies for further contamination mitigation are still being developed. It is most important to 

take into account the role of these pollutants in the environment, because they do not occur separately, but as a 

complex combination, which may contribute to undesirable synergistic impacts. The prevalence in the 

environment of a large range of potentially harmful EPs permeates a need to recognize their existence, fate and 

environmental impacts. 

This reviews explains current information on the occurrence of EPs in wastewater and surface water. Areas of 

concern said to be underexplored are addressed from the data collection and broader studies. This include: 

spatiotemporal heterogeneity of EPs in wastewater and river water, separation of EPs into solid matter during the 

treating of wastewater, destiny of EPs in aquatic environments and toxicological effects of EPs. 

2. Present Understanding of EPs occurrence 

The existence of EPs in the ecosystem is primarily due to the emission from treatment facilities of waste water. 

The most widely used and researched methods are traditional secondary processes (activated sludge and trickling 

filters) and are thus reflected in this study. Such procedures, however are not meant to extract EPs prior to their 

release into water bodies, like rivers, reservoirs and coastal areas. EPs involve a wide range of natural and synthetic 

substances that are considered potential threats, but adequate information still isn't known for all the different EPs 

.Important classes of emerging pollutants are shown in Table 1. Substances like medicines, personal care products 

(PCPs), endocrine disrupting chemicals (EDCs), steroids, hormones, inhibitors of solvents and surfactants, fire 

retardants, toxins, synthetic substitutes, nanoparticles, and fuel additives are contained in EPs (Gogoi et al., 2018). 

Emerging Pollutant Groups                                   Examples 

Pharmaceuticals  

Antibiotics Trimethoprim, erythromycin, amoxicillin, lincomycin, sulfamethaxozole, 

chloramphenicol 

Analgesics Ibuprofene, diclofenac, paracetamol, codein, acetaminophen, acetylsalicilyc 

acid, fenoprofen 

Psychiatric drugs Diazepam, carbamazepine, primidone, salbutamol 

Beta-Blockers Metoprolol, propanolol, timolol, atenolol, sotalol 

Antiepileptic Carbamazepine, Gabapentin 

Steroid Estrogen Estrone, 17b-estradiol 

H2 Receptor Agonist Ranitidine, Cimetidine 
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Anti-depressants Venlafaxine, Dosulepin, Amitriptyline, Nortriptyline 

Metabolite Nortramadol, Norcodiene, Normorphine, Norbuprenorphine, Norfentanyl, 

Norpropoxyphene, Nordiazepam, 7-Aminonitrazepam, Norketamine, 

Benzoylecgonine, Norcocaine, Cocaethylene, 6-acetylmorphine 

Personal Care Products 

(PCPs) 

 

Antibacterial Triclosan 

Plasticizer Bis-phenol A 

Preservative Methylparaben, Ethylparaben, Propylparaben, Butylparaben 

Fragrances Nitro, polycyclic and macrocyclic musks, phthalates 

Sun-screen agents 1-benzophenone, 2-benzophenone, 3–benzophenone, 4-benzophenone, 

methylbenzylidene camphor 

Endocrine Disruptors Octylphenols, nonylphenols 

Surfactants Alkylphenol ethoxylates, 4-nonylphnol, 

4-octylphenol, 

Fire Retarders 

Polybrominated diphenyl ethers (PBDEs), Tris (2-chloroethyl)phosphate, 

Hexabromocyclododecanes (HBCDs) 

Industrial Additives Aromatic sulfonates 

Gasoline additives Dialkyline ethers 

                           Tabe-1 - Important classes of emerging pollutants. (Petrie et al., 2015). 

Some of these pollutants occur and remain to a larger degree in the environment, not just in urban countries, but 

in rural communities as well. Examples of most common pollutants and their key characteristics are listed in Table 

2. In the ecosystem, certain contaminants are restrictive and do not decay (e.g., heavy metals). Prolonged organic 

contaminants (e.g., DDT, EDTA, per fluorinated compounds) are compostable, yet so often medicines are 

compostable at a very slow pace (e.g., carbamazepine, sulfamethoxazole). Polar water soluble chemicals that are 

persistent can quickly penetrate into water. This should be remembered that while certain toxins are not permanent 

in the environment and thus can be changed by natural phenomena, their continual penetration from different 

sources (e.g. discharges of wastewater treatment plants) enhances and retains their existence in waterways and the 

potential adverse effects on aquatic life. 

 

Pollutant Origin Persistence Distribution 

Nonylphenol  Non-ionic surfactants 

degradation 

 

Intermediately persistent Sludge, wastewater, 

sediments 

Bis-phenol A Resins, epoxy No bioaccumulation Water from surface and 

ground 

Animal medicines  

 

Aquacultures, pastures Persistent Soil, sediment, water 

Phthalates Non-biodegradable 

plastics 

Medium persistent Soil, sludge 

Nanoparticles 

 

Pesticides, 

nanomedicines, landfill 

leachates 

Persistent Soil, sludge ,rivers 

Choloro alkanes, 

Polybrominated diphenyl 

ethers 

Flame retardants Persistent, highly bio-

accumulative 

Groundwater, soil, 

sludge 

Steroids 

 

Contraceptives Moderately Persistent Water, sludge, sediment 
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Sulphanoamides, 

Tetracyclines 

Veterinary  and human 

drugs 

Slightly Persistent Soil, sludge, groundwater 

    Tabe-2 Common examples of emerging pollutants with their characteristics. (Stefanakis and Becker, 2015). 

 

3. Removal Methodologies for Emerging Pollutants 

Advanced oxidation processes (AOPs) have been used for the degradation of persistent emerging pollutants in 

water and wastewater. The process either mineralizes the pollutants or may convert them into less harmful 

products. This approach has been more often used as a pretreatment unit for other biological treatment such as 

activated sludge. During treatment by AOPs or ozonation, EPs such as pharmaceuticals and pesticides undergo 

some spontaneous changes and series of oxidation reactions that can result in formation of degraded products less 

harmful than parent compounds. The degradation products can be characterized by means of their chemical 

stability and structure, biodegradability and toxicity. However such studies have been found limited for 

degradation of halogenated organics. UV assisted AOPs such as photo-Fenton based process has been utilized as 

an effective degradation process for these compounds. Table 3 below lists the AOPs studied for removal of EPs 

(Ikehata et al., 2006). 

Process Oxidants used Chemicals Energy sources Remarks 

Fenton Hydrogen peroxide Ferrous ion  None Formation of 

Sludge 

Photo -Fenton Hydrogen peroxide Ferric ion Ultraviolet (UV) 

radiation or visible 

light 

 

Anodic Fenton Hydrogen Peroxide  Iron Electrode Electric current Fenton based 

reactions occur in 

Anodic half cell 

Photoelectro 

Fenton 

Hydrogen peroxide Iron electrode  UV or solar 

radiation 

 

Ozonation Ozone Hydroxyl Ion None pH >8 

Ozonation/ H2O2/ 

UV 

Ozone, H2O2 None UV radiation  

Heterogeneous 

Photocatalysis 

None Titanium dioxide UV or solar 

radiation 

 

  Table 3- AOPS studied for degradation of Pesticides. 

Activated carbon adsorption would be an efficient strategy among the various methods to minimize micro 

pollutant disposal into the aquatic ecosystem, and a large-scale project has been conducted at the Seine Centre 

(240,000 m3/d-Paris, France) wastewater treatment facility. Although most of the available works explored fixed 

bed or contact reactors with a different separation stage, this study examined new types of tertiary treatment based 

on a fluidized bed containing a high amount of activated carbon, renewed continually.  The objectives of the study 

were to assess the efficiency of the working fluidized bed operating with micro grain activated carbon (μCAG) 

on both emerging micropollutants and other quality parameters of wastewater and then to correlate its performance 

and applicability to Powdered activated carbon. In the μGAC configuration, conventional criteria of waste water 

quality parameters, pharmaceuticals and hormones and other emerging contaminants were observed. With μGAC, 

pharmaceuticals and hormones are well removed (50 to N90 %). It also achieves removals of 50 to N90 % for 

Alkyl phenols, bisphenol A, parabens, sweeteners and pesticides. UV absorption at 254 nm, organic dissolved 

carbon and removal of micropollutants are well correlated. With μGAC, elimination of NH4, NO2 and total 

suspended solids occurs. The performances obtained with μGAC are comparable to those with activated carbon 

powder (Mailler et al., 2016). 
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Figure 1- Removal Rate in Percentage for each class of compounds calculated from average concentration 

between effluent and influent (Deblonde et al., 2011). 

From the average concentration between all the effluent and the influent, the removal percentage were determined 

as shown in Fig-1. Nevertheless, negative results have been obtained for some compounds when measuring the 

removal effectiveness. The negative results may be explained by the lack of data for molecules with small 

quantities such as Fenofibric acid, Indomethacin, and Iotalamic acid (contrast media). All these studies included 

primary, secondary and tertiary treatment.  The contaminants that are most effectively removed in a treatment 

plant with an active sludge process are phthalates, which have a removal efficiency of over 90%, and 

psychostimulants, which have a removal efficiency of about 97% (Bendz et al., 2005). Bisphenol A is removed 

with about70% of effectiveness (Gómez et al., 2007). Therapeutic molecules such as analgesics, anti-

inflammatories, and beta-blockers are the least removed (30–40%). This finding is consistent with the recent data 

collected, during a report commissioned in France in 2009-2010. In treatment facilities, prescription products 

found in wastewater may be biologically degraded and finish up in water bodies or captured by sludge. Sludge 

can be used in farmland as fertilisers, and these substances can pass through the soil and enter groundwater. Low-

removal-rate molecules are likely to be contained in various environmental media and can have an impact on 

ecosystems. 

Grape stalk has been used to evaluate its effectiveness as a sorbent for the removal of a fluoroquinolone antibiotic 

and an azo dye. Both compounds behaved in a pseudo first order kinetic mechanism. Absorption mechanism was 

held responsible for the removal of these compounds by grape stalk action. The study suggests use of a suitable 

biomass material used for the preliminary treatment with an objective to reduce the concentrations of toxic 

substances to be discharged. The grape stalk properties such as lower contact time for adsorption, capacity of 

sorption, no preliminary treatment requirement and burning under optimum conditions make it a suitable biomass 

material to be used for the effective removal of some ECs (Nurchi et al., 2019). 

Due to low energy, operating and maintenance costs and high treatment quality, constructed wetlands (CWs) can 

be a promising option as tertiary, but also as primary and secondary treatment systems (for organic and nutrient 

removal). While research into the removal of EPs (particularly pharmaceuticals and personal care products) in 

constructed wetlands has increased in recent years, the substantial results of work have been performed on a small 

scale (laboratory, pilot), as well as little data on the large-scale use of constructed wetlands is available. Table 6 

presents some removal efficiencies of Eps by different configurations of constructed wetlands (Vasilachi et al., 

2021). 
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Emerging Pollutant Removal Efficiency Range (%) 

Ibuprofen 45-80 

Ketoprofen 47-90 

Naproxen 27-92 

Carbamazepine 16-87 

Galaxolide 67-90 

Diclofenac 17-96 

Tramadol 12-85 

Paracetamol 90-100 

Triclosan 62-93 

                                 Table 4- Removal Efficiency of some EPs in Constructed Wetlands. 

Anaerobic membrane bioreactors (AmMBR) are cutting-edge technologies for treating influents of different 

pollutant concentrations. AmMBR is based on anaerobic digestion technique, which is characterised by stability 

and microbial availability, as well as strong toxic tolerance, resulting in high EP biodegradation efficiency. In 

addition, AmMBR can produce biogas in considerably greater amounts than the traditional anaerobic 

biodegradation method, meaning that the removal of EPs from liquid effluents is increasingly used. Although the 

efficiency of biogas production in a typical anaerobic process is determined by methanogenic bacteria, solids 

retention time (SRT), and hydraulic retention time (HRT), but in AnMBR, there is a high and stable cell 

concentration based on a reasonable high hydraulic load and sufficient mixing as a result of fully decoupling HRT 

from SRT, since membranes prohibit biomass from being flushed out. The drawback of foulants in AnMBR, as 

in traditional MBR, is that it limits the flow through the membrane and thus makes it possible to ensure greater 

membrane sections per reactor volume, with higher capital costs, reducing the application of AnMBR on a larger 

scale (Lin et al., 2013). 

4. Understudied areas of Emerging Pollutants 

4.1 Spatial-temporal variability for EPs  

 Various data and broader studies were used to classify main areas of concern perceived to be underexplored. Both 

are presented in order to resolve gaps of established understanding of EP pollution of aquatic ecosystems.  For 

certain EPs, a wide difference in prominent sewage composition has been reported. In prominent sewage water, 

for example, acetaminophen was detected at average amounts varying between 6954 to 462,340 ngl-1(Roberts and 

Thomas, 2006). In their application, this suggests spatial and/or temporal differences. However, dilution from 

farm produce, upstream sewage depletion, precipitation and collection modes both will add to this uncertainty 

(Nakada et al., 2017). The largest drawback is the use of incorrect sampling techniques. Present methods prefer 

on using lower inter-day frequency isolated grab collection and sometimes no intra-day repeating (Teodosiu et 

al., 2018). To illustrate, using a grab sampling technique, all recorded information was collected. There are 

drawbacks of this method since it only provides a visual representation of EP intensity at a given point in time. 

Differential composite samplers with time and quantity are mostly used (Dimpe and Nomngongo, 2016). 

Chemical stabilization is still a greater debate about 24 h composite analysis. This is not often studied, although 

for certain substances, it is considered to be important. There is a lack of knowledge of spatiotemporal differences 

in EP concentrations due to inconsistencies in current sampling techniques. 

It is extremely difficult to determine the spatial patterns of EP pollution. There are clear drawbacks to the 

compilation and analysis of research data from a number of references. Research findings, but at the other side, 

were able to test spatial patterns provisionally within a single river system (Thomaidis et al., 2012). Given the 

wide sample, such analyses have to depend primarily on selective subjective sampling and   range of sites that are 
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tracked at about the same time. Knowledge obtained from such experiments is highly useful, considering the 

variance with grab sampling. It can be used as a key predictor of locations needing more comprehensive analysis 

within the river system. To clarify the concept of EP existence and frequency throughout waste, these could then 

be subjected to more rigorous testing protocols. 

4.2 Sampling Uncertainty 

The proportions of EPs in the recipient waste water are likely to differ during the day. Hourly mix proportions 

(i.e. one sample per 15 min to construct an hourly composition) were obtained by (Coutu et al., 2013) for 

prominent wastewater over 24 h monitoring period (Fig-2). This was used to analyze the variation in antibiotic 

concentrations in a day. On processing, samples were cooled, but their stabilization at 40C was not examined or 

cited.  A rise in the antibiotics content is found after the very first flushing toilet of the day. It is predicted that 

other urinary dependent EPs would act the same way. Yet it is unclear how the output of treatment plants in 

receiving accumulation and volumetric loading reacts to this regular increase. It will help to resolve this by 

gathering related treated water samples (Baker and Kasprzyk-Hordern, 2013). Most studies have shown that 

monitoring load (volume per day) for the standard concentration method (mass per litre) is more suitable for 

explaining effects in order to resolve temporal differences in flow (Pro et al., 2003).  Even though a single monthly 

grab sample consisted of the inspection procedures, which significantly limits knowledge of seasonal fluctuations. 

Temporal differences in antibiotics within strong waste water were explored through a more rigorous method, 

which conducted weekly 24 h flow relative sampling every month for a one-year duration. In Switzerland, 

seasonal changes were recorded for both ciprofloxacin and norfloxacin in the reception of waste water for the 

treatment plants (Veach and Bernot, 2011).  There seems to be a lack of information regarding the effect of 

periodic events on wastewater loading of EPs, or their effect on the overall efficiency of water treatment and the 

microorganisms of the receiving area. During music concerts, national holidays, big sports competitions and 

during exam times for increased focus, there may expect a rise in substance use. There's still insufficient awareness 

of the ability of sewage treatment plants to preserve regular efficiency in certain situations and to ensure antibiotic 

elimination. Nonetheless, lab - scale study has shown that traditionally recorded oseltamivir carboxylate amounts 

(the ace inhibitor of Tamiflu®, the drug used in reaction to an epidemic of influenza) have decreased activated 

sludge output in terms of nutrient elimination (Vieno et al., 2007).  

Seasonal uses of some EPs suggest that their prominent loads differ during the year. For example, monthly 

prescription data for the United Kingdom showed that antihistamines used to treat allergies (e.g. hay fever) peaked 

when pollen production was highest between May and August (Fig-3) (Health and Social Care Information Centre, 

2011). Similarly the seasonal Variation for Phalcodines were shown to be peaking during the winter months (Fig-

4). This uncertain behavior of concentration of EPs in different months of the year is an added factor to the 

uncertainty for sampling of EPs. 

 

 
Figure 2-Mass Flux variations of some antibiotics in one day Period (a) and during one year Period (b).  Source 

– (Coutu et al., 2013) 
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Figure 3- Seasonality variation of Antihistamines 

 

Figure 4-Seasonality Variation of Pholcodine. 

5. Partitioning and diagnosis during treatment processes of wastewater 

As certain compounds have a strong specificity for particulates, research here is important. Several compounds, 

like citalopram, EMDP, dosulepin, fluoxetine, norfluoxetine, surfactants, ceftriaxone, and ciprofloxacin, were 

identified to be at substantial levels (>20% if the overall levels) inside the particulate phase of prominent 

wastewater (Jelic et al., 2011). Subsequently, identification of the particulate phase is important for certain 

compounds to accurately record influent concentration. Characterized by low levels of solids, the separation of 

EPs to suspension content in final effluents is also less examined. After all, it is observed that, amid very small 

suspended particles levels, the ultimate discharge of various process had >20% percent of the overall triclosan, 

ofloxacin and ciprofloxacin concentration levels was within the particulate phase. The amounts of the particulate 

phase was equal to and in the region of 26-296 ng l-1, respectively (Yang et al., 2017). This offers a way into the 

atmosphere for their discharge that goes unsupervised and the persistence in the environment of these substances 

connected by particulates are unclear.  

Particle phase study, as well as biomass evaluation (either suspension or affixed) of the system, is required to 

better understand their removal mechanisms during water treatment. Preferably, for each sample stage, subsequent 

aqueous and fine particles determinations can be made in such a manner that a full process mass balance is 

obtained. This will have convincing information on the persisting mechanisms of treatment. Separation can differ 

considerably for EPs from biologically controlled metabolic processes to mechanically guided system. Their 

recognition often needs to be accompanied by process requirements and procedure details, nutrient removal and 
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complementary evaluation of biomass physical/biological characterization (Petrović et al., 2003). The activity of 

the mechanism could be changed to favor their elimination with this knowledge. This data can also be used to 

determine where more testing can be carried out. For instance, biodegradation-removed chemicals indicate further 

analysis of potential biotransformation substances in final effluents. Adsorption removal requires more 

comprehension of their future in and after the treatment of wastewater. 

Biomass (or treated sludge) are produced throughout anaerobic digestion. Most of these are spread in some nations 

to farm land as a compost. Other EPs are said to survive despite extended digestion (20-30 days) and external 

preservation for up to six months after treatment. No law explicitly regulates the use of biosolids with regard to 

the accumulation of EPs on farmland. A lack of research has also been found here. The bulk of previously 

investigated compounds in biomass were observed to be < 1 mg kg-1 (Joss et al., 2006). But at the other side, >1 

mg kg-1 was registered for bisphenol A, surfactants, triclocarban and the antibiotics amoxicillin, ceftriaxone and 

norfloxacin. These chemicals have somewhat different physical and chemical properties, meaning that their 

existence and transfer in modified soils can vary between triclosan and triclocarban, exhibiting larger 

hydrophobicity (Kaw) within the soil matrix, indicating storage. Those that are comparatively water soluble, on 

the other hand, signify hydrophilic flexibility that may contribute to their transfer to nearby water bodies. Some 

studies have shown, however that antibiotics indicate a wide variety of soil flexibility. This means other pathways, 

especially for charged EPs, are prominent (D.R. et al., 2012). Other processes, such as electrostatic interactions, 

are likely to control the separating activity of charged EPs. If charging interactions play some role in sorption, the 

principle of Kaw here is not important and therefore cannot be extended. In order to fully understand splitting 

behavior, the acid-dissociation constant (pKa) of the EP in issue and the pH of the matrix also are important. 

Long-term field research is required in realistic ecological parameters to fully understand the fate of ECs in soil. 

These involve monitoring over a prolonged period of time of biomass, soils (pre- often post-application, and at 

different depths), adjacent aquatic environment, and microbial activity. It will help to explain their destiny by 

promote the importance on pH, precipitation, temperature, sunshine and soil type/ properties. An appreciable 

description by (Butler et al., 2011) reported that triclosan (~0.8-1.0 mg kg-1) demonstrated no improvement in 

intensity over the first eight months for three different types of soil due to the application of sludge. Nevertheless, 

less than 20 percent of the initial sample was restored after 12 months. The biological transition of triclosan to 

methyl triclosan was responsible for a significant proportion of this. Up to 0.4 mg kg-1 was detected with methyl 

triclosan, indicating that transition items ought to be examined here. 

6. Fate of Emerging Pollutants in environment 

Physicochemical processes lead to the elimination of EPs from groundwater and surface water. During treating 

wastewater, solubilization into biomass or into sediments as found in the river system can result in aqueous 

medium elimination. It is only likely to retain true with some EPs, though. For illustration, if the balance between 

the biomass or sediment and the aqueous medium is formed for a given EP, the net interaction between the 2 

phases (as well as the elimination from the aqueous medium) is zero. Sorption would also not result in the 

elimination of them. For certain EPs, such as hormonal estrogens, this was found through sludge treatment systems 

(Bolong et al., 2009). In the other side, owing to their high tendency for solid organic material, the antibiotics 

ofloxacin and ciprofloxacin are said to be extracted by sorption throughout treating wastewater. Thus it is 

important to understand the importance of physicochemical characteristics in sorption these EPs. Evaluation 

should also be extended to the influence of dissolved organic matter on the environmental fate of EPs. 

Emerging contaminants may originate from different points or dispersed sources in the environment and then 

enter the soil, air or waterways by several means or processes that are largely dependent on the properties of EPs 

(polarizability, stability, durability, etc.) and the characteristics of environmental media. Through many routes 

from industry, homes, hospitals, soil, etc., EPs and some of their derivatives are released into the environment and 

penetrate surface and ground water (Fig-5).  When insufficiently treated effluents from wastewater treatment 

plants are released, EPs can quickly become contaminants to river ecosystems. Because of their durability, they 

can (bio) accumulate in sediments and stream plants and animals, as their biodegradation, chemical degradation 

and photo degradation can occur at very limited amounts. As a result, their absence from the aquatic environment 

is nearly non-existent. Although, certain microbial populations are able to struggle the biocide effect of EPs and 
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feasibly alter them, increasing their degradation rate. There are few studies that examine the gradual 

biodegradation of EPs, such as hormones, certain pharmaceuticals or detergents. 

 

Figure 5-Emerging Pollutants origin and their routes in the environment. (Adapted upon https://www.norman-

network.net/sites/default/files/files/Events/2006-2008/2006Jun19-20-Stresa-EmEnvPollutants-

KeyIssuesChallenges/03-sess1_ternes.pdf). 

EPs are vulnerable to degradation by photolysis once found in the aqueous medium. A few EPs, such as 

ketoprofen, propranolol, naproxen, gemfibrozil and ibuprofen, have been effectively degraded by photolysis (Lin 

and Reinhard, 2005). Half-lives varied generally between 4 minutes for gemfibrozil and ibuprofen to 15 hours for 

ketoprofen. The variations in their chemical composition are due to this spectrum of vulnerability to dissolution 

by photolysis. For instance, ketoprofen's carbonyl movement is paired with two benzene rings, resulting in a very 

sensitive triple state and a greater vulnerability to photolysis. Photolysis may also make a major contribution to 

extracting a variety of EPs from surface waters. The elimination of the parent compound by photolysis, as with 

biodegradation, is not representative of full mineralization and some transition compounds can be detected. 

Photolysis may also make a major contribution for removing a variety of EPs in surface water. As with 

biodegradation, the elimination by photolysis of the parent molecule is not representative of absolute 

mineralization and some transition products can be detected. For the elimination of the parent drug, a decrease in 

toxicity could not be detected. It can be asserted that the existence of relatively high concentrations of dissolved 

organic matter and also particulates in water bodies would minimize EP kinetic depletion by obscuring the strength 

of sunlight. However, (West and Rowland, 2012) observed that, depending on the particular EP  studied, humic 

acid (a low molecular weight chemical ion) reduced or improved the biodegradation. Indirect photolysis can be 

due to accelerated oxidation in the existence of humic acid or nitrates. Environmental considerations such as 

stream depth, forest shade from the shore, suspended solids concentration and weather also need more study in 

order to determine their effect on EP photolysis under ecological parameters. 

7. Impacts of Emerging Pollutants 

The advancement of analytical techniques for the identification of EPs in groundwater and surface water has made 

it possible to enhance the calculation and environmental evaluation of EPs. It's been demonstrated that a wide 

range of EPs frequently polluted surface and groundwater at substantial levels, which may theoretically poses 

serious environmental impacts. The full removal of EPs doesn't really actually occur in water/wastewater 

treatment plants, considering the developments in water and wastewater treatment technologies and techniques, 

so the amounts of EPs are already hitting the sources of water. In the past, chronic impacts of some EPs, such as 

the brief impact of pharmaceutical products on arthropods, have been reported, but the amounts measured were 

typically greater than the normal ones observed in environmental samples (Focazio et al., 2008). Thus, levels 

similar to those measured in the environment are more widely used techniques in order to get accurate outcomes. 

https://www.norman-network.net/sites/default/files/files/Events/2006-2008/2006Jun19-20-Stresa-EmEnvPollutants-KeyIssuesChallenges/03-sess1_ternes.pdf
https://www.norman-network.net/sites/default/files/files/Events/2006-2008/2006Jun19-20-Stresa-EmEnvPollutants-KeyIssuesChallenges/03-sess1_ternes.pdf
https://www.norman-network.net/sites/default/files/files/Events/2006-2008/2006Jun19-20-Stresa-EmEnvPollutants-KeyIssuesChallenges/03-sess1_ternes.pdf
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The organisms used and their corresponding tolerance are also essential in such experiments (Jiang et al., 2013). 

Due to the absence of evidence, they are not clearly known, although the study of the eco toxicological impact of 

EPs has risen exponentially over the last 15 years. As already stated, only 8 medicinal additives are currently 

under consideration for their designation as potential priority compounds or priority dangerous substances, a 

relatively small number relative to the overall number of therapeutic compounds or other classes of pollutants 

under review (Murray et al., 2010). 

It is understood that certain EPs may have biochemical impact on aquatic organisms and habitats. Four separate 

classes of EPs (antibiotic, antineoplastic, cardiac medications and sex hormones) were tested for aquatic toxicity 

and have been shown to be vulnerable to these medicinal compounds by daphnids fish, whereas antibiotics and 

estrogens have been listed as the most toxic products for public health and marine life (Rodriguez-Narvaez et al., 

2017). As certain chemical compounds can interact with the normal function of the adrenal glands of many marine 

and terrestrial animals, aquatic species can be more susceptible than humans to the existence of EPs in water. This 

intervention can have detrimental effects, including diminished fertility, sexual instability and demographic 

change.  The existence of EPs in the ecosystem is considered to pose a threat mainly to water bodies and their 

corresponding habitats and marine life, in comparison to human health (Richardson and Ternes, 2018). As certain 

chemical compounds can interact with the normal operation of the endocrine system of several aquatic and 

terrestrial animals, aquatic species could be more susceptible than humans to the existence of EPs in water. EDCs 

are known to be such pharmaceuticals, PCPs, domestic and commercial cleaning products, fire-retardants and 

pesticides. The endocrine disrupting effects of medicines such as sex hormones, livestock development hormones 

and antibiotics and corticosteroids are identified, while studies for more drug substances are still underway to find 

other substances with any of these features (Taheran et al., 2018). Can EDCs disrupt with the production, 

absorption, transportation, attachment, reduction of the activity of natural hormones in the body responsible for 

homeostasis. 

The involvement of antibiotics in processed sewage effluents and in particular, in marine habitats can improve 

microorganism tolerance and can have a major effect on bacterial communities. They will interact with the 

composition of the bacterial environment and so affect the microbial communities and the marine ecosystem's 

ecological processes. The existence of EPs in the atmosphere is recorded to increase bacterial resistance to 

antibiotics due to continued introduction of antibiotics into water. In waste water, drug resistant microbes and 

antibiotic resistant genes are frequently found even at high amounts than in surface water, which implies that 

wastewater treatment systems lead to the spread of these resistant antibiotic bacteria (Schriks et al., 2010). By 

sharing genes and various genetic platforms, bacterial species with different backgrounds (e.g. humans or animals) 

in water may be combined and build tolerance.      

A key concern tends to be the existence of pharmaceutical products and PCPs in drinkable water. The pollution 

of water sources is highly related with the drinking water quality. The fact that these substances pose a hazard to 

public health is not yet simply and widely acknowledged. The typical amounts of pharmaceuticals found in 

drinking water are typically smaller than 0.05 μg/L, which is lower than the actual medicinal doses (Daughton, 

2004). Therefore, toxicity levels of drinking water to specific compounds are not recognized as a potential danger 

to human health and there are no controlled standards for these compounds, but there is a growing risk due to 

constant and unrestricted pharmaceutical consumption. Daily monitoring of pharmaceutical products should not, 

also be underestimated, particularly in places where local conditions can contribute to potential higher amounts 

in water systems.            

8. Future recommendations  

 A testing method is necessary that can: (i) achieve a standardized sample representative of a process over a 

prolonged period of time and (ii) use an effective preservation technologies to create the stabilization of reagents. 

While there are technical challenges with the processing of stream samples for the installation of testing 

instruments at suitable areas around treatment facilities or on waterways, their use is important for obtaining 

symbolic assessments throughout environmental observation. Conversely, it is interesting to evaluate passive 

samplers, and these involve further analysis to create their appropriateness for more polar compounds such as 

EPs. Preferably, actual sensors would be utilized in situ (Richardson and Kimura, 2020). In any case, sampling 

initiatives for weekends can be at least one week long where significant flow and EP load fluctuations are possible. 
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In order to decide the fate of EPs across treatment structures, study of recycling sludge and stream sediment is 

necessary. This involves study of the particulate process of all sample locations. Admittedly, this would be 

impossible to achieve over a full testing project for final details. However, despite the lack of review previously 

conducted here the assessment of effluent water particulate state levels at minimum once during monitoring 

campaign is important (Richardson and Ternes, 2018).  

Stationary phases consisting of smaller particle sizes (i.e. <2 mm) that can attain ultra-performance liquid 

chromatography (UPLC) in terms of regular intervals and columns efficiency thus achieving enantiomeric inter 

phase separation would be helpful. Before their growth, it is proposed to use comparatively quick achiral UPLC 

procedures assisted by chiral displacements to evaluate enantiomeric fractions as many compounds as possible 

(Díaz-Cruz et al., 2009). Directed UPLC methods are capable of concurrently determining up to 100 EPs at 

comparatively short research periods (~10 min) in separate environmental matrices. Optimally, these multi-

residue approaches used to test ECs must be complex so that while performing directed (quantitative) assessments, 

they could conduct non-targeted (qualitative) scanning (Naidu et al., 2016).  It is advantageous to use high-

resolution mass spectrometers such as Orbitrap technologies that can carry out targeted and non-targeted 

screenings and enable retrospective study. Such equipment allows compounds to be quickly added for eventual 

qualitative evaluation, not initially used in selective screening but recognized as of significance (Zhao et al., 2018). 

Good chromatographic isolation depends on the effectiveness of non-targeted screening. Consequently, for the 

isolation of a wide variety of target EPs reflecting physical and chemical structure extremities, the chromatography 

process must be optimized. It will help to recognize unknown substances of significant concentrations in 

conjunction with screening in both positively and negatively ionizing processes. However there are some 

drawbacks to non-targeted sampling, since the composition of the EPs in issue remains unclear. They may 

however, not be retrieved mostly during preliminary testing or may not be ionized during the examination. New 

bioanalytical approaches have to help chemical research, too (e.g., metabolomics). The use of a metabolomics 

method will provide knowledge at the molecular level on the structure and health of the body (Bundy et al., 2009). 

Conventional toxicity tests that focus on end - points such as rise, mortality and regeneration for a small range of 

indicator species will otherwise lack such data. 

It is expected that this will begin to discover new substances. Future studies must concentrate on discovering the 

contaminants that represent the biggest risk to people and habitats, thus reducing associated consequences. The 

current research goals should be to classify new pollutants and their possible new origins and mechanisms, and to 

continuously improve monitoring and laboratory instrumentation strategies down to trace amounts. In addition, 

in order to efficiently eliminate as many EPs as possible, drinking water and wastewater disposal systems can be 

further strengthened and if required, re-designed. The latest evidence available is sparse and does not encourage 

global conclusions to be drawn. The impact of long-term toxicity and the consequent effect on marine organisms 

of individual or even several EPs could be measured safely, while the observation of toxicity results collected at 

greater quantities than those in nature does not include the appropriate characteristics. Present understanding of 

the existence of most EPs in the world, in a few terms, does not enable for the estimation of quantities, levels of 

toxicity and consequences. Therefore the control of these substances is technically problematic since the 

prescribed values observed are not yet available. In order to deepen our knowledge of EPs fate and transition 

mechanisms, field studies and laboratory studies are required. In addition, as the efficiency of wastewater 

treatment plants in the elimination of antibiotic resistance is still not effective, further studies should be undertaken 

to resolve the numerous questions that still remain. 

9. Conclusion 

Environmental legislations are likely to be extended to include a variety of EPs originating from communities. 

However, there is still a lack of clear awareness of their fate during waste water treatment and within the 

ecosystem. There are concerns about the confirmed extraction of EPs by treatment facilities due to the 

shortcomings of commonly used sampling techniques. Thus with acceptable sampling techniques, the removal 

efficiency of different kinds of treatment processes at various operating conditions needs to be re-evaluated. This 

will help to decide the measures appropriate for EP progress. The increasing movement towards implementing 

strategies and lowering energy requirement for waste water management would lead to a growth in the use of 

innovative treatment methods. Algae ponds for secondary effluent cleaning, for example, are a promising form of 
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treatment that can indirectly generate energy by biogas processing. There are very few reports, however, that have 

tracked their success for EP elimination. To decide the fate and elimination of EPs throughout treatment, further 

studies of such processing steps are required given their system application in the traditional treatment report 

form. A comprehensive approach must also therefore be extended to environmental monitoring. This involves 

determining the destiny and effect of EPs, including the terrestrial environment, during their full life cycle. For 

instance, it is important to quantify biosolids and adjusted soils for their existence, as well as to help research. 

Comprehensive studies of transformed soils under environmental conditions are needed to analyze leaching and 

drainage, the effect on the quality of surface water, soil depletion, toxicity to terrestrial species and the possible 

absorption of plants and entrance into the food web. For tracking other polluted environmental compartments, 

such as river sediments, a related method may be implemented. Eventually, the integrated use of biochemical 

assessment to properly evaluate the effect of EPs on the atmosphere would allow more detailed environmental 

risk evaluation to be reviewed and created. 
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Abstract 

Prevailing site conditions force some cable stayed bridges to be designed with inclined pylons. The 

obvious un-symmetry created by the inclination of the pylon may be a necessity for the efficient 

functioning of the bridge. The work reported through this paper is the analysis of cable stayed bridges 

with fan-type and harp-type cable geometries and pylons straight up to girder level and inclined above 

it. The inclinations of the pylons considered are 100, 150 and 200. The models were analysed in 

MIDAS and the results were compared for the different models. The bridge models considered were 3 

spans supported on two pylons and two abutments. The results of the analysis were further compared 

by varying the proportion of the end spans in relation to middle span by proportionate increase of 

10%, 20% and 30%. The static deflections and stresses were obtained and thereafter the effect of span 

and inclination of the pylon on the accidental loss of two cables symmetrically lost was simulated and 

the resulting extra deflection and stresses were compared for different models to determine the 

optimal combination of span length and pylon inclination. 

Keywords- Cable Stayed Bridge, Cable Loss, Failure Analysis, Finite Element Analysis, Inclined 

Pylons, Static Analysis  
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1. INTRODUCTION 
Cable stayed bridges have become one of the most popular long span bridges of this era due to their 

structural efficiency and aesthetics. Conventional cable stayed bridge are built with straight pylons but 

due to site necessities and construction restraint, few cable stayed bridge in the modern era has been 

built with inclined pylons as shown in Figure 1 crusell bridge in Helsinki (NVF Annual Bridge 

Seminar 2011). The inclined pylon cable stayed bridge is more complicated and tedious for designing 

and construction. Such a bridge is not only in harmony with bridge aesthetics but also forms a spatial 

force transfer system through the balance between inclined pylon’s self-weight and girder’s load 

(Jiang, Wang, and Ma 2010).  

 

  

Figure 1 Inclined pylon cable stayed bridge in 

Helsinki Finland 
      Figure 2 Alamillo bridge in Seville 
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An inclined pylon cable stayed bridge; Alamillo Bridge (Seville) is shown in Figure 2. The total 

length of the bridge is 250m and the inclinations of the pylon are 580. The center of mass of the 

inclined pylon sits to the side (in the horizontal direction) of its base. The force action of the pylon 

mass causes a rotation about its base. This rotational force is used to counter act the rotation induced 

by the cable stays that support the deck, ultimately bringing the system into equilibrium. The use of 

the inclined pylon is obvious: to mobilize enough mass to cause a counter acting rotation to that 

induced by the cable system (Otto and Connor 2001). 

                                                                                                                                                                                                             

  
Fan type Harp type 

 

Figure 3 Different configuration of cables (Olamigoke 2017) 

Much research on cable stayed bridges have been on the straight pylon type, but very few research 

works have been carried out on the inclined pylon type. The authors are yet to see any research paper 

on the cable stayed bridge with inclined pylons and especially the combination of inclined pylons with 

different cable geometric patterns like Fan type and Harp type as shown in Figure 3. Since inclined 

pylons are likely to be a sort out support system considering complicated site conditions in future as 

well parametric studies on inclined pylon cable stayed bridges have been taken up in this study. 

 

2. LITERATURE BACKGROUND 

The collapse of the entire structure doesn’t occur due to the loss of one cable generally, but due to the 

failure of simultaneous cables, progressive collapse of a cable stayed bridge occurs. According to (Cai 

et al. 2012), four different analysis procedure (linear static, linear dynamic, nonlinear static and 

nonlinear dynamic) is taken into account for the progressive collapse. After performing these four 

analyses, the study concludes that cable stayed bridges remain unbroken due to the concurrent failure 

of two contiguous cables, although there are plastic hinges in the bridge girder and the cables start 

sagging and the deformations of the girder increases considerably. 

(Das et al. 2016a) have been analyzed cable stayed bridges under nonlinear static analysis. Result 

concludes that the top of the pylon and the center of the bridge deck is the most critical points and end 

cables on either side are most vulnerable that increases the chances of the progressive failure of the 

structure. End cables are the most vulnerable cable in any type of cable stayed bridge. The risk of 

progression failure increases as the final cable breaks up (Das et al. 2016b). The result of this study 

shows that the reduction in the possibility of failure of the progressive collapse of cable stayed bridges 

when the position of the failed cable is closer to the pylon. Different types of geometry consist of harp 

type, semi harp type and fan type (Rathod and Jivani 2017). From their evaluation of the cable, loss 

shows that cables that are located away from the pylon have a higher increment of axial forces in the 

adjacent cable after cable loss and it is decreasing as location of the lost cable approaches the pylon. 

As cable fails, adjacent cables experience larger displacement as compared to their original 

displacement with which the cable sags which leads to cable forces and displacement to be a 

nonlinear relation, which causes various phenomena like vibrations and damping. For cables to be 

designed against dynamic effects, a dynamic amplification factor of 2 should be adopted (Wolff & 

Starossek, 2009). 

      

3. METHODOLOGY 
In this paper, the cable stayed bridge is modeled with fan type and harp type different cable 

arrangement with different inclinations of the pylons is considered with inclination of 100, 150 and 200 

as shown in Figure 4 and Figure 5. The inclination is from the girder to the top of the pylon whereas 

the portion below the girder is kept straight. Pylons are inclined towards each other. The variation in 
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the span length is also considered with the length of span present on either side of the pylons. 

 

 

Table 1 Percentage length variation of spans 

 

Side span length variation (in %) Total side span 

length (m) 

Middle span length 

(m) 

Total length of 

bridge (m) 

10 115.5 94.5 210 

20 136.5 73.5 210 

30 126 84 210 

The models are 100 pylon inclination with the span length variation consider is to be 10%, 20% and 

30%, similarly for 150 and 200 inclinations with the length variations and hence overall 9 models are 

there for fan type and 9 models are there for harp type. A total of 18 different models are analyzed to 

carry out this study. For the base model, total length of cable bridge is 210m with equal middle spans 

and sum of end spans (105m). After varying the length of the spans as per 10%, 20% and 30%, the 

different length of middle span and the side spans for the different percentage variation are given in 

the Table 1. 

 

3.1 CABLE STAYED BRIDGE MODEL  

The cable stayed bridge is consists of three spans and supported on two pylons. The bridge contains 

two pylon of height 45m each with height 30m above the girder and 15m below it with the total length 

of the bridge is 210m kept constant for all models. The girder is supported to be hinged with the 

pylons of height of 15m and roller supports at the ends. It is stayed on 28 cables with 7 cables on 

either side of the pylons and 14 cables in between the two pylons. End support for the abutments and 

the pier is kept to be roller support. 

 

 
 

Figure 4 Inclined pylon fan type cable stayed bridge (100 pylon inclination and 10% length variation) 

 

 
 

Figure 5 Inclined pylon harp type cable stayed bridge (100 pylon inclination and 10% length variation) 

The material and geometric specifications of the girder are concluded as Young modulus = 210GPa, 

shear modulus = 84GPa, Poisson’s ratio = 0.3, cross-sectional area = 0.022m2 and plastic modulus = 

0.008979m3. The supporting cables are composed of steel strands with the following specifications: 

Young’s modulus = 180GPa, Poisson’s ratio = 0.3, cross-sectional area = 150cm2. The pylon is made 

up of reinforced concrete. The material and geometrical specifications of the pylon are Young 
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modulus = 30GPa, shear modulus = 12.8GPa, Poisson’s ratio = 0.17, cross-sectional areas = 2.167m2. 

The numerical analysis of the models is performed using MIDAS civil utilizing a 2D bridge 

representation. The pylons and girders are simulated with frame elements. The dead load and live load 

considered are 80kN/m and 40kN/m, respectively. Load combination is considered in the design is as 

per the IRC code (Indian Road Congress 2017) with a safety factor of 1.35 for dead load and 1.15 for 

live load and for the deflection a safety factor of 1 for dead load and 1 for live load is considered. The 

plastic hinge is modeled in MIDAS civil to consider the material nonlinearity.  

The cable-stayed bridge is analyzed for the static deflections with the cables and it is designed as per 

the (IS 800:2007) and (IS 456:2000) using limit state method with the girder designed as a flexural 

member like a bending member and check for shear force and bending moment, cables are considered 

as an axial member and designed for axial tension and the RCC pylon is a compression member and it 

is designed for axial compression and bending compression. 

 
4. RESULTS AND DISCUSSION 

Validation of model   

(Cai et al. 2012) analyzed the cable bridge by different analytical procedures. Validation was carried 

out for a two-span single pylon cable stayed bridge and the cable number and node number are as per 

validation model, in this paper, after the removal of cable 4, displacement of the nodes 6, 7 and 8 are 

compared with Cai. Figure 7 shows the comparison of displacement of Cai paper and this work and 

the results obtained in this paper are in good agreement with the Cai results. 

 
 

Figure 6 Comparison of displacements of node 6, 7 and 8 after removal of cable 4 

The models are analyzed with linear static analysis. Now the cable should be removed to perform the 

analysis and the concept behind the removal of cable is the cable removed is the middle cable on 

either side of the pylon and this cable is chosen because for beam bending moment is highest at the 

center and the middle portion is the most critical for the beam and hence after removing the cable 

from the middle, most critical condition is achieved and it is analyzed for both the cable geometric 

patterns. The cable 4 and 26 is removed as shown in Figure 7 and 8. As the static analysis is 

considered in this study, after removing the cable the stability of the bridge is affected and the cables 

adjacent to it experiences the more deflection as compared to the other element or cables. 

The deflected shape of the fan type and harp type cable stayed bridge after the removal of cable’s 4 

and 26 for 100 pylon inclination with 10% length variation is shown below in the Figure 7 and Figure 

8 respectively.  

  
Figure 7 Deflected shape of Fan type cable-stayed bridge (100 pylon inclination and 10% length 
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variation) 

 

 

Figure 8 Deflected shape of Harp type cable-stayed bridge (100 pylon inclination and 10% length 

variation) 

The results obtained is shown in the Figures below, on the vertical line, the values of displacement are 

taken on node 5, 6 and 7 (as per the Figure 7 and 8) after the removal of cable 4 and on the horizontal 

line, the fan type and harp type model are taken with different inclinations (100, 150 and 200) of pylons 

and with different length variation (10%, 20% and 30%) of the side span of the models. The unit of 

displacement is taken in cm for all the results. 

1 Displacement at 100 inclination with 10%, 20%, 30% variation has been mentioned in Figure 

11, Figure 12, and Figure 13 respectively. It is evident from Figure 11 that harp type cable 

displaces more than fan type cable around (78-92%) when the length is varied by 10%. 

Whereas, when the length variation is increased to 20% and 30%, the fan type cable displaces 

more. The fan type cable displaces more than the harp type cable by around (26 to 46%) with 

20% variation in length and around (5 to 17%) with 30% variation in length in Figure 12 and 

Figure 13 respectively. 

 
 

Figure 11 Displacement vs. 100 10% length variation for Fan and Harp type 

 
 

Figure 12 Displacement vs. 100 20% length variation for Fan and Harp type 
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Figure 13 Displacement vs. 100 30% length variation for Fan and Harp type   

    

2 Displacement at 150 inclination with 10%, 20%, 30% variation has been mentioned in 

Figure 14, Figure 15, and Figure 16 respectively. It is evident from Figure 14 that harp 

type cable displaces more than fan type cable around (63 to 91%) when the length is 

varied by 10%. Whereas, when the length variation is increased to 20% as per Figure 15 

the fan type cable displaces more than the harp type cable by around (27 to 48%) and when 

the length variation is increased to 30% then again, the displacement by harp type cable is 

more than the fan type cable around (20 to 27%) shown in Figure 16. 

 

           Figure 14 Displacement vs. 150 10% length variation for Fan and Harp type 

 
 

Figure 15 Displacement vs. 150 20% length variation for Fan and Harp type 
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Figure 16 Displacement vs. 150 30% length variation for Fan and Harp type 

 

3 A similar trend has been observed for the displacement at 200 inclination with 10%, 20%, 

30% variation has been mentioned in Figure 17, Figure 18, and Figure 19 respectively. It is 

evident from Figure 17 that harp type cable displaces more than fan type cable around (66-

92%) when the length is varied by 10%. Whereas, when the length variation is increased to 

20% as per Figure 18 the fan type cable displaces more than the harp type cable by around 

(27 to 48%) and when the length variation is increased to 30% then again, the displacement 

by harp type cable is more than the fan type cable around (18 to 26%) shown in Figure 19. 

 

 
 

Figure 17 Displacement vs. 200 10% length variation for Fan and Harp type 
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Figure 18 Displacement vs. 200 20% length variation for Fan and Harp type 

 
 

Figure 19 Displacement vs. 200 30% length variation for Fan and Harp type 

 

5. CONCLUSIONS 
In this paper, the accidental loss of two cables over the inclined pylon cable-stayed bridge with 

different cable geometric patterns i.e., fans type and harp type is studied. The different combinations 

of models are 100 pylon inclination with the span length variation consider is to be 10%, 20%, and 

30%, similarly for 150 and 200 inclinations with the length variations and parameter considered for the 

result is displacement. The study is based on linear static analysis using MIDAS Civil. 

The results of this study are 
1 The effect of inclined pylon increases the deflection and stresses over the bridge and also 

generates the eccentricity in the bridge. To compensate for the effect of eccentricity, the span is 

varied along the girder. Eccentricity is decreasing when the span length is increased in the 

direction in which the pylon is inclined. 

2 After comparing the displacement of different nodes, the fan type cables geometry gives better 

results for inclined pylons as compared to the harp type. As the pylon inclination increases, the 

displacement in the harp type increases more as compared to the fan type except for the 20% span 

length variation where the harp type gives a better result. The value of displacement decreases 

with increasing distance from the failed cable. 

3 As the inclinations of the pylons increase, the deflection in fan-type cables geometry also 

increases, and the same increment is seen in harp-type cables geometry (except for 10% length 

variation case). And the effect of eccentricity is seen lesser in fan-type cable geometry as 

compared to the harp type cable geometry. Hence, overall, it is recommended to use fan-type 

cable geometry in inclined pylon cable-stayed bridges. 
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Abstract 

In this paper, a four-step process is employed for prevention of accidents at crossroads. Here the system 

works on the principle of master-slave microcontrollers by creating an ecosystem between them i.e., 

sending signal to master microcontroller (MMC) by slave microcontroller (SMC) upon detecting an 

approaching vehicle, and transmitting a universal signal to all the MMC’s, and the sensor at MMC 

acting as feedback loop for stopping the alert system. Three caution methods employed here are 

effective only when vehicles approach the junction from either direction. The heart of this accident 

prevention system is an ultrasonic proximity sensor. The first cautioning method is a strobe LED at the 

junction which provides visual warning to the drivers. Second method provides an audio warning to the 

drivers using an alarm. And finally, providing an automated self-retractable caution sign to attract the 

drivers in case they are unaffected by the above two methods. 

 

Keywords: Accident; Alarm; ATMega2560 Microcontroller; Caution Sign; Prevention; 

Proximity Sensor; Strobe LED. 

 

Introduction 

  According to official statistics 1,51,417 persons were killed and 469,418 injured in road traffic crashes 

in India in 2018. However, this is probably an underestimate for injuries, as not all injuries are reported 

to the police. Mortality rate due to road injuries is consistently ranked among top 10 causes of mortality 

in India according to Institute for Health Metrics and Evaluation (IHME) [1-3][13].  

In this section some of the existing systems with similar subjects with relevance to the proposed 

approach have been discussed. Existing systems for accident prevention use alcohol detector, neck & 

head movement, victim analysis, automatic application of brakes or movement of vehicle in the 

necessary direction, and installation of RFIDs or Bluetooth in each vehicle. [4][7-9][22] These systems 

approach is useful in ideal conditions and make good points and are useful in many different approaches 

also but they ignore two important factors which are vital to make these systems efficient i.e., Economy 

and Maintenance. These technologies don’t take into consideration the fact that installation of Bluetooth 

modules or RFIDs in each and every vehicle on road is not a feasible solution along with the 

maintenance of it which solely cannot be relied on vehicle owners as one negligent owner can lead to 

death and property loss of many.[14-16] However upon installation of these systems into the existing 

vehicles or integrating them into newer manufactured vehicles as said earlier, their maintenance cannot 

be completely relied on the vehicle owner. But if the installation of these systems into older vehicles 

was considered. We have to deal with the fact that there are many old vehicles that are not efficient and 

the existing systems will not be working as expected and thus have less reliability. There is a chance 

that any further improvement of these systems may be narrowed. As there is less scope for further 

development in these existing systems, and then the consumer may have to get a completely new system 

installed which is not feasible in real life conditions.  
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So, the objective of the proposed system is to alert the drivers to avoid accidents at junctions where 

there is less or no monitoring system by using an automated alert system at cross-roads. This system 

works completely independent from the vehicle and can be installed at various public places itself such 

as at traffic signals. The existing system in India uses Traffic lights and/or Traffic personnel in 

problematic areas during day time to monitor the flow of vehicles at junctions, but these are not possible 

especially during night time when there is no proper way to control the flow of traffic and to avoid any 

accidents.[8][19] 

Recently at some junctions orange blinker lights are set up to indicate a junction but this is a passive 

mode of caution, where there is a possibility of failure to caution the drivers leading to a fatal accident. 

The method employed in this paper is an active monitoring system to caution the drivers through visual 

and auditory perception. 
 

1.  Design Concept 

In this article a system is proposed to alert vehicles for accident prevention. The system will help people 

to avoid accidents which occur on crossroads during both day and night times. 

      Here the system is an automated alerting system which cautions the driver in Fig. 1. Block diagram 

of the proposed system three ways with the help of a visual sensing module, audio device and a self-

retractable caution sign board. This is an accident prevention alert system that works on the principle 

of alerting the driver in an eye catchy noticing way. The system grabs the attention of the driver by 

flashing signs and alerting sounds.[7][9]  
 

2. Block Diagram 

The block diagram of the system is shown in Fig. 1 which shows the flow of the data in different 

sections. As we can see in the block diagram, we have 16 blocks indicating different parts that are used 

in designing this system. Here ATmega2560 is being used as the microcontroller which is a low-power 

CMOS 8-bit microcontroller that executes powerful instructions in a single clock cycle achieving a 

throughput of 16 MIPS at 16MHz, thus balancing both the power consumption and processing speed. 

Here two of these microcontrollers are used as slave core and master core, the slave being the 

microcontroller that collects the initial input data through a sensing device (i.e., sensor) and master core 

being the main microcontroller that activates the accident prevention system algorithm. The eyes of the 

system are the sensors and here Ultrasonic Proximity sensor is being used to detect the vehicle that is 

coming towards the crossroads and sending the signal to the microcontroller. Ultrasonic proximity 

sensors are a type of sensors that employ ultrasonic sound waves to detect objects, thus this makes them 

ideal to be used in this type of system as the sensors are pretty fast in sending the input data to the 

microcontroller. The communication between the master and slave microcontrollers is done with the 

help of ESP8266 Wi-Fi module, which is a Wi-Fi enabled system on chip (SoC) module that can 

transmit and receive Wi-Fi signals. Here an ecosystem is created among the microcontrollers using Wi-

Fi. 

 

 Fig.1 Block Diagram of the Proposed System 
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     The communication between the Wi-Fi module and microcontroller is set-up by using the UART 

having specific baud rate. Now coming to the feeding of output to the cautioning devices, three devices 

are used here.[5][23] The first device is a caution LED on receiving the input signal starts a cautioning 

strobe light. The second is an alarm buzzer which gives out an audio warning in response to the signal. 

The third device is a servo motor for operation of the flipping mechanism of caution sign board. The 

servo motor is particularly used here as it is a rotary actuator that can rotate with great precision and 

can accommodate complex motion patterns and profiles. Generally, AC servo motors are advantageous 

over DC servo motors as they are more reliable, offer more torque per weight, and have greater 

efficiency.[6] Hence, we are using the AC servo motor in this system for the flipping mechanism. Since, 

the output from a Microprocessor is very feeble, we need a relay to control the devices connected to the 

microcontroller and to distribute even voltage or current to a relay. Relay driver is connected in series 

to the microcontroller to relay to achieve the even distribution of voltage/current. In this type of circuit, 

transistor is used as a current amplifier and relay can be used in two scenarios (a) It can be used as an 

electromagnetic switch and (b) As different appliances run at different potential differences, the relay 

isolates the current flow and distributes it accordingly to protect the sensitive electronic parts. 

 

3. Mode of Operation of System 

The accident prevention alert system activates when a vehicle is approaching possible accident-prone 

areas. For example, when a vehicle starts approaching the area from the south direction of the  

Fig. 2. A part of crossroads equipped with alert system 

crossroads, the ultrasonic proximity sensor present at the divider which is in standby mode present gets 

activated and picks up the vehicle movement using ultrasonic waves and sends the output signal to the 

slave microcontroller(S1) and S1 sends this signal to the master microcontroller(M1) using Wi-Fi 

signals.[11][16-17] And now the M1 transmits this signal to other master microcontrollers (i.e., M2, 

M3, M4). If there are other vehicles approaching to the crossroads from other directions then the system 

algorithm will be activated else the algorithm will not be activated. In the first case, if there is a vehicle 

approaching from east direction, the proximity sensor attached to the slave microcontroller(S4) will 

pick up the signal and send it to M4 and M4 will transmit the signal to other microcontrollers. As both 

microcontrollers M1 and M4 have vehicle approaching signals, they will send commands to their 

respective connected devices to activate the alarm buzzer. Strobe light will also start flashing and the 

caution sign board attached to the servo motor will flip in the direction of the vehicle approaching and 

thus alerting the vehicle driver to slow down. Now when both the vehicles approach nearer to the 

junction, the proximity sensors connected to M1, M4 respectively present at the divider will pick up the 

vehicle movement and this output signal from the sensor will act as a feedback signal to switch off the 

connected devices as the vehicle has already approached the junction and the driver has been alerted. If 

vehicles are approaching from all directions then the system will be activated on all the directions.[18] 

[20-21] 
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4. Application 

The central purpose of this system is to provide advance alerts to the people to prevent road accidents 

which occur without our consciousness. This system isn't restricted to only the application that has been 

discussed in the working subsection, but can also be implemented in several fields such as implementing 

at the hair pin bends to avoid risky accidents at those high-altitude areas. Implementing the system at 

T-Road junctions and near school zone areas, which reduces the chance of accidents that might occur 

in those areas. We can also implement this system in port areas as there more chances of accidents 

taking place due to hectic working load present there and can save thousands of dollars of load becoming 

unusable or broken.[24] This system can also be tuned a bit and can be used at the deep S-curve highway 

intersections to avoid any possible accidents at the night time. 

 

5. Conclusion 

The main application of this embedded system is to prevent accidents with certainty that occur due to 

unawareness, poor judgement or poor following of the traffic rules at any time of day. As the system is 

completely automated, it requires no manpower at any time. The proximity sensors used in this system 

help prevent accidents in many bad road intersections and bad terrain areas. As the technology is 

advancing day by day, this concept can also be merged with future technologies and can make even 

better systems as there are endless scopes of this approach. 

 

 

Abbreviations 

MMC  : Master Microcontroller 

SMC   : Slave Microcontroller 

M1     : Master Microcontroller 1 

M2     : Master Microcontroller 2 

M3     : Master Microcontroller 3 

M4     : Master Microcontroller 4 

S1      : Slave Microcontroller 1 

S2      : Slave Microcontroller 2 

S3      : Slave Microcontroller 3 

S4      : Slave Microcontroller 4 
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Abstract 
 

The present study intends to explore the use of waste industrial material fly ash (FA), powder scrap rubber (PSR) and 

steel fibers to develop an engineered cementitious composite (ECC). In the study, attempt was made to utilize high 

volume of fly ash, natural fine aggregates (NFA) with up to 30% powder scrap rubber, and 1.5% steel fibres (v/v) to 

the normal pavement quality concrete (PQC) mix of flexural strength 4.5MPa. The results indicated that an ECC could 

be developed with the use of steel fibers 1.5% (vol/vol) bearing a vertical deflection of 74.2 mm before failing. 

 

Keywords: Engineered cementitious composite; flexibility; ductility; powder scrap rubber; fibers; fly ash 
 

1. Introduction 
Conventional concretes are almost unbendable and have a strain capacity of only 0.1% making them highly brittle 

and rigid. This lack of bendability is a major cause of failure under strain and has been a pushing factor in the 

development of an elegant material namely, bendable concrete also known as ECC. ECC (bendable concrete) is a 

distinct class of HPFRCC (High performance fiber reinforced cementitious composites) based on the micromechanics 

of fiber-matrix bond. It has more energy absorbing property during seismic action [1,2]. The compressive strength of 

bendable concrete is approximately similar to that of a normal concrete but due to the introduction of fiber (like PVA, 

PET, SF etc.) the bendable concrete does have more tensile strength than an ordinary concrete [3]. In steel fibers 

reinforced light weight concrete, steel fibers improve the flexibility of concrete by increasing the strains in elastic state 

by a factor 30%. Plastic strains also improved by a factor of 45% which indicates the ductility of concrete. Also, an 

increase in the flexural strength of concrete by 33% was registered, thereby doubling the toughness (energy absorbed) 

of this concrete with respect to normal M30 concrete [4]. Different fibers have different effects on the elastic as well 

as plastic behavior of concrete which influence the ductility and toughness as a whole in a bendable concrete [3]. It is 

been found that about 350 million tons of fly ash is being produced in country like India per annum [5]. The effect of 

using of fly ash on the behavior of ECC and reported bond reduction and a decrease in friction of the interfacial 

transition zone (ITZ) between PVA fibers and matrix by increasing the use of fly ash. Such an approach also prevents 

the matrix toughness from reaching to the its maximum capacity [6]. Appropriate   rubber content increased the 

ductility of the concrete mixtures, but too much rubber may have a negative effect on the ductility [7]. Rubberized 

mortar and concrete specimens exhibited ductile failure and significant deformation before fracture. The ultimate 

deformations of both rubberized mortar and concrete specimens increased more than 2–4 times that of control 

specimens [8]. The failure state in rubberized concretes did not occur quickly and did not cause any detachment in the 

specimens compared to the control [9]. 
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The addition of rubber sand in concretes reduced the brittleness index value and improved the ductility of concretes, 

thus enabling a transition from a brittle material to a ductile one [10]. So according to the above-mentioned studies 

utilization of PSR in place of fine aggregate will produce more ductility in ECC. This paper tries to make a steel fiber 

reinforced bendable concrete by: (i) utilizing high volume of fly ash, (ii) NFA with up to 30% PSR, (iii) adding 1.5% 

fibers to the normal PQC mix of flexural strength 4.5MPa. The steel fibers are supposed to compensate the loss in 

strength due to PSR addition to the concrete. 

 
1. Materials and Methodology 

1.1 Materials 

The ingredients used in this research work program are OPC Grade 43 Cement (PC), FA, Silica Sand, Powder scrap 

rubber, Steel fibers (S), HRWRA or Super plasticizers and water. Super Plasticizer (SP) was used in appropriate dose 

to maintain the workability of the ECC mix. Also, the M-40 concrete is prepared to compare against the fiber based 

ECC. The physical properties of the cement as determined from various test conforming to IS: 1489-1991. The Silica 

based natural sand from Pathankot quarry, Punjab (India) was used in this present study with the average size of sand 

is 110 µm conforming to Zone 3 according to IS: 383-1970. Fly ash has been used in this present work in high volume. 

PSR is the type of industrial waste from rubber industry which is produced in millions of tons at per annum basis. It 

is very difficult to reuse and dump in the landfill area. So, use of rubber in the cementitious composite is one of the 

best options for its quick disposal. Steel fiber is one of the most commonly used fibers in the concrete industry. Steel 

fibres when added to mortar, OPC cement (PC) or refractory concrete, the flexural strength of the cementitious 

composite is experienced an increment from 25% to 100% as depending on the proportion of fibers and the mix design 

procedure. 

 
1.2 Mix Proportions 

A series of trials is undergone by keeping in mind of the other author’s work. A total number of 5 concrete mix 

containing different replacement levels of NFA with PSR and with constant amount of PC, fly ash, fiber content. The 

details of the various composite mixes along with the replacement levels of NFA with PSR and mix notations are 

presented in Table 1. All the composite mixes were designed with a fixed slump value and with a total binder content 

of 1100 Kg/m3 and having a variable water/binder ratio. Coarse aggregates of Mix C40 were replaced with equal mass 

of NFA as a first replacement measure. The replacement levels of resulting NFA with PSR from control mix were 

kept at 0%, 10%, 20%, and 30% in four consecutive mixes. The reference mix M 40 is decided on the basis of IS 

10262. An extensive experimental procedure was drafted to conduct different tests on high volume fly ash based ECC 

material made with steel fiber incorporating powder scrap rubber in definite ratios and it is being compared with the 

reference mix of M-40 Concrete. 

 
Table 1. Mix notations and details of ECC mixes 

 

S. No. Notation Mix description 

1 C 40 100% PC+0% FA+100% NFA+100% NCA. 

2 S-ECC 45% PC+55% FA+100% NFA+ 0% PSR +1.5% S. 

3 R10S-ECC 45% PC+55% FA+90% NFA+ 10% PSR +1.5% S. 

4 R20S-ECC 45% PC+55% FA+80% NFA+ 20% PSR +1.5% S. 

5 R30S-ECC 45% PC+55% FA+70% NFA+ 30% PSR +1.5% S. 

 
 

1.3 Parameters studied 

1.3.1 Flexure Strength Test 

The behavior of R/ECC flexural elements under static loading is being done. The Equipment test up is shown in 

Fig. 1. The normal R/C beam was also tested as control and compared. The flexure strength test determines the tensile 

behavior in all the mix proportions discussed in this present study. The loading pattern was applied at a minimal 

rateand gradually increased until the specific sample mix fails at certain point. The flexural strength test is of third 

point loading confirming to ASTM C 78. For calculating the flexural strength, three specimens of each composition 
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were tested. Variation in strength for each set of three specimens is in between 3% -6.5% in every composition. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Fig 1. Flexural Strength Test 

 
1.3.2 Bending Test 

The bending test is one of the main medium to judge any material flexibility with the test apparatus named UTM 

(Universal Testing Machine) through which the material tends to flex or bend when the vertical load is applied 

normally to the face of the specimen of testing materials either with two point or three-point bending test. The sample 

sized band of dimension 200*100*25 from each mix is made and tested respectively under required standard 

confirming to ASTM E 1856. The test set up of the bending test with the universal testing machine is shown in Fig. 2 

given below. For calculating the Bending test, three specimens of each composition were tested. Variation in bending 

test for each set of three specimens is in between 4.5% -7% in every composition.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Bending of Beam Band Section. 

 
2. Results and Discussion 

2.1 Flexural strength 

The flexural strength of the ECC mix was calculated using small beam specimens of dimension 500*100*100 size. 

The Effective length of the specimen was 400 mm. The specimens were cured for 60 days and then qualified for the 

test results to be obtained. The required obtained results of different ECC mix were shown in fig. 3 given below. The 

flexure strength for the ECC mixes after 60 days of curing follows the sequence: SECC>R1S-ECC>R2S-ECC>R3S- 
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ECC>C 40. The flexural strength of steel fibers based high volume engineered cementitious composites (ECC) mixes 

such as R1S-ECC, R2S-ECC and R3S-ECC shows 7.22%, 12.77% and 14.07% decrement respectively. Talking about 

the control mix i.e., C40 and S-ECC flexural strength can also be compared with the normal M 40 conventional 

concrete which C 40 here in this case shows difference of 20.75% (increment) for S-ECC. 
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Fig 3. Flexure Strength of ECC Mixes. 

 

 
2.2 Bending 

2.2.1 Steel fiber (S-ECC) Bending Test 

Steel fiber based ECC with its mix proportions depicted as S-ECC, R1S-ECC, R2S-ECC and R3S-ECC are 

examined by the bending test and their results are shown on respective manner. 

 

2.2.2 S-ECC Bending Test 

Steel fiber based ECC show it’s bending behavior in terms of stress vs. deflection characteristics as shown in fig 4. 

The load is applied as the stress input ranges from 0.0 to 10.0 N/mm2 and the results obtained can be seen in the figure 

given below as the maximum deflection recorded with this mix is 71 mm. The deflection increment shows the ductile 

behavior of the material. The steel fiber also shares the stress and helps in attaining better post-cracking behavior. The 

steel fiber allows the ductile behavior of the material ECC mix to increase immensely as compared to normal 

conventional concretes used in day-to-day construction industry. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Steel fiber based ECC bending test. 
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2.2.3 R1S-ECC Bending Test 

Steel fiber with powder rubber content of 10% as a replacement of fine aggregate based ECC show it’s bending 

character in terms of stress vs. deflection characteristics as shown in fig. 5. The bending nature increases as the deflection 

increases as the load is applied in universal testing machine (UTM) in respect to three-point loading behavior. The 

maximum deflection recorded with this mix is 72.8 mm. The deflection increment shows the ductile behavior of the 

material. The steel fiber also shares the stress and helps in attaining better post-cracking behavior. Overall steel fiber and 

10% PSR content allows the ductile behavior of the material ECC mix to increase immensely as compared to normal 

conventional concretes used in day-to-day construction area. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. R1S-ECC bending test 
 

2.2.4 R2S-ECC Bending Test 

Steel fiber with powder rubber content of 20% as a replacement of fine aggregate based ECC show it’s bending 

character in terms of stress vs. deflection characteristics as shown in fig. 6. The bending nature increases as the deflection 

increases as the load is applied in universal testing machine (UTM) in respect to three-point loading behavior. The load 

is applied as the stress input ranges from 0.0 to 10.0 KN/m2 and the results obtained can be seen in the figure given below 

as the maximum deflection recorded with this mix is 73.1 mm. The deflection increment shows the ductile behavior of 

the material. The steel fiber also shares the stress and helps in attaining better post-cracking behavior. Overall steel fiber 

and 20% PSR content allows the ductile behavior of the material ECC mix to increase immensely as compared to normal 

conventional concretes used in day-to-day construction area. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. Bending Test of R2S-ECC 
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2.2.5 R3S-ECC Bending Test 

Steel fiber with powder rubber content of 30% as a replacement of fine aggregate based ECC show it’s bending 

character in terms of stress vs. deflection characteristics as shown in fig. 7. The maximum deflection recorded with this 

mix is 74.2 mm. The deflection increment shows the ductile behavior of the material. The steel fiber also shares the stress 

and helps in attaining better post-cracking behavior. Overall steel fiber and 30% PSR content allows the ductile behavior 

of the material ECC mix to increase immensely as compared to normal conventional concretes used in day-to-day 

construction area. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7. R3S-ECC Bending Test 

 

3. Conclusions 

 Though fly ash is supposed to reduce the flexural strength of concrete but the improvement in homogeneity 

of concrete due to the combined action of an increased volume of paste (containing 55% FA), and 

reinforcement by steel fibres within this paste ensures an improvement in flexural strength by nearly 30%. 

 In the presence of 1.5% steel fibres, the flexural strength of concrete remains higher even with 10%, 20% 

and 30% PSR. PSR in itself increased the bendability of concrete from 71mm to 74.2mm. A composite of 

PSR and steel fibres could ensure an improved flexural strength along with bendability. 

 Addition of steel fiber also shares the stress and helps in attaining good post-cracking nature and also 

maintains the better bendability property. 
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Abstract 
 The number one cause of death worldwide is cardiovascular diseases (CVDs), with an estimated 17.9 million lives annually, 

which is an estimated 31% of all deaths worldwide. Out of all CVD deaths, 85% are attributed to heart attacks and strokes. 

So, to reduce cardiac risk, it is necessary to regularly check your heart condition. One way to do this is to regularly analyse 

the pulse rate, as this helps to obtain information about your cardiac health. ECG (electrocardiogram) signals are used for the 

analysis of pulse rate in this paper.  The pulse rate of persons with different health conditions and ages is investigated in this 

paper. Pulse rate based on gender and the effects of cardiac diseases on ECG waveforms are evaluated in this manuscript. 

After investigation we found that the Pulse Rate for women is greater than men for all health conditions and Myocardial 

Infarction is a cardiac disease that highly affects the human heart. 

Keywords- Pan-Tompkins Algorithm, QRS Complex, RR interval  

 

I.  INTRODUCTION 

An electrocardiogram (ECG) is the recording of the electrical activity of heart in the form of waveform which is 

introduced by Willem Einthoven in 1895 as a tool to diagnose the possible cardiac disorder. It shows the 

working of heart whether it is working normal or abnormal. Many efforts have been made to advance the 

technology in order to improve the diagnosis and management of cardiovascular disease [1]. Figure 1 shows the 

waveform of ECG (electrocardiogram). 

 

 

Fig. 1 ECG waveform 

Heart rate or pulse rate is defined as the number of times heartbeats per minute. Normal heart rate varies from 

person to person [2]. The heart rate or cardiac rhythms of heart are set by the SA node. The sino-atrial (SA) 

node is formed by the specialized pacemaker cells, which is located at the junction of the right atrium and the 

superior vena cava. The impulses of autonomous and central nervous systems control the firing rate of the SA 

node. The autonomous and central nervous systems lead to the delivery of neurotransmitters epinephrine or 

acetylcholine. The epinephrine used for sympathetic stimulation which causes an increase in the heart rate. The 

acetylcholine used for vagal stimulation which causes a reduction in heart rate. Human being's normal heart rate 

is near 70bpm [3].  There are so many methods to calculate heart rate. Heart rate can be calculated using Radial 

Pulse, Carotid Pulse, etc. and it can also be calculated with the help of assistive devices like Fitness Tracker, 

Smartphone Apps, etc. [4]. This paper calculated heart rate with the help of ECG signals. This paper uses the 

RR interval for heart rate calculation. RR interval can be calculated by taking the time duration between two R 

peaks of the QRS Complex, as shown in Figure 2 [5]. 
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Fig. 2 RR interval between two QRS complex 

 

This paper organized as follows: Section II considers the Literature survey, section III presents the method used 

in this paper, section IV shows the experimental result and discussion also covered in this section. Finally, section 

V gives the conclusion of this paper. 

II.  LITERATURE SURVEY 

There are many studies done to analyze effect of gender and age on heart rate.  Ryan et al. [6] this paper aimed 

to determine the complex dynamics of beat-to-beat fluctuations in sinus rhythm of heart rate and to allocate their 

differences in terms of age and gender. Stein et al. [7] this paper analyzes that gender and age both affect heart 

rate. It considers the comparison of the subjects based on various ages and gender. Rajendra et al. [8] this article 

analyzes heart rate for normal subjects of various age groups. It analyzes heart rate using a variety of frequency-

domain parameters, time-domain parameter and nonlinear parameters like ApEn, DFA, LLE and Poincare 

geometry. Lutfi et al. [9] this paper compares the autonomic balance of females and males based on short-term 

HRV analysis. Sacha et al. [10] this paper examines in different genders the impact of heart rate on the 

prognostic value of HRV. 

Voss et al. [11] this study explores the development of HRV indices based on gender in five age decade 

categories.  Ramalho et al. [12] this paper explores the differences in HRV based on gender among individuals 

experience regular resistance training.  

III.  METHOD 

Firstly dataset is collected from physionet [13-14], after collecting dataset this paper uses pan-Tompkins 

algorithm [15] for detecting QRS Complex from ECG. By detecting the QRS Complex, RR interval can be 

determined which is used for heart rate calculation. Basic block diagram of the pan-Tompkins algorithm shown 

in Figure 3.  

                                                  

Fig.3 Block Diagram of Pan-Tompkins algorithm 

Pulse rate using RR interval can be calculated by using this formula:  

PR (bpm) = 60 / RR interval 

To calculate RR interval means finding an interval between two R peaks. These peaks are detected with the help 

of the pan-Tompkins algorithm. 
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Table 1 show the dataset which is collected from the physionet [13-14]. It examines subjects of various health 

conditions like Myocardial Infarction, cardiomyopathy, and healthy control. It also considers subjects of 

different ages ranges of 17-82 and subjects of both genders (male and female).   

Table 1. Dataset  

Health Status Number of 

samples 

Gender Range of 

Age 

Myocardial 

Infarction (MI) 

 

18 F/M 54-81 

Healthy Control 
(HC) 

 

18 F/M 17-81 

Cardiomyopathy 
(CMP) 

 

18 F/M 32-82 

 

IV.  RESULT AND DISCUSSION 

This section shows the obtained heart rate for each subject. It compares the average heart rate of men and 

women for all health conditions. It also compares the overall average heart rate for every health status. Table 2 

shows the heart rate obtained for various conditions.    

Table 2. Heart rate for all samples 

ECG 

Samples 

Status Age Gender Heart 

Rate 

(bpm) 

ECG1 Myocardial Infarction 81 F 85.36 

ECG2 Myocardial Infarction 58 F 82.51 

ECG3 Myocardial Infarction 62 F 87.74 

ECG4 Myocardial Infarction 62 F 89.07 

ECG5 Myocardial Infarction 71 F 85.30 

ECG6 Myocardial Infarction 68 F 114.16 

ECG7 Myocardial Infarction 54 F 68.44 

ECG8 Myocardial Infarction 61 F 74.29 

ECG9 Myocardial Infarction 78 F 93.02 

ECG10 Myocardial Infarction 63 M 74.39 

ECG11 Myocardial Infarction 69 M 81.52 

ECG12 Myocardial Infarction 74 M 93.67 

ECG13 Myocardial Infarction 70 M 73.58 

ECG14 Myocardial Infarction 60 M 60.19 

ECG15 Myocardial Infarction 66 M 86.07 

ECG16 Myocardial Infarction 67 M 53.17 

ECG17 Myocardial Infarction 75 M 84.16 

ECG18 Myocardial Infarction 63 M 60.29 

ECG1 Healthy Control 54 F 56.11 

ECG2 Healthy Control 57 F 66.50 

ECG3 Healthy Control 81 F 85.38 
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ECG4 Healthy Control 22 F 61.57 

ECG5 Healthy Control NA F 69.77 

ECG6 Healthy Control 35 F 42.70 

ECG7 Healthy Control 67 F 53.29 

ECG8 Healthy Control 48 F 89.49 

ECG9 Healthy Control 52 F 92.20 

ECG10 Healthy Control 36 M 65.77 

ECG11 Healthy Control 17 M 67.78 

ECG12 Healthy Control 26 M 57.86 

ECG13 Healthy Control NA M 60.11 

ECG14 Healthy Control 50 M 68.16 

ECG15 Healthy Control 37 M 67.36 

ECG16 Healthy Control 55 M 57.00 

ECG17 Healthy Control 24 M 56.37 

ECG18 Healthy Control 34 M 53.29 

ECG1 Cardiomyopathy 60 F 74.92 

ECG2 Cardiomyopathy 70 F 89.76 

ECG3 Cardiomyopathy 70 F 88.54 

ECG4 Cardiomyopathy 64 F 69.56 

ECG5 Cardiomyopathy 69 F 77.32 

ECG6 Cardiomyopathy 61 F 73.53 

ECG7 Cardiomyopathy 70 F 89.69 

ECG8 Cardiomyopathy 32 F 71.17 

ECG9 Cardiomyopathy 70 F 88.55 

ECG10 Cardiomyopathy 39 M 72.16 

ECG11 Cardiomyopathy 82 M 91.48 

ECG12 Cardiomyopathy 62 M 47.97 

ECG13 Cardiomyopathy 57 M 83.01 

ECG14 Cardiomyopathy 68 M 70.15 

ECG15 Cardiomyopathy 67 M 58.77 

ECG16 Cardiomyopathy 70 M 87.12 

ECG17 Cardiomyopathy 53 M 99.03 

ECG18 Cardiomyopathy 52 M 64.94 

Figure 4 shows a comparison of the average heart rate of men and women for all health status. This paper 

analyzes that the average heart rate obtained for the women is greater than the average heart rate of men for all 

health conditions like MI, HC, and CMP. Variation of HR between men and women for HC, MI, and CMP is 

11.44%, 16.91%, 7.18%, respectively.     
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Fig. 4 Men and Women average HR comparison 

Figure 5 shows the comparison of overall average heart rate for all health status. It is analyzed from the figure 

that the Myocardial Infarction is cardiovascular disease which highly affects human heart activity as compared 

to Cardiomyopathy.    

 

Fig. 5 Compare overall average HR 

Figure 6 shows the graph of the heart rate for all ECG samples. It represents variation in heart rate for various 

health conditions. The average heart rate obtained for healthy patients is 65.04 bpm. Compared to the average 

heart rate of a healthy patient, for MI there is a 23.58% hike in HR, and for CMP there is a 19.39% hike in HR.  

 

Fig. 6 Graph of HR for all ECG samples 
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Fig. 7 ECG waveform for all health condition 

Figure 7 shows the ECG waveform for all health conditions. These waveforms are selected for the same time 

interval. It is analyzed from the figure that the ECG waveform of diseased patients is different from the healthy 

patient ECG waveform. ECG waveform of the patient suffering from Cardiomyopathy shows the following:  P 

point is not visible, expansion of ST-segment and inversion of T wave. There is prolongation in QRS duration in 

the ECG waveform of the patient suffering from Myocardial Infarction.    

V.  CONCLUSION 

Gender-based Pulse Rate analyses for subjects suffering from various cardiac diseases have been performed. It 

is found that variation of Pulse Rate between men and women is the largest for the patient suffering from 

Myocardial Infarction which is 16.91%.  Patients suffering from Myocardial Infarction having the highest 

variation of Pulse Rate as compared to the healthy subjects which is 23.58%. After investigation it concludes 

that the Pulse Rate for women is greater than men for all health conditions and Myocardial Infarction is a 

cardiac disease that highly affects the human heart. In future, machine learning can be used to determine the 

patient's health condition.   
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Abstract 

The COVID-19 virus is spreading very rapidly, which is evident from several cases recorded 

worldwide. One of the primary transmission means of the COVID-19 virus is surface contact, as the 

surface persistence of the COVID-19 virus is very long, ranging from some hours to many days. 

Millions of people visit temples in India, and ringing the hanging temple bell is also a ritual. Still, that 

temple bell can become a source of virus transmission as devotees touch it bare hand. Usually, temple 

bells are made up of brass and copper, which the virus can sustain for around 4 hours. An ultrasonic 

sensor has been installed to prevent this, which senses the hand at a safe distance of 20 to 25 

centimeters, and then through a microcontroller, it drives the temple bell. This innovative method can 

help to prevent the COVID-19 virus transmission from the surface of the temple bell.  

Keywords- COVID-19, Microcontrollers, Temple bell 

* Author for Correspondence 

 

1. INTRODUCTION 

The second wave of the COVID-19 virus is in full swing, and the daily tally of cases is also very 

shocking. The COVID-19 virus spreads through droplets of saliva from mouth or the nose of an 

infected person. The tiny droplets may directly contact us through the air or stick on the surfaces that 

may act as a hotspot of virus spread. Examples are the switch of the elevator, door handle, temple 

bell, etc. (World Health Organization). 

This project is regarding the temple bell. Many temples have covered their bells with clothes so that 

devotees do not touch them. People come from many places to visit temples, and the temple bell may 

act as a junction of the COVID-19 virus. 

So, to prevent direct contact of devotees with the temple bell, a contactless temple bell can provide a 

better solution. Instead of wrapping up bells, we can use a microcontroller controlled ultrasonic sensor 

to oscillate the pendulum of bell. 

 

2. LITERATURE REVIEW 

Fiorillo et al. (2020) mention the surface persistence time of 2019-nCoV on various materials such as 

plastic (for 72 hours), stainless steel (for 48 hours), copper (for 4 hours), cardboard (for 24 hours). 

Most of the temple bells are made up of copper or brass. Hence, the COVID-19 virus lasts for around 

4 hours at the surface of the temple bell. 

According to an estimate, there are around 2 million temples in India, where millions of people visit 

every day. Moreover, this can cause a severe problem as the virus will spread rapidly in such a 

scenario. 

Now, one may say that we can use alcohol-based hand sanitizers to clean our hands. However, 

excessive usage of alcohol-based hand sanitizers has many side effects. Mahmood et al. (2020) 

mention a few such side effects as ethanol toxicity – results in depression in respiration, Isopropyl 
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alcohol toxicity – primarily caused by inadvertent intake of the substance, Hydrogen Peroxide 

Toxicity – When it interacts with tissue and breaks down into water and oxygen, it causes ill-effect 

through gas production and local tissue injury, Risk Factor for Children – eating more than a 

smidgeon of alcohol might result in alcohol poisoning, as well as a tremendous risk of other viral 

diseases. Excessive use of hand sanitizer to combat the covid-19 virus causes skin damage and 

reduces the skin’s capacity to act as a barrier against other viruses. Sanitizer Overuse Leads to 

Antimicrobial Resistance – Antimicrobial resistance has been documented because of misuse of 

alcohol-based sanitizer, which might add to the difficulties already faced by healthcare practitioners. 

One of the most critical components of this system is the selection of a proper motor. A DC gear 

motor is used here. When a gear head is coupled to a motor, the speed is reduced while the output 

torque is increased. 

Speed adjustment may also be required (not necessary) of the motor so that the ringing voice 

produced is not too feeble or too strong. To address that, Angalaeswari, Kumar, Kumar, & Bhadoriya 

(2016) mention that the LabVIEW and Arduino may be used to regulate the speed of a permanent 

magnet DC motor. The affordability and simplicity of LabVIEW with Arduino are two advantages. 

Other speed-control technologies, such as fuzzy control, FPGA, 555 timers, and PID controllers, have 

disadvantages such as complex design, unreliable control, and difficulties monitoring high-speed 

motors online. 

Rattan (2014) mentions how the rotary motion can be converted to a linear oscillatory motion.  

 

3. COMPONENTS USED 

3.1 Arduino Uno Board 

It is a microcontroller board used for the construction and programming of electronics. An Arduino 

can help you read data from input devices such as Sensors and send data to output devices such as 

Speakers, DC motor, etc. It has 14 digital input/output pins, six analog inputs, a USB plug, power 

pins, and a reset button. It the brain of the whole system and can be programmed by according to 

need. It requires a supply of 5V. (Badamasi, 2014). 

 
Fig 1: Arduino Uno board 

3.2 Ultrasonic Sensor 

An HC-SR04 type ultrasonic sensor is used in this unit to detect hands. It has four pins, namely VCC, 

Trig (signal output pin), Echo (signal input pin), and GND (ground). A 5V DC supply powers it. The 

sensor works on the principle of ultrasonic waves. Trig pin sends output waves, and the Echo pin 

detects incoming waves, and based on time delay, it can also measure the distance of the obstacle. The 

distance range can be from a few centimetres to 10 meters or more, depending on frequency. In the 

system, it is made to detect distance up to 25 centimetres (Zhmud, Kondratiev, Kuznetsov, Trubin, & 

Dimitrov, 2018). 
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Fig 2: Ultrasonic Sensor 

3.3 Relay Module 

A single-channel 5V relay module is used in the system. It simply acts as a switch whose aim is to 

open and close the circuit electromechanically. It works on the principle of electromagnetic induction. 

The system is used as a bridge between Arduino and DC motor to protect Arduino from the high 

voltage of DC motor. 

 
Fig 3: Relay module 

3.4 DC Geared Motor 

The purpose is to convert the electrical energy to rotational energy. A geared motor is preferred over 

an ordinary DC motor as it provides high torque and low output speed, which are suitable parameters 

for oscillating the pendulum. 

 
Fig 4: 12V DC Geared Motor 

3.5 A 30-centimeter diameter Disc 

The disc is being attached to the shaft of a motor and at a point on the circumference. A cord is 

attached to another end of which is tied to the pendulum of the temple bell. 
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4. SYSTEM DESCRIPTION  

4.1 Block Diagram and Flow chart 

   
Fig 5: Block diagram of the system  Fig 6: Flowchart of the algorithm 

4.2 Circuit Diagram 

 
Fig 7: Circuit Diagram 

Figure 7 shows the various connections. When the ultrasonic sensor detects the human hand, it sends 

a signal to the microcontroller, which further commands the relay module to switch on the DC motor 

in turn rotating and oscillating the bell pendulum. 
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4.3 Cost Estimation 

Cost estimation of individual components is shown in Table 1. 

Table 1: Cost estimation of the system 

S.No. Component Name Price (in Rs.) 

1 12V DC Geared Motor 160 

2 Ultrasonic sensor (5V) 140 

3 Arduino Uno 450 

4 Relay module (5V) 140 

5 Disc 80 

6 Wires 50 

 Total 1020 

 

5. RESULT DISCUSSION  

 

 
Fig 8: Portable model of a contactless temple bell 

When the ultrasonic sensor detects the human hand, it sends the signal to the relay module via arduino 

uno board to switch on the DC motor. Arduino uno board is not connected directly to the DC motor in 

series as it won’t be able to supply the required quantity of current to run DC motor. The rotary 

motion of the DC motor is converted into the oscillatory motion of the bell, which in turn makes the 

ringing the sound. 
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The distance of the detection of the ultrasonic waves can be adjusted in the program. Initially, the 

hand detection range is 20 centimetres. 

6. CONCLUSIONS 

This research work aims to prevent transmission of the COVID-19 virus through the surface of the 

temple bell. 

An ultrasonic sensor is preferred over other proximity sensors as it can operate in sunlight, and the 

range of hand detection is also adjustable between a wide range. This system further opens doorways 

of conversion of many physical motions that can be operated without touching the surface, which is 

need of the hour. The above research work may be extended for its use in futuristic smart homes. 

Further, this system is portable, economical, and can be easily installed in bells at temples. 
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Abstract 

Metal matrix composites are commonly used now-a-days over conventional metals. We know in 

today’s fast growing life, hybrid metal matrix composites is need of an hour and we are heading 

towards this. Among these, Aluminium metal matrix composite are preferred over others in 

mainly aerospace, automobile, agriculture industry etc. because of having great strength, low 

density (light weight), good wear resistance and many more. The present study focuses on a 

comparison between Al-graphite MMC and Al-SiC MMC in order to find out the effect of 

reinforcement i.e. graphite and silicon carbide weight percentage over Aluminium matrix and also 

focuses on among these two reinforcement, which shows better mechanical and tribological 

properties when added to matrix. This review also suggests which fabrication technique is best for 

both. The wear behaviour and mechanical properties of both composites analysed by reviewing 

several previous research papers and journals. Analysis of mainly hardness, tensile strength, 

compressive strength, wear loss is done for both. This review gives a detail of what composition 

of both reinforcement should be added to Aluminium matrix so that a better result can be achieved 

which helped us to improve mechanical and tribological properties of composites. Review 

conclusions also help us for study of thermal properties of both composite materials as these both 

composite also used in thermal industry. 

Keywords- Composite, Metal Matrix Composite, Graphite, Silicon Carbide (SiC), Hardness, 

Tensile Strength 

 

1. INTRODUCTION 

Composite material is consisting of one or more discontinuous phase deeply-seated in a 

continuous phase. Here the term continuous phase used here means matrix and the term 

discontinuous phase means reinforcement. Metal Matrix Composites (MMC) which is one type of 

Composite in which Continuous phase is metal matrix and Reinforcing phase is in the form of 

fibres, whiskers or particles. MMC have many advantages over other continuous phase like 

polymer and ceramics MMCs and these have high strength, high impact and toughness properties, 

low sensitivity to surface flaws i.e. not easy to worn out etc. [1]. Now Aluminium Metal Matrix 

Composites (AMMC) in which base metal is Aluminium and its alloys as matrix and 

reinforcement as Graphite, Silicon carbide (SiC), Boron carbide, fly ash, Aluminium oxide, Zircon 

and many more. AMMC’s utilization due to its low coefficient of Thermal expansion, structurally 

and functionally, is in Defence, Aerospace, Automotive, and Thermal Industries and due to its 

light weight feature specially [2]. 

As our topic focused mainly on Al Matrix reinforced with Graphite and same matrix reinforced 

with Silicon Carbide (SiC). Let’s discuss them one by one but before that we have to full attention 

on their fabrication Technique and after that study on their mechanical properties and their 

tribological behaviour. 
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2. Fabrication Technique of Both Al-graphite and Al-SiC Metal Matrix Composite 

AMMC is used over other metals because of their vast Properties like high damping capacity, low 

density, high thermal conductivity, high abrasion and wear resistance but provide lesser wear 

resistance as compared to steel. Usually many methods used for fabrication of these two, such as 

squeeze casting, powder metallurgy, pressure infilteration, liquid metallurgy (stir casting) etc. 

among all these methods, Stir Casting (liquid metallurgical method) is mostly used and preferred 

by you can say almost all Researchers due to its various better properties [3]. Let’s have a look on 

why stir casting is preferred over others and that is shown in below table. In a stir casting process, 

the reinforced phases which is in particulate form are distributed into aluminium (in molten stage) 

by stirring slowly at very high temperature up to 800 degree Celsius 

 

Table-1 Mostly and main techniques/methods used for MMC fabrication: A comparison  

Methods 

Used 

Shape ranges 

and size 

Yielding of 

metal matrix 

Volume 

fraction  

(In %) 

Reinforcement 

(damage or not) 

Expensive 

nature (more 

or least) 

Powder 

metallurgical 

method 

Size restricted 

and shapes 

having wide 

range 

High NA Reinforcement 

failure 

Expensive 

Squeeze 

casting 

 Restriction to 

size and it’s 

up to 2 cm 

height 

High Near about to 

0.45 

Damaged 

severely 

Neither more 

expensive nor 

less i.e. 

moderate 

Liquid 

metallurgical 

method (stir 

casting) 

Shape range is 

wide in 

nature, Size is 

greatest up to 

500 KG 

Very high, 

greater than 

90 percent 

Good for 

composite for 

well 

dissolution 

Near about to 

0.3 

No damage Least 

expensive 

 

 

3. Al-graphite Metal Matrix Composite 

A.Ramesh et al. [5] presented investigation on Al6061 alloy that contains 0.41 percent Magnesium 

and 0.74percent Silicon. They added graphite in that Al6061 alloy on different volume proportions 

and they found significantly changes by varying the amount of graphite added at these different 

proportions. They took volume proportion for reinforcing graphite in Al6061are 0% to 4%, all 

graph showed significantly increases in the ductility, uniform tensile strength, compressive 

strength and Young’s modulus of elasticity (E). One factor was to be noticed that hardness 

decreased by 27% monotonically. As hardness decreases so there should be a compromising to 

how much graphite and in what fraction should be added to enhance composite’s mechanical 

properties other than hardness as well as hardness, there should be a balance between these two.  

Pradeep and Satpal sharma et al. [6] found non-uniform distribution of graphite particulate in 

Aluminium matrix whatever the reinforcement (graphite) wt. % may be. They took Al6xxx series 

i.e. Al6082 for reinforcing graphite in it and the graphite taken is of 0% to 12% with a step of 3% 

gap i.e. (3%, 6%, 9% and 12%). For effect of graphite on microstructure of composite, micrograph 

electron mapping was done. To justify and verify the result of micrograph electron mapping, X-

ray diffraction technique was also used. After that they found composite (Al6082 and graphite) 

non-uniform behaviour. They also found that hardness of composites decreased by 11.1% as in 

increase in wt. % gradually. 
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Saurobh Poddar and K.N. sudhir et al. [7] examine the study of Al2014 T6 alloy reinforced with 

varying amount of natural graphite particulates. They focused on density, hardness, sintering 

pressure and temperature. They did that with powder metallurgy technique. Hardness, density and 

electrical conductivity show variation in this sample and they investigated it by MINITAB 

software. They found, applied more cold compacting pressure (MPa) increases the hardness but up 

to certain level. If there is further increment in pressure then there will be decrease in hardness. 

And also found that if there is 5% reinforcement i.e. natural graphite along with 500 degree 

Celsius temperature in Al2014 T6, give high electrical conductivity. While electrical conductivity 

is concerned result shows no movement in that pressure (Mpa).  

N.B. Krishna, P. Unnikrishnan et al. [8] examined that wear rate/loss increased with increase in 

velocity but that up to provisional velocity and decreased when that limit of transitional velocity is 

crossed.Reinforcement in %age up to starting limit has a positive effect on wear rate. For 

understand wear behaviour, they took scanning electron microscopy (SEM) and they done on it a 

micro-structural analysis. Load taken 20N, 30N and 40N respectively and they took sliding 

velocity 1, 2 and 3m/s respectively. Reinforcement (Graphite and zircon together) %age they took 

is 7%, 10% and 13%. They reinforced graphite (in major quantity) and zircon (in minor quantity) 

together with Al 7075 and check their wear characteristics. And they also found that wear 

increased with increase in applied load. 

N. Radhika and R. Subramaniam et al. [9] showed in their experiment of checking wear behavior 

of hybrid composite (Al, alumina and graphite) that wear rate increased when load increased and 

decreased when sliding speed and %age of reinforcement increased. The addition of graphite after 

alumina, as reinforcement improved the tribological characteristics in the matrix. A.C. Reddy et 

al. [10] examined in his study in which he add graphite content at volume fraction 10% and 30% 

in matrix AA6061. He found that wear resistance got increased with increase in volume fraction of 

graphite (in particulate form) due to increased hardness of AA6061/graphite composites. 

A. Chennakesava Reddy again et al. [11] explained in his another study that AA4015/Graphite 

Particle-Reinforced Metal Matrix Composites through stir casting and bottom-up pouring 

technique that wear loss decreased with increase fraction (in volume) of graphite in AA4015 alloy 

matrix as shown by his graph in Figure 1. 

 

 

Figure 1 Wear analysis of AA4015/graphite composites  

M Nagaral, V Auradi et al [12] investigated in their study of Al 6061 Alloy reinforced with 

Aluminium oxide & Graphite Particulate as the % of volume fraction of graphite increased they 

notice decrease in hardness due to soft behaviour of graphite the following data taken from their 
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investigation shows hardness (VHN i.e. Vickers Hardness number) decreased and UTS increased 

as graphite varying as shown in Table 2. 

Table-2 A varying wt% of graphite and their effect on Hardness and Tensile Strength 

Sl 

No. 

Composition Mean Micro 

Hardness No. 

(VHN) 

Ultimate Tensile 

Strength 

(MPa) 

1 Al6061 alloy+6% of Al2O3+2% Graphite 98.04 159.87 

2 Al6061 alloy+6% of Al2O3+4% Graphite 94.50 161.34 

3 Al6061 alloy+6% of Al2O3+6% Graphite 93.18 169.73 

 

 

4. Al-SiC Metal Matrix Composite 

Micron-sized SiC particles (3%) reinforced with Al Matrix Composite by stir casting method at 

two temperatures (680 and 850) degree Celsius and stirring period (2 and 6 min) respectively. 

Higher stirring Temperature leads to improved ceramic inclusiveness but it also attributed to the 

formation of shrinkage porosity [13].  

H. Gireesh, K. G. D. Prasad et al. [14] examined that when SiC and aluminium oxide content 

‘equally’ increased from 5% to 7.5% then the tensile strength of composite (that contains Al6061, 

aluminium oxide, SiC and fly ash) increased completely by 8.4%, composite yield strength 

increased by 36.48%, and their hardness increment was 20%. But if the above content increased 

from 5% to 10% then all tensile strength, yield strength increased but hardness decreased by 16%; 

on compared with base metal Al6061, composite shows better properties but no significant change 

on impact strength is observed.  

D M Nuruzzaman, F F B Kamaruzaman (Malaysia) et al. [15] investigated in their study of 

aluminium-silicon carbide (Al-SiC) metal matrix composites (MMCs), theyplaced different 

volume fraction at highly dense loads. They took 10 ton and 15 ton compaction load for their 

investigation. SiC % of weight composition 10%, 20%, and 30 %. Below graph in Figure 2 

showed that Hardness increased under compaction load on two cases 10 ton and 15 ton 

respectively. But Hardness is slightly higher in case of 15 ton compact load as compared to 10 ton 

load. Density in their experiment observed less in 15 ton then 10 ton. So overall their study found 

that under 15 ton compaction load, density of the composite increased and microstructure of 

composite is improved. So higher density is observed as compared to 10 ton and when they took 

optical micrograph to check nature of Silicon carbide Particulates inside Al matrix they found 

these particulates are well distributed and uniform in nature. 

 
Figure 2- Al-SiC composition (%)  
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 M. shukla and S.K. dhakad et al. [16] found that in their work maximum tensile strength at 20% 

wt. SiC reinforced in Aluminium Metal Matrix Composite. Varying SiC content in AMMC was 0, 

5, and 10 and finally 20% of weightage were fabricated by Stir Casting method. The experiment 

showed tensile strength and hardness increased. 

A. Bhat and Ganesh K. et al. [17] evaluated when Al6061 reinforced with 5% SiC i.e. of size 50 

μm with the help of Stir Casting method. They took Rockwell Hardness Tester for checking 

Hardness. They also took pin-on-disk Tribometer for Load range i.e. from (5-200)N and they done 

their experiment from (200 to 1500) rpm. What they found, they got low wear rate. 

C.A. Abbas, C.Huang et al. [18]  investigated that if to drill Al/SiC, only drilling if moderate 

spindle speed of 5000 rpm and 7000 rpm that will be most suitable one. And they took a range of 

3000 to 8000 rpm. If spindle is moved on lower or higher there must be chances of surfaces to be 

worn out and that not good for machining Moderate spindle speed produced better surface 

roughness. They did their investigation on different spindle speed and different feed rate.  

Singh and Chaurasia et al. [19] investigated increase in impact strength 12 Nm to 34 Nm when 

SiC is added to aluminium matrix. They took volume fraction for checking impact strength at(0% 

and 25%) respectively. They found maximum value i.e. 34 Nm at 25% volume fraction and if 

there is further increase in SiC they found impact strength gone decreased. And they also found 

improved in BHN i.e. hardness from 28.3 to 44.5 when same above volume fraction taken 

respectively. They also conclude that when reinforcing “Ceramics” with Aluminium is done than 

output is appreciable. 

D.P. Myriounis, S.T. Hasan et al. [20] proposed that Micro hardness testing showed a significant 

difference in values of hardness in Al/SiC, reading showed a favour to SiC which show a great 

Hardness. Factors affecting micro hardness are mean size of particulates, inter-particle distance in 

the composite. As interface layer is formed when Al Matrix reinforced with SiC and most 

probable and suited method for processing is Stir Casting because this layer must be formed for 

better properties.  

Suryanarayanan K., R. Praveen and S. Raghuraman et al. [21] also examined with their purpose of 

using SiC for fuselage skin of aircraft or simply for body of aircraft. They found that only 

chromium carbide coatings on surface of composite provide a stable interface layer so basically 

provide a corrosion resistance for standing up at high temperature.  

 A. kumar and Manish k.(2008) et al. [22]. As shown in Table-3. They took the composition of Sic 

from 5% to 30% with a gap of 5% each. They evaluated that hardness is increased up to 25% SiC 

when added to Al. There is a variation (±) in values just because of Aluminium series like 1xxx, 

2xxx and so on up to 7xxx. 
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Table-3: Compressive strength and Hardness when SiC Varying in Composition 

Composition (in %) Compressive Strength (MPa) Hardness ( BHN) 

Al 213 ± 11 31 ± 1 

Al + 5% SiC 247 ± 13 43.33 ± 2.08 

Al + 10% SiC 260 ± 12 47.00 ± 2 

Al + 15% SiC 295 ± 21 51.66 ± 4.16 

Al + 20% SiC 335 ± 22 55.33 ± 3.79 

Al + 25% SiC 360 ± 25 59 ± 3.61 

Al + 30% SiC 379 ± 29 51.66 ± 3.2 

 

On effect of SiC percentage in compressive strength, they found that it kept on increasing 

throughout with the addition of SiC %age.  

5. Conclusion 

After analysing several papers and journals related to Silicon carbide and graphite reinforced to 

Aluminium metal matrix at single or combined level like hybrid composite the following 

conclusion is observed relating to their difference and how they combined or individually affects 

Aluminium metal matrix composite:- 

1. All the properties relating to composites depends highly on the amount of reinforcement 

fraction (in %). 

2. When Silicon Carbide (SiC) reinforced to aluminium metal matrix up to 25% wt. fraction 

it shows improved result but after 25%, further addition will decrease in hardness. 

3. Composite hardness increased when wt. % of SiC increased and decreased when wt. % 

of graphite increased to aluminium matrix. It is because of graphite Soft Lubricant 

Nature. Excess graphite Create a non-uniform structure there. 

4. Both shows good compressive strength but SiC-Al composite shows better compressive 

strength than Al-graphite. 

5. Wear Loss in composite decreased with increase in graphite fraction to aluminum matrix. 

So wear resistance got increased. 

6. SiC-Al composite provide better corrosion resistance after coated with chromium carbide 

then can be used in aerospace industry. 

7. Both shows greater Tensile strength if use both i.e. graphite and SiC used at different 

appropriate values can show impressive result. 

8. Uniform distribution in microstructure of composite is observed in when reinforcing 

Silicon carbide to Al matrix that’s why hardness is great in Al/Sic MMC and non-

uniform distribution is observed when graphite is reinforced with Aluminium matrix. 
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Abstract 

In the recent past years we have seen that we are moving/shifting from Standard metal/alloy to 

composite materials .We need metal Matrix composite for the industries of Aerospace, Automotive 

industries and military equipments. It is just because we can get a metal Matrix composite according 

to our needful properties like high performance, light weight, High strength to weight ratio, Improved 

high temperature properties, Increased creep resistance etc. 

In this review we consider how some parameters like size of Alumina, weight of reinforcement 

particles, Steering temperature, Steering time effect on the Mechanical properties of the Metal Matrix 

composite like hardness Impact strength, Tensile strength,  Brittleness, Weight, Toughness, 

Percentage elongation, Percentage reduction, wear resistance. Basically the literature review gives an 

overview that process parameters place an important role in the Mechanical properties of metal matrix 

composites. 

Keywords- Stir casting, Metal matrix composites, Process parameters, Mechanical properties, 

AMC, MMC and Reinforcement  

 

1. INTRODUCTION 

Metal Matrix composites are the advanced materials which are made up of tough metal Matrix like 

aluminium and hard ceramic like silicon carbide or Alumina nano particles. Now a days in the 

different sectors demand of metal matrix composites is increasing due to its specific properties like 

light weight, high specific strength, high temperature performance, corrosion resistance and 

chemically inert. These are the properties of metal Matrix composite which make the material very 

significant according to our need [1]. 

This type of metal Matrix composite is now needful in some specific industries like Agriculture, 

Aerospace, construction, transportation, Marine, Medical, Electronic packing, Home appliances etc. 

MMC’s can be manufactured by basic two fabrication techniques i.e. liquid phase fabrication and 

solid phase fabrication. In the liquid phase fabrication we use methods like stir casting, Squeeze 

casting and in the solid phase fabrication we have powder Metallurgy and vapour deposition 

techniques [2-3]. 

Most of the researchers prefer Stir casting process because it is the practically promising route and 

used in commercial activities .It is very economical due to its simplicity and scalability [4]. 

During Preparing Metal matrix composites with the help of Stir casting process we have to take care 

of some factors or parameters with consciousness like whether the distribution of the reinforcement in 

uniform or not, there is sufficient wettability between two substance or not and porosity is properly 

removed. 

According to Yogesh patel et.al says that these parameters are stirrer design, stirring time, stirrer 

speed, , preheated temperature of mould, preheat temperature of reinforcement, reinforcement feed 

rate, wettability-promoting agent and pouring of melt [10-13]. 
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The best technique to fabricate metal Matrix composite is simply mixing the reinforcement particles 

in the metal Matrix and then allowing the mixture to come in solid form within a suitable mould. The 

mixture should be continuously stayed while the reinforcement particles are being added into the 

metal matrix [5]. 

2. STIR CASTING 

2.1 Definition 

Stir casting is a type of casting process in which we use mechanical based Stir connected to the motor 

to form vortex to mix the reinforced particle with the metal matrix .It is a very most usually process 

for the production of metal matrix composites. It is Highly Effective and applicable for the mass 

production. Stir casting process is very simple suitable and very easy to produce MMC. 

 

2.1 Setup of stir casting 

Stir casting process has a setup in which there are basically three parts as shown in fig 1 

1. Furnace 

2. Reinforcement feeder  

3. A mechanical stirrer  

The Furnace is of cylindrical shape in which the metal matrix is heated and melted .Bottom pouring 

furnace is most suitable for stir casting process because after steering of the mixed slurry we need to 

pour instant reinforced particle to avoid the settling of solid particle in the bottom. Mechanical stirrer 

is used to form the vortex which mixes the reinforced material which we need to melt. Stirrer consists 

two parts the first one is stirring road and impeller blades. Impeller blades can be of different shape, 

different geometry and different number. Three flat blades are mostly used because axial flow pattern 

consume less power. This stirrer is connected to Motors, speed of which can be varied according to 

need. Speed the rotation speed of stirrer can be controlled by regulator. Reinforcement feeder is 

attached to the Furnace which is used to feed the reinforced particles in the slurry .Metal mould, sand 

mould or wax mould can be used for ejecting the Solid Metal Matrix composite[13,16,17]. 

 
 

Fig. 1. Schematic View of Experimental Set Up 

 

2.2 Process 

There are different steps involved in the stir casting process. In this process molten metal matrix is 

kept in the bottom of furnace. Simultaneously reinforced particles are preheated in different furnace to 

remove moisture, gases and impurities. After melting the metal matrix at a particular temperature the 

mechanical stirrer is used to mix the molten metal .Simultaneously feeder is started at a constant 

speed rate to mix the reinforced particle into the molten metal. The steering process is continued for a 
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certain time period to achieve the complete wettability of metal Matrix composite .Then the molten 

Matrix composite is poured in a preheated mould and kept for natural solidification. Further post 

casting process like heat treatment, machining, inspection has been done.  

 
 

Fig. 2. Process of Stir Casting 

 

 

3. Case Study 

3.1 Materials Used 

Metal matrix – In this study basically Aluminium casting alloy is used .Aluminium is used because it 

has very good mechanical strength, Hardness, Fatigue strength, fluidity Machinability and pressure 

tightness. We will use aluminium 7175 alloy in our experimental Study. This alloy is basically used in 

Aircraft industry, missile component and structure parts which required high strength [6] 

  

 The aluminium 7175 alloy chemical composition is given below: 

   

 

       

Table 1 .Chemical Composition of Al 7175 

 

The Aluminium 7175 alloy density is 2.6-2.8 g/cm3 and melting point is 482 degree Celsius. 

Aluminium 7175 alloy can be used in aircraft industry maximum. 

 

   Element    Content (%) 

   Aluminum, Al    90.02 

   Zinc, Zn    5.61 

   Magnesium, Mg    2.54 

   Copper, Cu    1.62 

   Chromium, Cr    0.2344 
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Reinforcement Material - We will use silicon carbide as the reinforcement material .it is widely used 

as reinforcement because of its good wettability with aluminium matrix. Silicon carbide reacts with 

molten aluminium temperature above 1000 Kelvin to form Aluminium oxide releasing Silicon into the 

matrix. 

 

3.2 Experimental study 

Aluminium alloy is heated above its liquid temperature in a furnace. The temperature recorded using 

Thermocouple is 700 C to 790 C. The aluminium alloy was first melted then refined .The temperature 

of the aluminium alloy is maintained as required temperature. We feed the reinforcement particle of 

silicon carbide average size 50 micrometre was chosen after preheating these articles at 500 C for 30 

minutes. The average time of steering is taken as 200 to 600 seconds. The steering speed is taken as 

140 to 240 RPM [2]. 

In the work of Shashi prakash Dwivedi et.al  with Aluminium alloy C 355 similar to Al 7175 we have 

got some of experimental figures:-  

 

Process parameters with their Ranges 

S no Parameters Range 

1 Temperature 700-790 C 

2 Time 200-600 seconds 

3 Speed 140-240 rpm 

Table 2. Process parameters with their Ranges 

Thus Shashi Parakash et.al performed a tensile test whose experimental results are shown in a table 

below: 

Experimental Results for tensile Strength 

S no Stirring Temp. Stirring speed  Stirring time  Tensile Strength 

1 790 240 400 380 

2 700 140 400 370 

3 700 190 600 420 

4 745 140 200 220 

5 790 190 200 210 

6 745 240 600 420 

7 790 190 600 330 

8 745 140 600 310 

9 745 190 400 320 

10 745 190 400 315 

11 790 140 400 279 

12 700 240 400 470 

13 745 190 400 329 

14 745 240 200 250 

15 745 190 400 327 

16 745 190 400 325 

17 700 190 200 300 

Table 3. Design Review and experimental result for tensile strength. 
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4. Process parameters and their effect on properties 
 

4.1 Rotational speed  
It is very important aspect for the production of the metal matrix composite. Rotational speed plays an 

important role in the proper refinement in the MMC. More is the steering speed more will be the 

wettablity. Ideally Researchers use maximum speed of rotation. Low speed of stirrer will apply less 

shearing force on the metal matrix and the reinforcement particles remains in dispersed phase as a 

result particles won’t distribute throughout the matrix. The speed range between 300 and 600 rpm is 

optimum. The percentage of wettability will increase as solidifying rate is faster [7-8]. 
 

4.2 Stirring Temperature  
It is one of the most important parameter due to which stir casting process gets effected .When we 

increase the temperature a matrix metal the viscosity of that particular metal gets decrease. The 

distribution of the reinforced metals particles also get affected when we increase the temperature of 

the melt. The chemical reaction between reinforced particles and metal Matrix household get 

accelerated due to increase in the steering temperature. Hence wettability of metal Matrix composite 

is increased due to which we get improvement in the properties like hardness toughness tensile 

strength etc. 

 

4.3 Pouring speed 

Pouring temperature also plays a major role in the wettability of metal Matrix composite .High 

temperature of metal increases the chances of columnar growth in composites. Pouring temperature 

should be sufficiently high so that metal can flow with Freedom during the production of composite 

 

4.4 Steering time 

Steering time plays a very important role in the uniform distribution of the matrix. Less is the steering 

time more will be the clustering of reinforced particles during the process of stir casting. There should 

be the uniform distribution in the liquid phase of metal Matrix composite. Steering time should be so 

much that there should be proper inclusion of reinforcement particle all over the Matrix composite. 

 

4.5 Mould temperature 

During the process mould has some degree of expansion due to which the results get changed .If the 

temperature of mould it is too high then there will be expansion in the mould which may affect the 

process. If the temperature of mould is too low then it will effect on steering temperature which also 

will affect the process. In the case of non ferrous castings the mould temperature should neither be too 

high nor too low. The thickness of mould should be 25 mm. More will depend upon size and weight 

of casting. 

 

4.6 Preheat temperature of reinforcement 

Reinforced particles had some moisture and gases present in between them .To remove this things 

these particles should be preheated around 500°C for 30 to 40 minutes [9]. This will increase 

wettability of reinforced particles within the matrix composites. 

 

4.7 Mould coatings 

In the Steel casting process the moulds are coated from inside by spraying the coating material. 

Coating is done to reduce the heat transfer to the mould .With the help of coating, defects like 

shrinkage or cracking can be eliminated and increased mould life. But layer of coating more than 

enough May effect the temperature. Thus thickness of coating can be adjusted to an optimum value 

for a particular alloy. 
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5. Conclusions 

From the above all experiment it is cleared Stir casting process is feasible and best utilised for the 

production of MMC and  stirring speed, stirring time and stirring temperature plays an important role 

in the tensile strength. These parameters play the role as per following conclusions: 

 

1. If the Tensile Strength of MMC is high that clearly means that the wetability of the substance is 

high. 

2. With the increase of the Stirring speed, tensile Strength increase. As well considering  

3. Stirring time also plays an effective role in the tensile Strength. They are also directly 

proportional to each other. 

4. Stirring Temperature should be more than 700 degree Celsius. Higher the value of temp., higher 

will be the tensile strength. But it plays minor role compare to other parameters. Overall after 

considering all three factors we can reach to a conclusion that stiring speed is the most effective 

factor out of all. 
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Abstract 

In today's fast-growing energy-consuming world, the rise of Solar energy and other non-conventional 

sources has been inevitable. Multinational corporations worldwide pledge to be carbon neutral, which 

some might call an overly optimistic target. However, these targets are still presented to the 

shareholders after much market research and assessment. The answer lies in shifting to non-

conventional sources of energy, most notably solar, as mentioned in the following paper. Private 

corporations and public sector enterprises vow to do the same to achieve the carbon-neutral footprint 

milestone and public aspiration and awe. The present study has mapped out a hypothetical scenario 

where the energy demand in metropolitan cities of India is delivered through solar energy. Extensive 

market research is carried out, an economic analysis is done in detail, and the feasibility is checked 

and approved by the interested parties. The results of the present study indicate that achieving our 

energy needs through renewable energy sources is an economically feasible task. The study iterates 

the present scenario and provides a peek into what the future might look like, or it is potential. 

Keywords – Metropolitan, Solar energy, Solar photovoltaics 

 

1. INTRODUCTION 

The ever-growing demand for energy and an aim to minimize CO2 emissions globally has driven the 

adaptation of renewable energy sources, primarily to a point where it is economically and 

environmentally feasible. Due to its high promising value, solar energy generation is perceived as one 

of the best modes for satisfying the energy requirements in developed and developing countries 

(Kannan and Vakeesan, 2016). The adoption of renewable energy can be traced back to its primary 

benefits, including zero emissions which means no greenhouse gas such as CO2 and NOx. From an 

environmental point of view, it would make perfect sense to employ this method of energy generation. 

From an economic point of view, solar energy generation requires a significant amount of investment 

depending upon the scale at which the work is being carried out. However, in the long term, 

renewable energy more than pays for itself as it reduces the energy bills and if, in some cases, the 

energy being produced is more than what is required (Brown et al., 2016). Then it can also be 

outsourced and sold off to the government, for which financial compensation can also be obtained 

(Cedrick and Long, 2017). In addition to this, the energy sector would create new employment 

vacancies, which would be economically beneficial again. It is also known that or operation and 

management (O&M) costs of solar energy generation are low. The technologies employed in solar 

energy generation are relatively more simplified and hence more accessible for new people to 

understand in rural areas (Sharma et al., 2012). 

 

Despite these benefits mentioned above, global solar energy production is a mere fraction of the 

development potential. A mere 1% of the primary energy supply is covered by solar energy in the 

current scenario (Ritchie and Roser, 2020). This scenario can be modified to some extent favouring 

sustainability by making policymakers aware of the various benefits of renewable energy and the 

potential of electricity generated against the country's current demand. For this, an overall estimation 

is required of each country's potential to seize solar energy from decentralized and centralized 

facilities. 
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Solar Photovoltaics is another technology that is low carbon and has experienced exponential growth. 

Distributed Photovoltaics has historically dominated the solar industry; there is still a humongous 

amount of potential still left in this technology. 

 

2. RESEARCH BACKGROUND 

India is the world's largest democracy and the fastest growing economy. With increasing energy 

demand, it needs to shift away from non-renewable sources of energy. Solar energy production is 

increasing tremendously every year in India.  The current value of solar energy produced is 37 GW as 

of March 31, 2020 (Ranjan, 2020). 

 

A survey conducted by the Bangalore Electricity Supply Company Limited (BESCOM) has revealed 

that the rooftops of 1.4 lakh buildings have an energy generation potential of 2.5 GW solar energy 

from rooftop solar systems. The survey was carried out across 1,176 sq. km in the city. As per the 

state records, only 205MW capacity of SRTPV (solar rooftop photovoltaic) has been installed till July 

2019 in the state, while Karnataka's solar policy of 2014-21 had set an ambitious target of 2,400 MW 

for grid-connected solar rooftop projects (Menezes, 2021). 

The Tamil Nadu government has announced its Solar Energy Policy 2019, intending to achieve an 

installed capacity of 9,000 MW by 2023. Its earlier policy, which was unveiled in 2012, had set a 

target of 3,000 MW of installed capacity by 2015. However, the state managed to achieve a little over 

2,000 MW as of March 31, 2018. This present capacity was about 10 per cent of the country's 

capacity, installed in the solar sector (Balachandar, 2019). 

 

So far, Delhi has completed installing only 146 MW of rooftop solar capacity, compare this to the 

target set at 606 MW aiming for the year 2019, set under the Delhi Solar Policy. The slow growth is 

primarily due to certain myths among consumers that need to be debunked with better installer-

consumer connections. Delhi aims to achieve a solar electricity generation capacity of 1 GW by 2020, 

which is also 4.2% of the total electricity consumed by the city on average. By 2025 Delhi hopes to 

achieve a 2 GW solar electricity generation capacity, which is 6.6% of the total consumption (Dutt, 

2020).  

 

Maharashtra is steering the solar game by being ahead of all the other cities across India with its 1095 

MW rooftop solar capacity. Ministry of New & Renewable Energy (MNRE), Government of India, 

has also planned to achieve the solar energy production targets of 4700 MW by 2022 in Maharashtra. 

Presently Mumbai city can produce only 5MW peak power (MWp) solar energy. 

The state of West Bengal has targets of achieving 100 GW of grid-interactive solar power capacity 

by 2022. 40 GW of this should include solar rooftop capacity in the off-grid sector, and the rest 

should be reserved for solar park projects and utility-scale projects (Hairat and Ghosh, 2017). 

 

3. RESEARCH METHODS 

3.1 Rooftop Area 

Rooftop Area calculation involves calculating the rooftop area by taking the population density of our 

basis of calculations. If population densities are not available for a particular city, the traditional 

method of calculating the population density is used. 

The method used estimates the net rooftop GEGP (Geographical Electricity Generation Potential) of 

the selected city where. Acapita (rooftop area per capita) is essential along with the population 

density, d. After performing linear regression with 1600 cities, IEA calculated the values of the 

constants with α being 172.3 and β being 0.352. 

𝐴𝑐𝑎𝑝𝑖𝑡𝑎 = 𝛼. 𝑑−𝛽                                       (1) 
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Now, if we multiply Eq. (1) with the total city population, P, we are left with the total rooftop area per 

city Acity as shown below, 

𝐴𝑐𝑖𝑡𝑦 = 𝐴𝑐𝑎𝑝𝑖𝑡𝑎. 𝑃                                      (2) 

3.2 Geographical Electricity Generation Potential (GEGP) 

 
Geographical Electricity Generation Potential: The solar irradiation incident to the share of the earth's 
surface fits the advancement of solar facilities. 
The net GEGP (Geographical electricity generation potential) is then calculated, by using the formula 
below,  

𝐺𝐸𝐺𝑃 = 𝐴𝑐𝑖𝑡𝑦. 𝐻𝑠𝑜𝑙𝑎𝑟,𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 . 𝐸. 𝑃𝑅. 𝑓𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑖𝑜𝑛     (3) 

 

Hsolar,location is the solar insolation per year for the selected location,  

E is the average efficiency for a solar rooftop system (assumed to be 15%),  

PR is the performance ratio (75%) (IEA, 2016), 

forientation is the orientation factor (assumed to be 1), 

The solar insolation, Hsolar,location (NREL, 2021).  

 

 
Figure 1: Solar radiation and insolation  

3.3 PV Plates  

 
To calculate the average amount of solar PV Panels and solar PV cells required for our hypothetical 
scenario to go through, we must use our total Rooftop area of a city that we have calculated earlier. 
Then we must assume an average size of the PV panel, which we have taken as 65*39 inches. Now 
we must divide the Acity (total rooftop area of the city) by the average area taken up by this assumed 
PV plate. This will give us the total number of PV plates. For calculating the no. of PV cells required, 
we can follow a similar process by assuming an average size for a PV cell that is to be used.  
 

4. Case study  

 

Below are the observations and results from our initial calculations, 

 

Table 1: Solar potential of metropolitan cities 

City Acity (m2) Avg. Acapita GEGP (MWh) PV panels 
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(m2/person) required 

(65*39 inches) 

Bangalore 5,34,69,383 6 35,851 59206116 

Chennai 3,03,49,331 7 19,837 39701598 

Kolkata 2,29,66,643 5 13,720 14042720 

Mumbai 6,49,31,324 5 43,098 32693311 

New Delhi 9,68,30,648 7 60,023 18556790 

 

 

4.1 Economic Analysis 
Estimating the Energy costs during the next decade, the package comprising of increase in electricity 
demand, prices of fossil fuels, location challenges, and outdated environmental regulations and rules 
could take the solar power capacity of India to 50 GW by 2022-2023. The study also shows that India 
might be the world's largest consumer of self-produced solar energy. 
 
4.1.1 Cost Analysis of a 1 Kwh Solar Power Plant 
The financials of the electricity generation by a solar rooftop system are determined by the capital 
cost (CAPEX), the subsidy, the operational costs (OPEX), the electricity selling rates in the region, 
the intensity of solar radiation, and the efficiency of the solar cells. Of these parameters, the capital 
cost, the capital cost, and efficiency are the most valuable and provide the most significant 
opportunities for cost reductions. Usually, the CAPEX and the efficiency of the PV system are factors 
on which the maximum amount of cost reductions depend. To highlight that, we have done a case 
study by analyzing the performance of a 1 Kwh PV System. To simulate the PV system, we are using 
the PVsyst software. The efficiency of this is taken to be 84.09% from the averages available about 
PV systems around. The values for the solar radiation intensity are generated by the software itself 
based on the latitude and longitudinal information of the site. For this example, we have taken the site 
to be C4E Block Janakpuri, New Delhi, India. 
 
Now in the table below can be found the average cost to install the system in the household.  

 

 
Figure 2: Solar power is expected to achieve grid parity with conventional sources of power between 

2020 and 2021 

 

Table 2: Equipment required for setting up PV modules at a rooftop in an average household 

Equipment Quantity Avg. cost/piece (₹) Investment (₹) 

PV modules 5 8,000 40,000 
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Batteries 2 10,000 20,000 

Inverter 1 5,000 5,000 

MPPT controller 1 2,000 2,000 

Total 67,000 

 

5. Result and discussion 

Power prices on the rise are a headache for every consumer, and with the prices of energy 

consumption on the rise, there is no easy solution to this. By applying solar methods of energy 

production, they become more independent, and whenever uniformity is reached in the consumer 

segment, power costs can be reduced. It is expected that in the next five years, the electricity tariffs 

are set to rise by up to 25% for domestic consumers (government and residential) and non-domestic 

consumers (commercial) segments. In contrast, for the industrial segment, it is expected to rise by up 

to 29%.  

 

Table 3: Current electricity consumption of metropolitan cities 

City Current Consumption 

(MWh) 

Bangalore 1,08,000 

Chennai 39,600 

Kolkata 50,400 

Mumbai 88,800 

New Delhi 1,65,600 

 

On the other hand, the long-term solar energy rates are set to be reduced to up to 5-8% due to the 

continuous improvements in technological activities (e.g., on module efficiency and manufacturing 

improvements). Balance-of-system (BOS) costs (mounting assemblies, inverters, installation prices) 

will inspire future plant cost minimizations. Hence, switching to solar, residential, commercial, 

industrial, and governmental power consumers can hedge against increasing electricity prices. In 

addition, if the generated energy is in excess in some scenarios, it can also be sold to third parties if 

the government obtains the necessary NOCs. This can prove another incentive for solar generating 

rooftops owned by the stakeholder in such metropolitan cities. 

 

6. Conclusions 

India is constantly trying to be self-sufficient in its energy consumption. In the past, it has been 

importing large quantities of electricity from countries like Bhutan to meet its own commercial and 

residential requirements. However, with the advent and innovations in solar energy technologies, 

statistics have shown that India has decreased its imports and has increased electricity exports to 

neighbouring nations like Nepal, Myanmar, and Bangladesh. In this study, some of the techniques 

were modified and altered to increase the accuracy of previously available data. 

 

However, even more stringent strategic energy objectives of an environment-friendly energy system 

and a broad range of advanced energy technologies will be needed. Solar power is a good source of 

directly useable energy and ultimately creates other energy resources: biomass, wind, hydropower, 

and wave energy. Also, because of added pressure on the government to provide electricity despite the 

increasing population, solar energy can be tapped and used to meet the local demands of electric 

power. Realizing all this, the government is also actively supporting solar energy and providing 

considerable subsidies to meet 100 GW solar power targets by 2022. 

 

More than 100 GW of solar generation capacity is installed worldwide, and it is the fastest-growing 

form of energy generation on a percentage basis. The future of solar is only economically viable if we 

can reduce solar PV manufacturing and capital costs, improve grid integration, including storage 
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solutions. Following this, the cities should move towards renewable energy on the roadmap of Diu 

city (Telang et al., 2021), which has become the first city in India that runs on 100 percent renewable 

energy during the daytime. 
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Abstract 
This paper explains how energy is save in process industry .In India 10% of energy is consumed by compressor 

unit. Main purpose of this analysis to reduced specific power consumption in compressor unit. We can save 

power by selecting the type of proper compressor. Screw compressor is used widely but its specific power 

consumption for air pressure 3 bar & 6.4 bar is more than centrifugal compressor. 

 

Keywords: power saving, Screw compressor, Centrifugal compressor. 
 

1. Introduction: - 
Air compressors are widely used in process industries so proper selection of air compressor plays an important 

role in energy saving. Screw compressor is a positive displacement compressor generating pressure through 

male female rotor. Centrifugal compressor is dynamic compressor consist of impeller in shroud called element. 

In this paper we are going to study oil free water cooled screw compressor with loading unloading mechanism 

& dynamic centrifugal compressor with inlet guide vanes & Blow off valve. Inlet guide vanes is placed before 

first element and throttle the incoming air hence compressor delivers desire flow and pressure, inlet guide vans  

save up to 9% energy in centrifugal compressor unit. Centrifugal provide the constant air pressure at outlet 

hence quality of end product also get improved. Specific power in centrifugal compressor compared to screw 

compressor can be saved by 0.30% in 3 bar pressure & 0.17% in 6.4 bar pressure [1,2]. 

 

 

Nomenclature: 

 

SC                                                                                                        CFM 
Screw compressor                                                                                Cubic feet per minute  

CC                                                                                                        KW/hr 
Centrifugal compressor                                                           kilowatt per hour   

IGV                BOV 

Inlet guide vans                                                                                    Blow off valve 

Comp                                                                 

Compressor                          

                                           

            

Screw compressor (SC) 

Screw compressor is a positive displacement compressor with loading and unloading mechanism. Air is used 

for pneumatic application. There are two screws (rotors) in element, one rotates in clock wise direction and 

other rotates in anticlockwise direction. Ambient air gets sucked by low air pressure element and it gets 

compressed between these two screws and discharged air at high pressure as well as at high temperature. Heated 

air is passed into the inter cooler for cooling purpose. Second element draws the cooled air inside, here again  

air get pressurize to its final pressure and hot air is blown to after cooler for cooling, finally air blow to header 

line for use [3,4]. 
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1.1. SC pressure 3.0 bar 

Experimentation is done on water cooled oil free Screw compressor for 3 bar air pressure, make Atlas Copco. 

Comp no-04 Model no ZR-4-52 having rated output 1368 cfm connecting load 250 kW, & Comp no-05 Model 

no-ZR-4-52 having rated output 1368 cfm & connecting load 250 kW, both the compressor have to be run to 

meet the air demand [5]. Instrument of high accuracy were used during experiment process for measurement 

and collection of data with respect to power, compressor operation pattern, and other associated parameters. The 

installation of calibrated equipment to facilitate data login via an industrial PC at log rate of 5 second per 

channel provides raw data to an analysis software package. Within software package, the raw data was 

configured against the known power and output performance for each air compressor. 

 

                 Table 1:  Detail of SC for air pressure 3 bar. 

                   

 

          

 

 

 

                                                                           

1.2. Total compressed Air demand pattern for air pressure of 3 bar : 

Air flow meter is installed at compressor outlet to measure flow of compressor & study from 15.25 hrs. to 06.25 

hrs. to get real time data. Total compressed air demand pattern shown in graph below, shows that 2297 cfm has 

to be generated for 3 bar air pressure.  

 

 
                                     FIG.-1   Total compressed air demand pattern for 3.0 bar air pressure 

 

1.3. Operating pattern of air SC is as below compressors running for 24 hrs. 

Compressor No.-4 unloading 13.53% loading 86.74% and Compressor No.-5 is 100% loading condition. Both 

the compressors have to be run to meet the air demand. 

 
           24 hrs power consumption for 3 bar pressure.                  24 hrs CFM generated  for 3 bar pressure.                                                       

FIG-2.  Screw compressor power consumption and cfm generation. 

Comp no Model 
no 

Pressure 
(bar.) 

Rated 
(kw.) 

Rated 
flow 
(CFM) 

Voltage Power 
in 
load 
(kw) 

Power 
in 
unload 

Comp no-04 ZR-4-52 3 bar 250 1368 429 v 182  68 kw 

Comp no-05 ZR-4-52 3 bar 250 1368 429 v 190  74 kw 
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1.4. Pressure Trend of SC at the Compressor outlet for air pressure 3 bar. 

In both the compressors, the loading pressure 2.95 bar & unloading pressure 3.2 bar is provided & study is 

carried out from 15.25 hrs. to 06.25 hrs. The following graphs indicate that outlet gets average 3.1 bar air 

pressure, constant air pressure is not obtained at output as compressor is in continuous loading and unloading 

operation [6]. 

 

 
FIG. 3 Pressure trend at compressor outlet for pressure 3 bar. 

 

1.5. SC operational data for low air pressure 3 bar.  

Comp-04 & Comp no-05 run at full load for 24 hrs .During this study we find that compressor takes specific 

power consumption 0.157 kw/cfm to generate 2297 cfm @ 3 bar.  

 

             Table 2: SC operational data for air pressure 3 bar. 
Topic During study for 

24 hrs 

Input (kw) Avg. 356.90  kw 

Output (CFM) 2297.44 cfm 

Operational time 24 hrs 

Productive input 96.72% 

Non productive input 3.27% 

Specific power(kw/cfm) 0.157 kw/cfm 

 

 

1.6. SC  air pressure 6.4 bar  

Experimentation is done on  oil free water cooled Screw compressor for 6.4 bar air pressure, make Atlas copco. 

Three compressors run at full load to meet the 5000 cfm air demand. Comp-03 Model no ZR-5-52, Comp-06 

Model no ZR-315 & Comp-07 Model no ZR-315, having rated capacity 1778 cfm,1812 cfm & 1882 cfm 

respectively. 

 

                 Table 3: Detail of SC for air pressure 6.4 bar. 
Compressor no. Model 

no 
Pressure 
(bar.) 

Rated 
(kw.) 

Rated 
flow 
(CFM) 

Voltage  Power 
in 
load 
(kw) 

Power 
in 
unload 

Comp no-03 ZR-5-52 6.4 bar 315 1778 429 v 298 61 

Comp no-06 ZR-315 6.4 bar 315 1812 429 v 312  68 
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Comp no-07 ZR-315 6.4 bar 315 1812 429 v 301 72 

                                                                              

1.7. Total compressed Air demand pattern for air pressure 6.4 bar. 

Air flow meter at compressor outlet is installed to measure flow of compressor & study from 21.07 hrs to 13.74 

hrs to get real time data. Total compressed air demand pattern shown in graph below, the graph below shows 

that 5000 cfm has to be generated for 6.4 bar air pressure.  

 

 
                                            FIG-4. . Total compressed air demand pattern for 6.4 air pressure.  

 

1.8. Operating pattern of air screw compressor is as below compressor running for 24 hrs. 

By calculating loading unloading pattern it conclude that Comp no-03,Comp no-6 & comp no-7 consume 34%, 

35% & 31% power  respectively to match 5000 cfm air requirement @  6.4 bar. 

 
 

                                 FIG-5.  Screw compressor power consumption and cfm generation.     

            

1.9. Pressure Trend at the Compressor outlet for high air pressure 6.4 bar. 

In all three compressors we put the loading pressure 6.0 bar & unloading pressure 6.4 bar & study form 21.07 

hrs to 09.54 hrs. The following graphs indicate that outlet gets average 6.0 bar air pressure [5]. 
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                                           FIG-6.  Pressure trend of SC at compressor outlet @ 6.4 bar.  

 

1.10. Compressor operational data of SC for 6.4 bar.  

Study is done for 24 hrs. study for Comp no-03, Comp no-06 & Comp no-7 and calculate the specific power 

consumption for generation of 5000 cfm @ 6.4 bar and it comes around 0.1717 kw /cfm. 

 

                   Table 4: SC operational data for 6.4 bar. 
Topic During study for 24 

hrs 

Input (kw) Avg. 843  kw 

Output (CFM) 4909.36 cfm 

Operational time 24 hrs 

Productive input 98.997% 

Non productive input 1.003% 

Specific power(kw/cfm) 0.1717 kw/cfm 

 

                                                                                                                                                                                 

2. Centrifugal compressor  (CC) 

Centrifugal compressor is dynamic compressor, In CC the kinetic energy or velocity of the air is converted to 

static energy or pressure, this  compressor provide constant air pressure, flow rate is controlled by inlet guide 

vanes and blow off valve. Air is compressed in element (element consist of outer casing called scroll volute, 

impeller and diffuser). First element draws the ambient air inside and carets pressure, as the pressure increases 

so does the air temperature, heated air is passing into inter cooler to cool. Second element draws the cooled air 

inside, the air is compressed back into second element to its final pressure so both the air pressure and 

temperature felt. Hot air from element two will be send to after cooler for cooling, finally air blow to header line 

. CC has maximum three stages of compression [7]. 

 

2.1. Centrifugal compressor for air pressure 3 bar. 

Experimentation is done on a water cooled oil free centrifugal compressor for 3 bar air pressure.  Comp-02 

model no ZH-500 make Atlas copco. ZH-500 having two stage of compression and water cooled inter and after 

cooler, couple with 500 kw motor. 

 

              Table 5: Detail of CC for air pressure 3 bar. 
Compressor no. Model 

no 
Pressure 
(bar.) 

Rated 
(kw.) 

Rated 
flow 
(CFM) 

Voltage  Current 
(amps) 

Comp no-02 ZH-500 3 bar 500 4828 11k v 21  
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2.2. Pressure trend at compressor outlet for air pressure 3 bar.  

This study is conducted on full load of air compressor i.e. inlet guide vanes (IGV) is 100% open & blow off 

valve (BOV) is 100% close. Portable flow meter used to measure flow at compressor outlet with pressure 

transmitter, flow meter work on thermal mass flow principle. The mass flow rate is controlled by inlet guide 

vanes hence get constant air pressure 3 bar at compressor output [8,9]. 

 

 
                                              FIG-7. CC Pressure trend at compressor outlet for air pressure 3 bar. 

 

2.3. Load profile of ZH-500 for air pressure 3 bar . 

Load test of ZH-500 motor & study from 16.27 hrs to 17.22 hrs.is done. Following graph shows that average 

power consumption to generate 4728 cfm @ 3 bar is 408 kw.  

  

 
 

                                                            FIG-8. CC load profile for air pressure 3 bar. 

 

2.4. Compressor operational data of CC for air pressure 3 bar.  

Comp-02 run at full load for 24 hrs .During this study we find that compressor takes specific power 

consumption 0.107 kw/cfm to generate 4728 cfm @ 3 bar.  

 

                               Table 6: CC operational data for air pressure 3 bar. 
Topic Parameter 

Input 408 kw 

Output 4728 cfm 

Operational time 24 hrs 

Specific power 0.107 kw/cfm 

                                                                  

2.5. Centrifugal compressor for air pressure 6.4 bar.  

 Experimentation is done on a water cooled oil free centrifugal compressor for 6.4 bar air pressure.  Comp-01 

model no ZH-1400 make Atlas copco. ZH-1400 having three stage of compression and water cooled inter and 
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after cooler, couple with 1400 kw motor. 

 

                            Table 7: Detail of CC for air pressure 6.4 bar. 
Compressor no. Model 

no 
Pressure 
(bar.) 

Rated 
(kw.) 

Rated 
flow 
(CFM) 

Voltage  Current 
(amps) 

Comp no-02 ZH-
1400 

6.4 bar 1400 10000 11k v 72  

                                                            

2.6. CC Pressure trend at compressor outlet for air pressure 6.4 bar.  

This study is conducted on full load of air compressor i.e. inlet guide vanes (IGV) is 100% open & blow off 

valve (BOV) is 100% close. Portable flow meter used to measure flow at compressor outlet with pressure 

transmitter, flow meter work on thermal mass flow principle. The mass flow rate is controlled by inlet guide 

vanes hence get constant air pressure 6.4 bar at compressor output [8,9]. 

 

 
                                              FIG-9.  Pressure trend at compressor outlet for CC @ 6.4 bar.  

 

2.7. Load profile of ZH-1400 for 6.4 bar. 

Load test of ZH-500 motor & study from 06.23 hrs to 07.23 hrs.is done. Following graph shows that average 

power consumption to generate 9717 cfm @ 6.4 bar is 1343 kw. 

 

 
                                                

                                                   FIG-10. CC Load operating profile for air pressure 6.4 bar. 

    

                            

2.8. Compressor operational data of CC for air pressure 6.4 bar  

Comp-01 run at full load for 24 hrs .During this study we find that compressor takes specific power 

consumption 0.1041 kw/cfm to generate 9719 cfm @ 6.4 bar.  

 

                  Table 8: CC operational data for air pressure 6.4 bar. 
Topic Parameter  

Input 1343 kw 

Output 9719 cfm 
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Operational time 24 hrs 

Specific power 0.141 kw/cfm 

                                                                         

 

3. Result and discussion  
3.1. Result for 3 bar air pressure  
Screw compressor specific power consumption is 0.157 kw/cfm & centrifugal compressor consumes specific 

power 0.107 kw/cfm. In centrifugal compressor we get 0.05801 kw/cfm saving. 

 

                  Table 9: Net saving CC vs SC for 3 bar. 
Compressor type Power 

(kw) 
CFM 
generated  

Specific 
power 
(kw/cfm) 

Screw compressor 356 2297 0.157 

Centrifugal compressor  408 4728 0.107 

Net saving    0.05801  

 

 

3.2. Result for 6.4 bar air pressure. 
 Screw compressor specific power consumption is 0.1717 kw/cfm & centrifugal compressor consume specific 

power  0.141 kw/cfm. In centrifugal compressor we get 0.037 kw/cfm saving. 

                    

                   Table 10: Net saving CC vs SC for 6.4 bar 
Compressor type Power 

(Kw) 
CFM 
generated  

Specific 
power 
(kw/cfm) 

Screw compressor 843 4909 0.1717 

Centrifugal compressor  1343 9719 0.141 

Net saving    0.037 

 

 

4. Conclusion. 
 The centrifugal compressor is more energy efficient then screw compressor for 3 bar & 6 bar air 

pressure.  

 Due to continuous loading and unloading operation the screw compressor cannot give constant air 

pressure. 

 The centrifugal compressor offers high power saving at full load. 

 The loading and unloading operation in screw compressor has to create more pressure than required, 

resulting power loss. 
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Abstract 

In Modern time, the internet is a necessity for everyone working in an office environment. Most of 

the employees who are working inside commercial premises are tending to seek more internet usage. 

Several working personnel complain about the weak Wi-Fi connection throughout the building. 

Consequently, the company will install many repeaters and Wi-Fi routers across the building. This 

is going to cost extra money to the company due to laying extra LAN cables and will eventually 

increase complexity. So, to avoid these problems, this project has been chosen in which microstrip 

antennas that are embedded in repeaters or Wi-Fi modems will be installed on each switchboard of 

the building. With these improvements, the wireless coverage over the entire building will be kept 

without compromising the speed of the Wi-Fi connection. In this project, design and simulation for 

the e-shaped slot microstrip antenna using four different substrates Teflon, FR4 Epoxy, Polyethylene 

and RT Duroid, has been analysed. The design and simulation have been carried out in high 

frequency structure simulator (HFSS) and operated at a frequency of 2.4 GHz. Parameters like 

Return loss, VSWR, Gain, Bandwidth are used for result analyses of different substrates. Maximum 

return loss and gain achieved are -23.47 dB and 6.8 dB, respectfully. From analyses, the suggested 

antenna with RT Duroid treated as substrate material obtained suitable for the desired application as 

mentioned. 

Keywords- HFSS, Commercial Building, Return Loss, Gain, Wi-Fi  

1.  INTRODUCTION 

Suppose we are facing Wi-Fi connectivity problems in an entire building, especially in a commercial 

one. For operating Wi-Fi throughout the whole building, a company should install repeaters or 

modems for achieving higher efficiency and excellent connectivity over the entire building. During 

installation, enormous amounts of wired connections are lying across the building. So, to avoid these 

difficulties this project has selected in which these microstrip antennas will be installed on each 

switchboard of the building during the construction or renovation of the building. With these 

improvements, the wireless coverage over the entire building will be maintained without 

compromising coverage of the Wi-Fi connection. 

Nowadays, all the communication gadgets like cell phones, tablets, & Wireless Fidelity (Wi-Fi) 

modems are using microstrip patch antennas due to their subtle design and conformability. It is an 

attempt to instigate an antenna for commercial buildings in the allocated frequency band, i.e. 2.4 

GHz. The implementation of the microstrip patch antennas often depends upon the type of substrate 

used along with the thickness of that substrate. 

The size of the repeater or Wi-Fi modems must be small because that electronic device is to be placed 

inside the switchboards which are installed around the premises. One of the reasons for the potential 

of antenna is the relative permittivity of the substrate. Improved results for return loss was observed 

when substrate having lower relative permittivity and a substrate accompanied by higher relative 

permittivity outcomes in antenna contraction. 
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Depending on the substrate’s height, loss tangent(tanδ), stability towards chemicals,  relative 

permittivity (εᵣ), weather-resistant ability and flexibility of substrate the performance of the antenna 

can be expected accordingly. In an antenna, a low dielectric substrate results in higher bandwidth 

and lower return loss because that substrate acts as an improved insulator. The aim of the work is to 

use different substrate materials in electronic equipment like an antenna. RT Duroid 5880, Teflon, 

Polyethylene, FR4 Epoxy are used as substrates for this antenna using HFSS to run at frequency 2.4 

GHz and their performance are analysed and compared. 

2.   ANTENNA PARAMETERS 

2.1 Return Loss 

Return loss is an amount of section of power that a source has not sent to destination load. This is a 

measure of how good the devices or transmission lines should be matched. 

                RL(dB) =  −20 log10 |Γ|                                     (2.1) 

From the above equation, Γ is the reflection coefficient which is a parameter that determines how 

many waves are reflected by an impedance gap in the transmission medium.  

2.2 VSWR 

VSWR is the ratio of maximum voltage to minimum voltage in an alternating current.  

         VSWR =
Vmax

Vmin
=

1+|Γ|

1−|Γ|
                                        (2.2) 

From the above equations (2.1) & (2.2), VSWR and return loss are related through the reflection 

coefficient (Γ). So, increasing return loss corresponds to lower VSWR. The values of VSWR are 

ranging from 1 to ∞. For most of the antennas, VSWR ≤ 2 is considered suitable. VSWR can also 

be calculated using Smith Chart. 

2.3 Far Field Radiation Pattern 

The field allocation could possibly be quantified in accordance with the field intensity which is called 

a field pattern. Meaning, the emitted power from an antenna when represented graphically, is 

specified as electric field, E (Vm⁻¹). Therefore, it is referred to as a field pattern. In this radiation 

pattern, one can see that there were two parameters angular position (θ) and radial distance (ϕ). These 

parameters are used in far field pattern in which distance(r) is independent, i.e. the field is far from 

the antenna. Total gain is generally calculated in decibel. Antenna gain is an amount of power that 

is transferred towards the peak radiation direction to that isotropic source.  

3.   ANTENNA DESIGN 

Here, using HFSS a microstrip antenna is designed at a frequency of 2.4 GHz. To feed the Microstrip 

antenna, the probe feed method is applied. The unique properties of RT Duroid, such as the loss 

tangent and relative permittivity of RT Duroid are tanδ = 0.0009 and εᵣ = 2.2. Here, a simple antenna 

with an e-shaped slot is designed by taking various substrates. In Table 1, the properties of four 

substrates are displayed. By using this structural design and fabrication of antenna will be more 

accessible from an application perspective. Impedance matching was the design limitation. That 

limitation was resolved using an e-shaped slot on the patch. 

 

Table 1. Various Substrates Properties. 
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Following are the dimensions of the antenna: substrate’s height H, length of patch L, width of patch 

W, side length of square slot S, length of slot Lₛ , width of the slot Wₛ , Y and X are the positions of 

the feed. By modifying these parameters the bandwidth & resonant frequency can be enhanced, as 

shown in Table 2. 

  

Substrate 
Dielectric 

Constant (εᵣ) 

Loss Tangent 

(tanδ) 

RT Duroid 5880 2.2 0.0009 

FR4 Epoxy 4.4 0.02 

Teflon 2.1 0.001 

Polyethylene 2.25 0.001 

Parameters Value Unit 

Substrate_length 76 mm 

Substrate_width 88 mm 

H 6.7 mm 

gnd_length 76 mm 

gnd_width 88 mm 

L 48 mm 

W 36 mm 

S 15 mm 

coax_outer_radius 0.6 mm 

coax_inner_radius 0.17 mm 

Lₛ 29.8 mm 

Wₛ 10.9 mm 

X 9 mm 

Y 24 mm 

Table 2. Dimensions of the Designed Antenna. 
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Fig. 2. e – shaped slot microstrip patch antenna (a) & (b) Normal View, (c) Side View,  (d) Top 

View 

  

(a) 

(b) 

(c)                      (d) 
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4.   SIMULATION RESULTS 

The desired antenna is specifically designed, modelled and optimised by the HFSS package and 

findings are studied. The antenna model is shown in Fig. 2 has all the dimensions as specified in 

Table 2. Reflection coefficient (S₁₁ ≤ -10 dB), VSWR, bandwidth and gain have examined and 

reviewed for distinct substrates. The objective is to analyse the simulation-based findings. 

4.1 Return Loss Graphs 

The Plots for the four substrates have shown in Fig. 3. From these substrates considered here, RT 

Duroid attained the highest value of S₁₁, i.e. -23.47 dB. Therefore, from the simulation, RT Duroid 

is the desirable substrate with an enduring value of tanδ and εᵣ showing the relevant result. Also, FR4 

Epoxy shows the lowest value of S₁₁, that is -18.82 dB. 

Fig. 3. Reflection Coefficient Versus Frequency graph (a) RT Duroid, (b) FR4 Epoxy, (c) Teflon, 

(d) Polyethylene  

                 (a)                                 (b) 

                          (c)                                                            (d) 
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4.2 3D Polar Plots 

 From the plots (Fig. 4), total gain of the antenna for different substrates is evaluated. 

 

(a) 

 

 

 

(b) 

 

 

 

(c) 

 

 

 

(d) 

 

 

 

Fig. 4. 3D Polar plots of antenna for substrate (a) RT Duroid, (b) FR4 Epoxy, (c) Teflon,             

(d) Polyethylene  
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4.3 VSWR Plots 

VSWR plots are as shown in Fig. 5, which stands for how much potential an antenna will be able to 

emit. 

  

 

Fig. 5. VSWR vs Frequency Plot of substrate (a) RT Duroid, (b) FR4 Epoxy, (c) Teflon,              

(d) Polyethylene 

                        (a)                                                (b) 

                        (c)                                                (d) 
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5.   RESULTS DISCUSSION  

From Fig. 3, by getting the difference of the higher &  lower frequencies over the  -10 dB line on the 

plots, Bandwidth(BW) is computed. Experimental results regarding the above simulations are given 

below as in Table 3. BW for RT Duroid is indicating the highest value of 140 MHz whereas Teflon 

and polyethylene are having same BW of 120 MHz. FR4 Epoxy is having low bandwidth of  70 

MHz. Teflon holds the highest gain of 6.8 dB due to its lower dielectric constant. FR4 Epoxy is 

having lower gain of 0.8 dB. So, with these results, it is recommended that RT Duroid is preferred 

over the remaining three substrates. 

Table 3. Results of Various Substrates 

 

6.   CONCLUSION 

Substrate has a vital role in microstrip patch antenna because most of the antenna parameters are 

dependent on the substrate and offers support to the patch. Four different substrates Teflon, FR4 

Epoxy, RT Duroid 5880 and Polyethylene, are used and analysed to fabricate microstrip patch 

antenna. Using doping, relative permittivity of the dielectric materials can be changed in accordance 

with the application. The simulations show that the antenna emits more radiated power. Because of 

the broad bandwidth characteristics of the antenna, RT Duroid substrate could be utilised in various 

electronic devices like Wi-Fi Modems in commercial buildings. Bandwidth varies with tanδ as the 

loss tangent value of FR4 Epoxy is higher, resulting in a lower gain. This antenna is relatively easy 

to fabricate and implement in any circuit, and minimal cost to fabricate this antenna due to its less 

complexity. Hence RT Duroid material can be used as advanced electronics materials in devices. 

Also, it is advisable to use RT Duroid as a substrate during the fabrication of an e-shaped slot 

microstrip patch antenna in devices like repeaters, Wi-Fi Routers in commercial buildings. Further, 

these devices with smaller size are to be installed in each switchboard of a commercial building. 
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Abstract 

The Field Effect Transistor (FET) Biosensor also known as BioFET has grabbed the eye of researchers due to its 

revolutionary contribution to the medical domain. From lower power to cost including detection of biomolecule by 

the usage of label free techniques . The BioFET is also compatible with the Complementary Metal Oxide 

Semiconductor (CMOS)Technique. But hiccups arise when they encounter the short channel effects and the 

subthreshold swing cannot be lowered below 60mv/dec.This is where the Tunnel Field Effect Transistors based 

Biosensors steps in with is better capability to handle the above mentioned issues and apt ability to deal with the 

sensitivity and power dissipation problems, which has been a major drawback for the former . This paper will 

present a detailed idea about the TFET Biosensors and its analysis also the future advanced techniques for the 

development and manufacturing of TFET BioSensors with better and healthy performance also with much proper 

cost effective means. 

 

  Keywords- Tunnel Field Effect Transistor , TFET Biosensor , Band to Band Tunneling ,   

Sensitivity 

1. INTRODUCTION 

In the recent era of pandemic, it is inevitable to state that life on earth is very much threatened ,the micro 

bio molecules are spreading like wildfire and it can be strictly said that in the upcoming days the 

biological weapons may outsmart the technological weapons and become the new candidates for menace. 

The biohazards are a huge challenge to the race and proper detectors are needed [1]. From here comes the 

advent of the biosensors which mainly detects the analyte including measuring the concentration of the 

analyte. An interaction between the biological material and the analyte occurs producing a physical and 

chemical change . This very change is detected and converted to the electrical signal by the transducer. 

The signal will be interpreted the converted to analyte concentration. 
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Fig 1:- Transducer based Biosensor classification [2] 

 

The biosensor first saw the light in the year 1956 by Leland C. Clark and from thereon it has caught the 

eye of the researchers who all are trying to create better advances for the development of biosensors with 

better accuracy and reliability [3]. From the analysis and spotting of the biomolecules to handling of 

different climatic and environmental issues, due the ideal nature the biosensors have made their mark. 

The Fig 1 forecasts the distinguishing in accordance to transducers. They are apt in certain areas like 

catching the sight of biomolecules in human body , DNA , hemoglobin ( i.e – Electrochemical Biosensors 

) [4]. 

 

 
Fig 2:- Flow representation of Biosensor 

2.    Field Effect Transistor Biosensor 

A FET Biosensor of Field Effect Transistor Biosensor are having a lot of features from significantly 

smaller size to reliability and faster response. They are using the label free technology, the bioreceptors 

are kept on the oxide layers of the FET. The biomolecules are captured there which provides the 

electrochemical reactions which in turn leads to the gating in the devices as a result the electrical 

properties are changed and also the sensitivity issues get affected. Apart from the sensitivity few other 

parameters like Ion/Ioff ,ON current varying and also the threshold voltage shift can be measured. The 

hindrance mainly occurs mainly while the dealing of the short channel effects and also the subthreshold 

swing is bit greater than the 60mV/dec. Issues of dynamic power loss arises with the contribution of 

thermionic emission [5,6]. 
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2.1    TFET Biosensor and their catagories 

The major workforce of the Tunnel Field Effect transistors is the Band to Band Tunneling mainly 

working on the quantum particles. Fig3(a) shows the structure of a Tunnel Field Effect Transistor 

simulated in Silvaco ATLAS and 3(b) shows the characteristic curve of drain current with drain voltage. 

The increasing of the gate voltage narrows the conduction and  the valence band gap thereby increasing 

the tunneling. The TFET goes one step ahead of the traditional MOSFETS with its better capability of 

handling the short channel effects and lowering of the subthreshold swing below 60mV/dec which is 

significantly faster as well as having lower power dissipation. The is a Vg trading due to the surface level 

charge concentration leading to the surge of Id  [7]. It is because of the decrease of the length of tunneling 

. In the structure of the TFET Biosensor  shown in Fig 4, it can be seen that the biomolecules are pinned 

in the oxide surface. 

 

                                     
                        (a)                                                                                                             (b) 

 
Fig 3:- (a) TFET structure (b) Id vs Vds characteristics curve 

 

These trapped biomolecules align themselves to provide an appropriate band bending and finally influencing 

tunneling [8]. 

                                                            
Fig 4:- Structure of a TFET Biosensor [9]. 

The below graphs show the appropriate function of tunneling where it can be clearly observed the increase of 

voltage leads to nearing of the conduction as well as valence bands and thus supporting the tunneling to the 

greater extent. As per Fig 5 (a) and Fig 5 (b),Vds  = 0V  ( i.e. = OFF state ) and as the value of the drain source 

voltage is regulated to 1.5V, the ON state is being shown. 

 

                    
                                  

(a)                                                                                (b)        

Fig 5 :-(a) Energy Band in off state condition.(0V) ,(b) Energy band in on state condition. (1V) 
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As for the various TFET Biosensor structures gets highlighted in the beginning there is SiNWTFET or the 

Silicon Nanowire Based TFET Biosensor, shown in Fig:- 6 they are having significant electrostatic 

control over the gate. The smaller size leads to better tunneling current .Now, the effectiveness of any 

TFET Biosensor depends on its capability in the control of the gate on the intrinsic channel. A p-i-n 

structure is made by using only one nanowire,rather a cluster of nanowires are used forming into one. 

This structure provides better gate control. The biomolecules are captured in developing the surface 

potential and thereby changing the tunneling current . Finally, the much awaited sensitivity and the time 

for response is improved [10] .The added feature is the ability to detect both the positively as well as the 

negatively charged biomolecules. This is due to the presence of ambipolar conduction and this also leads 

to the introduction the duality nature of channel. Improvement in the subthreshold swing can also be 

observed [11,12]. 

In the Dielectric Modulated TFET based Biosensor The intrinsic channel is fully and partially gated for 

FG-DMTFET and SG-DMTFET respectively . Reducing the barrier width in the later results to increase 

of barrier width in the junction between the drain and channel , finally reducing the ambipolar natured 

tunneling current in the drain region . Then it boosts the source channel junction Tunneling current 

rectifying the sensitivity issues [13]. The schematic diagram is shown in Fig 7 (a) & (b) respectively. 

                                                                              

(a)                                                                                 (b) 

Fig 6:- (a) Sensitivity vs Concentration graph showing the upgradation for sensitivity , (b) Schematic 

diagram for Silicon Nanowire Tunnel Field Effect Transistor biosensor.  [7]. 

                                               

Fig 7:-(a) FG-DM-TFET schematic diagram (b) SG- DM-TFET schematic diagram [14]. 

The issues of physical doping is rectified by the use of Junctionless TFET. The proper gate control and work 

function neglects the p-i-n structure formation by physical doping [15,16]. The Junctionless and Dopingless TFET 
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Biosensors has the advantage of no junction which enhances the device performance which eradicates the problem 

of RDF and removes the issue of ambipolar nature by some structural modification with a short gate giving better 

outcome as shown in Fig 8 (a) and (b) respectively which shows both the junctionless as well as the short gate 

arrangement [17]. 

The Charge Plasma TFET Biosensors have a better response time rate with much significant capability in 

handling the biomolecules in a selective manner [18]. The abrupt nature of the junction between the source and 

channel gets enhanced abrupt nature due to the extended cavity near the source. One challenging issue is the 

control for the work function in metal contact [20]. The label free technology and the cost issue can also be 

maintained with this type of biosensors.                           

 

                                                

                                                                           (a)                                                                            

                                                                            (b) 

Fig 8:-(a) JL-DM-ED-TFET structure (b) Improved short gate structure for SG-DM-TFET and SG-DM- 

DM-TFET [20]. 

2.2    Comparing of performance in terms of sensitivity 

The device sensitivity can be greatly improved by shortening the gate which is a modification in the 

structure resulting to uplifting of the performance . The sensitivity of the Tunnel Field Effect Transistor 

Biosensors is observed during the pre and post conjunction of the bio molecules with Tunnel FETs. As 

shown in Fig 6 (a) and (b) high current can be seen for TFET biosensors as compared to CFETs. It can be 

seen that small potential results to high current shown in figure 9. Also, a subthreshold swing can be 

lowered to a significant value. A change in physical structure can control the ambipolar behavior and 

increase the source tunnel current. 
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Fig 9:- Subthreshold Swing vs Sensitivity comparison for TFET and CFET . 

3.    Conclusions 

A concrete comparative study for both Field Effect Transistor and Tunnel Field Effect Transistor 

Biosensors are highlighted. The review surveys that the idea of the dopeless and the charge plasma 

Tunnel FETs eases the fabrication stems and relaxes the hindrances of doping. The sensitivity issues can 

be well measured and the improvement arises as the gates are shortened. Adding to all these there is a 

flexibility in the threshold voltage. The reliable and accurate nature of the TFET Biosensors have made it 

a current preferred technology in the midst of the researchers . 
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Abstract 
 Fast growing world demands smart devices and flexible electronics plays important role in this area. The development of 

advanced functional materials enhances the performances of the flexible electronic devices. Carbon based nanomaterials have 

gain a significant attention due to their excellent electrical and mechanical properties. Here we are presenting a resistive strain 

sensor fabricated by using composite of graphene and CNT. The graphene-CNT composite solution is used to utilize the 

individual properties of these materials. The device is prepared in the form of ‘I’ structure by using a simple fabrication process. 

Paper is used as a substrate and a uniform film with strong adhesion was achieved. The electrical performances are analysed 

in the form of V(I) characteristics. A linear curve obtained in the V(I) characteristics indicates the resistive behaviour of the 

device. This resistive behaviour is utilized for strain measurements. The bending measurements were conducted using variable 

size cylindrical beakers. A significant variation in resistance of the device is observed during the application of variable 

bending. The device was tested for the human activity measurement of to demonstrate the potential application of the device.    

Keywords: strain sensor, graphene, CNT, Nanomaterials  

1. Introduction 
 The growth of technology demands the expansion of flexible electronics. The conventional devices are not 

compatible in the current applications of flexible world [1-2]. In past few years researchers have worked in this 

area and many nanomaterials have been developed which are compatible to the stretchable and flexible electronic 

devices. Among these nanomaterials graphene, carbon nano tubes (CNT), liquid metals, conductive polymers, 

Mxene, and metal nanowires have gain a lot of attention due to their extraordinary properties and finds 

applications in various fields like health care instruments, robotics, human motion detection, implanted devices, 

smart skins, mobile and TV displays etc. Strain and pressure sensors are the basic component of flexible electronic 

devices [3-8]. 

In recent years carbon based conducive nanomaterials are frequently used in the formation of flexible sensors 

especially graphene and CNT with excellent thermal, electrical and mechanical properties. These materials 

support the elastic properties of flexible devices [9-12]. But the metal and semiconductor based conventional 

materials were rigid and fragile in nature and were not suitable for stretching and bending applications. During 

the application of bending, twisting or stretching, the geometry of the functional device changes in the form of 

increasing length and narrowing width which is compensated by the elastic limit of the functional material and 

the substrate [13-14].  

The strain produced by bending or stretching is detected by measuring the change in resistance or capacitance. 

The change in resistance or capacitance takes place from the variations in the conductive path of the fabricated 

device due to mechanical deformations during the strain application [15-16]. The mechanical deformations in the 

strain sensors takes place due to piezoresistive effects, increase in tunnelling distance, overlapping disconnection 

due to weak interfacial binding of nanomaterials, generation of cracks etc [17-20].  

Substrate and fabrication devices also plays important role in the functioning of flexible sensors. Polyimide (PI), 

polyethylene terephthalate (PET), polydimethylsiloxane (PDMS), paper etc. are some substrates which are 

commonly used in the formation of flexible electronic devices according to the desired application and 

compatibility with the fabrication techniques [21]. The polymer substrates are highly flexible and more 

mechanical stable in comparison to other substrates. But the adhesion of the conductive functional fillers on 

polymer substrates is poor [22]. Paper substrate is preferred in many applications due to its strong adhesion of 

various conductive fillers.  
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 In the present work, a strain sensor was fabricated by using carbon based nanomaterials. Graphene showed strong 

mechanical, electrical and thermal behaviour with high flexibility and large surface to volume ratio. On the other 

side, CNT have shown conducting and semiconducting behaviour with excellent tensile strength [23-27]. But 

restacking of graphene sheets in solution and, agglomeration and easy entangle in CNTs limits their individual 

properties [28-30]. With the formation of composite solution of graphene and CNTs, these issues can be resolved 

and individual properties of these nanomaterials can be utilized.  

A composite solution of graphene and CNT was formed and deposited on paper substrate by using a simple 

fabrication technique. The strain sensor was developed in the form of ‘I’ structures of particular length and width. 

The bending measurement of the fabricated sensor was measured to know the strain capabilities with the help of 

cylindrical beakers and the V(I) characteristics were observed to show the electrical behaviour of  the device.  

2. Materials and Method 
 Few layer graphene (purity of 96-99%) was obtained from United Nanotech Innovations Pvt. Ltd India and CNT 

was purchased from Adnano Technology, India. 200 mg of graphene was mixed with 20 ml DMF 

(Dimethylformamide) and sonicated three times (each time 90 minutes). Sonication was done for the suitable 

dispersion of the graphene particles into polymer matrix. In parallel, CNT was mixed with DMF and sonicated 

for the same duration. After that both the solutions were mixed together to form graphene-CNT composite and 

magnetic stirring was conducted for 20 minutes. The magnetic stirrer was used for proper mixing of both the 

solutions. Then Triton X-100 was added as a surfactant in suitable quantity to form the stable suspension and to 

avoid the agglomeration of the particles. Electric stirrer was used at 500 rpm to speed up the reaction after the 

addition of Triton X-100. A stable solution of graphene-CNT composite was obtained which can be utilized for 

device fabrication. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Fabrication Process of Strain Sensor 

After the preparation of conductive solution, the deposition process was conducted. In this work we have 

developed ‘I’ structured devices for strain sensing applications.  A photo paper of size 4 cm ×4 cm was taken and 

patterning was done by using a brown tape as shown in figure 1. The conductive functional solution was drop 

casted in the designed pattern on the paper substrate. Then the samples were annealed for 10 minutes to evaporate 

the solvent from the sample and the tape were removed from the samples. The paper substrate have shown good 

adhesion for the composite solution and conductive strips were achieved. The functional conductive solution filled 

in the pores of the paper and a uniform film was developed. This uniformity of the deposited film enhances the 

performances of the device during bending applications. 

For testing of samples we required contact on both the ends of the ‘I’ structured device. These contacts were made 

via physical vapour deposition. A thin film of aluminium was developed in high vacuum environment. The 

undesired area of the fabricated device was covered with the help of a mask and vapour of thermally treated 
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aluminium was spread on the ends of the device. The deposition of aluminium was controlled with the flow of 

current and the movement of the roller from which the substrate was attached. A uniform thin film contacts were 

obtained. The complete process was conducted in clean room environment.  

3. Results and Discussion 
 The fabricated device was characterized by different techniques such as FESEM and Keithley. The analysis of 

surface morphology of the fabricated film was observed by Jeol field emission scanning electron microscope (CIF 

Lovely Professional University, India). The FESEM image of the film indicate the overlapping of CNTs on the 

graphene sheets as shown in figure 2A.  

 

The electrical behaviour of the device was measured with the help of Keithley 2450. The V(I) characteristics of 

the device indicates the linear behaviour and follows the ohm’s law as shown in figure 2B. Hence the fabricated 

‘I’ structure using graphene-CNT composite showed resistive behaviour. This resistive behaviour of the device 

was utilized for bending measurements. The total length of the ‘I’ structure was 34 mm with a line width of 2 mm. 

The electrical contacts of Aluminium metal were made at both the ends of size 2×2 mm (each side). The end to 

end electrical resistance of the device was ⁓ 0.45 KΩ.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 (A) FESEM (B) V(I) Characteristics  

The bending measurements were conducted on the cylindrical beakers. Seven beakers of variable radius size from 

⁓1.3 cm to ⁓6.6 cm were taken and the samples were attached to them one by one to provide small to high bending. 

When the fabricated samples were taken under different bending application, a change in resistance was observed 

and measured with the help of Keithley. The variation in resistance of the conducting film was due to change in 

conductive path. As the adhesion of the conductive fillers was excellent on the paper substrate and a conducting 

film of small resistance was obtained. But with the increase in bending angle some cracks may take place which 

disturb the conducting path and a significant change in the resistance was observed.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 (A) Change in Resistance vs Radius of Curvature (B) Finger Movements at different angles 
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The percentage change in resistance in respect to radius of curvature obtained from the cylindrical beakers are 

shown in figure 3A. A linear curve shown in the figure 3A indicates the possibilities of the fabricated device to 

be used as a flexible sensor in bending measurements. The device was also tested for human activity 

measurements. The device was attached onto the finger and various movements were provided. A significant 

variation was observed when the finger was bend at different angles as shown in figure 3B. 

 

4. Conclusion 
A strain sensor of ‘I’ structure was fabricated using graphene-CNT composite solution. The composite solution 

was developed to utilize the individual properties of graphene and CNT and drop casted in the designed pattern. 

The conductive solution have shown very good adhesion on the paper substrate and a uniform and conductive 

film was obtained. Linear V(I) characteristics shows the resistive behaviour of the device which is useful for strain 

application. The bending measurements were conducted using cylindrical beakers and a detectable percentage 

change in resistance was obtained during variable bending. This significant variation in resistance indicates the 

potential applications of the fabricated device in flexible electronics. The device was tested for the measurement 

of finger movements at different angles and significant sensing performances was observed.  
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Abstract 

In the digital world, new and latest technologies are in demand and have gain peak position in market. 

To stand with such rare requirements many such systems and its devices came into the market and one 

of such emerging technology is MEMS.MEMS are systems of electrotonic and mechanical 

components of micro size, low weight, improved performance. 

In MEMS the mechanical structures such as microcantilevers used for the measurements of various 

physical quantities. Piezoresistor is most commonly used sensor in the MEMS field. These 

piezoresistive cantilever sensors follow specific principle in which electrical resistance of a material 

changes due to applied mechanical stress. There are various types of materials used for fabrication of 

sensors. This paper presents the use of modern materials like Shape memory Alloy (SMAs) as a 

material for fabrication of sensors.  

Out of different smart materials, SMAs have unique properties such as shape memory effect and super 

elasticity. Smart Materials have capability to obtain their original form when they are exposed to 

certain external stimulus like heat, stress, moisture etc. These rare properties have gain attention for 

many specialists to find their application in different fields which includes industry like biomedical, 

automotive, aerospace, transportation etc. 

In the emerging engineering world, technological enhancement in manufacturing technologies plays a 

very important role in sheet metal forming industries. Also demand for the miniaturization of parts in 

industry increasing because of metallic and thermal properties. This paper gives an idea of the 

fabrication technique of sheet metal smart microsensors by sheet metal forming process 

Keywords- MEMS, Microcantilever, SMA, Ni-Ti, Smart sensor, stamping. 
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1. INTRODUCTION 

Micro-Electro-Mechanical-Systems (MEMS) innovation is one type of a designing innovation that is 

quick creating tools to manufacture miniature size gadgets with the microfabrication strategy and 

combination of mechanical and electronical components [1].The fundamental idea for establishment of 

the entire MEMS framework is sensor innovation. Sensor as a basic component of electrical 

framework measure any physical parameter like temperature, light, pressure etc. The sensor also called 

as detector that actions the quantifiable output and converts it into the signal which can easily measure. 

Sensor technology plays a vital role in the MEMS fields as well as in latest industrial revolution such 

as Industry4.0. 

Smart sensors will produce continuous real time material information and fills a gap by combining 

new sensors and platform of cloud-computing algorithms. But these are not traditional type of sensor. 

There is prerequisite to develop into further developed level to play out a specialized and conservative 

key job with the IoT climate [2]. Smart sensors used to monitor distinctive modern interaction data, 
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collection of information and taking various measurements and sending the entire information to local 

cloud storage where data is examined for corrective action.  

Probably the most sensitive mechanical sensor structure is the microcantilever. The cantilever 

structures are a portion of the MEMS that are considered as fundamental construction for more 

complex MEMS gadgets. There are various benefits of microcantilever over the ordinary structure 

such as high sensitivity, minimal effort, simple strategy and speedy reaction. 

Conventional system consumes high force and having low sensitivity. Microcantilever framework are 

suitable for a portion of this limitation. The major role of a cantilever-based sensor is to transduce the 

mechanical displacement of the cantilever into equivalent electrical signals. Cantilevers have used in 

such applications like temperature, force and pressure sensors. In any application, reducing dimensions 

of components at nanoscale range, sensor system will become quick, more affordable and more 

delicate and capable for detecting any changes in environment. 

There are various applications of microcantilever in each field of science such as physical and 

chemical method of detecting any small changes. Performance of any microcantilever sensor depends 

on calculation of cantilever deflection with a micrometre precision range. Various detecting techniques 

are utilized for the microcantilever incorporates piezoresistive, optical reflection, capacitive [3]. The 

cantilever deflection relies on dimensional parameter of cantilever like width, length and thickness and 

also on the material utilized. Various materials have been utilized for manufacture of MEMS System 

and Devices. 

The conventional cantilevers are generally fabricated by using different materials available such as 

silicon, silicon nitride, or silicon oxide since they are dimensionally steady. They are available in 

different shape and size and have important material properties. Latest developments of technologies 

such as integrated circuit (IC) and complementary metal oxide semiconductor (CMOS) are capable of 

producing intelligent extremely small microcantilevers. This paper gives review about shape memory 

alloy(SMAs) which are used for fabrication of microsensors. 

Shape memory alloys (SMAs) are also called as "Smart Materials" since they perform combine 

function of actuator and sensor with unique properties, for example shape memory effect and 

pseudoplasticity. SMAs are utilized in different applications fields like aviation, car parts, 

actuators/sensors[4]. 

Ni-Ti have unique attractive properties like large ability to weight proportion, being able to recover 

large strain induced by heating and cooling, pseudoplasticity and biocompatibility. These properties 

have acquired more attention in regarding the exploration of Ni-Ti as intelligent material in sensor and 

actuator applications. As of late, thin film SMA has seen as a guaranteed and flexible material in the 

field of MEMS because it can be designed with standard lithography process and patterned in mass 

production. Due to large ratio of  work output per volume of thin film Ni-Ti surpasses that of other 

miniature micro actuator components.  

Phase transformation in SMA material causes changes in the different mechanical, electrical and 

physical properties [5]. These phenomenon can be utilized in the plan and manufacture of 

microsensors and miniature actuators. In any case, because of lack of full information SMAs, they did 

not get as more consideration in the MEMS field as other micro sensors and actuator got. 

Three fundamental properties considered for MEMS materials utilized for fabrication; flexible, 

inelastic and strength properties. A few properties like thermal, electrical, chemical and optical 

properties additionally considered relying upon the particular uses of MEMS gadget. 

 

2. Different types of cantilever geometries 

According to various shape and size of the cantilever and the output measurement response such as 

sensitivity, resonance frequency and displacement. Different shapes available for sensor geometry as 

discussed below.[6]  
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2.1 Rectangular cantilever  

The rectangular shape cantilever ((Figure 1) has higher sensitivity as it most gives more tip 

deformation as compare to any other geometry. It has fast response time with low power operation 

due to miniature size. It is limited to lower strain impact in surface region which brings lesser strain-

stress relationship. 

 

 

 

 

 

 

 

 

 

Fig 1: Rectangular shape cantilever 
 

2.2 Triangular cantilever 

This shape is very useful for those applications where sensor generates high power (see Figure 2). It 

has equal distribution of stresses. It has high ranges of mechanically stable responses means high 

bandwidth. High resistance characteristics against input parameter is also key feature of it. 

 

 

 

 

 

 

Fig 2: Triangular shape cantilever 

2.3 V shape cantilever 

Most commonly used cantilevers in soft matter imaging is V-shaped cantilevers (Figure 3) due to its 

low normal spring constant and high lateral spring constants. Mostly they are used as chemical 

transducers. From the experiments it is seen that has been natural frequencies can be improved by 

adjusting thickness of micro cantilever.  

 

 

 

 

 

 

Fig 3: V shape Cantilever 
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2.4 Trapezoidal cantilever  

The trapezoidal cantilever (Figure 4) has great performance in different parameter like high resonant 

frequency and value of Q factor. The stress strain distribution is better in case of trapezoidal cantilever 

as compare to rectangular cantilever. Trapezoidal cantilever has a fine precision to quantify the 

viscosity of toluene. 

 

 

 

 

 

 

Fig 4: Trapezoidal shape cantilever 

 

2.5 T-shaped cantilever 

T shape cantilever (Figure 5) are designed with T shape at free and at fixed at the other. The T-shaped 

cantilever are capable of sensing small magnitude forces which in turn increases its sensitivity. T-

shaped cantilever has not only high sensitivity but also a very low buckling effect. 

 

 

 

 

 

 

Fig 5: T Shape cantilever 

 

3. Different Microfabrication Techniques for MEMS Devices.  

There are various methods utilized in the manufacture of MEMS gadgets which are from the IC 

business. Different MEMS incorporates Deposition, Etching, patterning, sputtering processes. 

Fundamental MEMS advances are Surface micromachining and Bulk micromachining, Thermal 

Oxidation, High Aspect proportion Silicon Micromachining. MEMS innovations includes various 

basic process [7]. 

3.1 Bulk micromachining 

Bulk micromachining is well established innovation of silicon-based MEMS. The thin film thickness 

of a silicon substrate is used for building the MEMS microstructures. Bulk micromachining is 

differing from surface micromachining in case of occurrence of the substrate material, which is 

single-crystal silicon.By utilizing diverse etching process silicon material is machined. Bulk 

micromachining is much utilized in fabrication of pressure sensors and accelerometers sensors. Much 

complex three-dimensional shapes can be formed by using the diverse basic process for example, 

anisotropic etching attributes of single-crystal silicon 
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3.2 Surface micromachining  

Surface micromachining is utilized to fabricate wide ranges of MEMS gadgets for various 

applications This innovation technology utilizes layers which are kept on substrate surface as the 

underlying materials, instead of utilizing the actual substrate. Main idea of the surface 

micromachining is that light silicon layers patterned which are utilized as portable mechanical 

constructions. In basic words, surface micromachining is a technique for fabricating MEMS devices 

by depositing , patterning and etching process. 

 

4. Microcantilever Fabrication  

Microcantilevers are fabricated by the process which are complex and include three preparing steps 

arranged by film deposition, lithography followed by etching. The microcantilever fabrication process 

includes surface micromachining which is five level lithography techniques. 

Fabrication process starts with isolation layer which is deposited on top of silicon substrate using 

thermal oxidation layer . Some structural material are utilized for cantilever and is deposited by 

thermal evaporation process. Initially the base electrode is formed followed by sacrificial layer which 

is deposited on top face of bottom electrode after which it is patterned[8]. This process is followed by 

the patterning and deposition of a sacrificial layer to make the cantilever beam. Finally, the cantilevers 

were taken out. 

Mass production is the fundamental objective for the plan of micro manufacturing. Different issues 

related to micromanufacturing are required to get attention. Different issues identified with 

micromanufacturing which are required to look into. The followings are key issues related to standard 

fabrication process. 

1) Limitation for the range of dimension to be scale down of macro-scale machining. 

2) There is a constraint to the machinable materials structure design during micromanufacturing.  

3) Sensor design and performing microstructure, tooling dimension structure with volume production 

and automation mechanism are another issue related to micro-manufacturing. 

With these thought of issues in this paper a survey about the sheet metal forming measure is examined 

which is looked into in this paper. 

 

5. Stamping Process in Micro-Manufacturing  

One of the well-known fabrication method is sheet metal micro forming process is stamping. A 

particular design from sheet-metal stock is considered in metal stamping process. In stamping process 

punch and dies are used which area also called as male and female components respectively. There 

are different number of forming activities such as punching, blanking, bending, etc.[9-14]. 

Conventional manufacturing needs adjustments and much time-consuming process. 

In stamping process, sheet metal components are extensively used because they are easily malleable 

and can be formed with different shapes and size with high production rate. It does not require much 

high skilled labour. Feeding of sheet metal components with micro scale dimension is not an issue for 

stamping. 

Considering miniature items, sheet metal parts include electrical connectors, micro packaging, micro 

mechanical gadgets, micro tools. Following are the advantages of sheet metal stamping process. 

1) By using CAD information usable parts can be fabricated with minimum specialized tooling. Either 

rapid prototype or small volume production is utilized. 
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2)Stamping process gives high level of flexibility and changes in part configuration size. 

3) Noise free operation with excellent surface finish of part. 

 

6. Conclusion  

In this paper, different geometry of microcantilevers is reviewed along with various fabrication 

process for MEMS devices and for a micro cantilever -sensor is reviewed. From the survey of 

different papers it is concluded that the piezoresistive micro cantilever-based sensor has become 

famous in various application fields to obtain better sensitivity. 

From the summery related to geometry of microcantilevers it is concluded that for maximum 

displacement rectangular shape geometry is used. Also for the better performance of microsensors, 

Ni-Ti gives better result as compare to other materials because of its properties to to recover large 

transformation stress and strain. This would be the better materials as compare to different 

semiconductors material like Silicon, Gallium and its alloys.  

We have seen different fabrication techniques of MEMS devices but they are limited to certain scale 

of dimensions along with low performance microstructure. Also FEA provides forming limit stress 

which is used to determine formability and safety limit of components. Stamping process provides 

better advantages like micro scale dimensions of product with volume production. 
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Abstract 

Honeycomb metallic sandwich structures have been mostly preferred for making protective 

components, which can absorb maximum energy when the blast load is applied on them. Due to 

its lightweight with high bending stiffness property they are applicable in aerospace, automobile 

and navel industries. The present research work based on the comparison of air blast resistance 

property between the square, hexagonal, octagonal and circular honeycomb core used sandwich 

panels. By the use of Abaqus/explicit, the finite element (FE) models of these structures are 

subjected to Conventional Weapons (ConWep) air blast loading. Only quarter finite element part 

is modeled to reduce both the memory occupation on the system and calculation time. The 

deflections of both the front face plate and back face plate of the metallic sandwich panels have 

been investigated at all applied load. Initially the numerical deflection results obtained for top and 

bottom face plates of stainless steel square honeycomb sandwich structure are validated with the 

results obtained from literature for experiments at 1kg and 2kg trinitrotoluene (TNT) blast loading; 

then the further analysis has been done on different modeled honeycomb core used sandwich 

panels for 1kg, 2kg and 3kg TNT blast loading. The obtained results show that the circular 

honeycomb core used sandwich structure has good blast resistance properties as compared to the 

other modeled sandwich panels for same wall thickness. 

Keywords- Blast, Deflection, Honeycomb, Sandwich, TNT. 

 

1. INTRODUCTION 

Sandwich panels include two thin but hard skins (or face sheets) and an inner core (thick but soft). 

The lightweight core separate these face sheets and generating an effective structure with very 

little increase in weight but large increase in the second moment of area, therefore it has very high 

resistance to buckling and bending loads (Al-Rifaie et al. 2021; Sun et al. 2018). Due to its high 

strength with good specific stiffness, they preferred for wide range of applications i.e. aerospace, 

marine, automotive and  naval industries, protective structure, etc. (Li et al. 2021; Rolfe et al. 

2020; Sun et al. 2018; Yuan and Batra 2019). Cellular cores i.e. metallic foams and  honeycomb 

structures are highly porous, possess very good combinations of light-weight and energy 

absorption properties (Al-Rifaie et al. 2021; Li et al. 2021). In the past twenty years, honeycomb 

cellular structure draws widespread attention for its outstanding energy absorption, excellent 

impact resistance, excellent dynamic loading resistance property and outstanding weight to cost 

ration (Li et al. 2021; Liu, Wang, and Hui 2018). Cellular metallic sandwich structures have 

excellent energy-absorbing capability, so they are mostly used for the protection components 

which are subjected to blast shock i.e. components in transport vehicles, airplanes  and ships (Li et 

al. 2021). Due to growing hazard of explosive attacks in the modern terrorism war, the needs of 

explosion-proof sandwich panels are increased to absorb the energy from blast/shock/impact (Al-

Rifaie et al. 2021; Lv, Li, and Dong 2021). The air-blast loading comes under the dynamic loading 

is the most typical type of loading. This type of load is applied to investigate the failure modes and 

structural deformation of honeycomb cellular sandwich structure.Due to non-linear properties of 
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material with the large design variables, their optimization is more complicated for failure loads as 

compared to classical monolithic structures (Li et al. 2021; Yuan and Batra 2019). 

 

2. RESEARCH BACKGROUND 

Wang et al. (2020) studied on the out-of-plane ballistic performances of hexagonal, reentrant, 

square, triangular and circular honeycomb panels with identical mass and thickness. They noted 

that the square, reentrant and triangular honeycomb absorb less kinetic energy as compared to 

hexagonal honeycomb. But, CS (circular with square packing) and CH (circular with honeycomb 

packing) type honeycomb show 15.2% and 25.0%, respectively improved ballistic limit velocities 

as compared to hexagonal honeycomb(Wang et al. 2020). Li et al. (2021) have investigated the 

modes of deformation & failure in aluminium foam used sandwich plates due to air-blast loading. 

They observed the total energy absorption capacity of the structures was increased with either 

decreasing the distance between explosion point & target surface or increasing the explosive mass 

(Li et al. 2021). Dharmasena et al. (2008) have reported the high-intensity dynamic loading effect 

of stainless steel honeycomb sandwich panel. They performed explosive tests in air by using 

cylindrical TNT charge of 1, 2 and 3kg from a 100mm constant distance to target surface. They 

also simulate the experimental results using dynamic finite FE calculations in ABAQUS/Explicit 

software. They noted that the densification and core buckling increased with increase in the 

impulse of blast on the structure. They also found the results predicted from FE simulation are in-

line with experimental observations(Dharmasena et al. 2008). Kumar and Patel (2020) have 

numerically investigated the failure behaviour of octagonal honeycomb sandwich structure under 

blast loading in air media. They observed the front face plate of octagonal honeycomb core used 

sandwich structure gives 22.83%, 16.51% and 16.81% more blast resistance as compared to the 

square honeycomb sandwich structure for 1 kg, 2 kg and 3 kg TNT blast loading 

respectively(Kumar and Patel 2020). 

In this research work, firstly the FE model of a steel square honeycomb sandwich panel for 

numerical analysis is developed by using the finite element method (FEM) package in 

ABAQUS/Explicit and obtained simulation results were validated to the experimental 

observations recorded by Dharmasena et al. (2008) due to air blast dynamic loading at 1kg and 

2kg TNT for constant standoff distance of 10 cm for square honeycomb sandwich panel. The 

effect of use of different honeycomb cores on the deflections of front as well as back face plates of 

FE modelled sandwich structures have also been investigated in this paper. 

 

3. GOVERNING EQUATION FOR THE AIR-BLAST LOADING 

The characteristic of the blast load in air is drawn in Fig. 1, in which the variation of the pressure 

with respect to time is shown. During the explosion of the charge, blast wave is generated. At blast 

arrival time (tA) the blast wave arrived to the exposed surfaces and sudden increase the pressure 

from ambient pressure (Po) to peak value of pressure (Pso) after strike the object. The difference 

between (Pso - Po) is referred as an over pressure. After reaching the peak value of pressure, the 

pressure is then exponentially falls to the atmospheric pressure (Po) after the decay time duration 

(td), then these pressure further dropping to an under-pressure (Psô ) and partial vacuum pressure or 

negative pressure zone created before finally returned to a local ambient value at time tA + td +td̂. 

Positive pressure phase occur above the Po line upto the time of positive phase td, and after this 

phase the negative phase or suction phase occur below the Po line upto the time duration of td̂, in 

air blast pressure (Kumar and Patel 2020; Langdon et al. 2014; Sandhu et al. 2017; Soleimani et 

al. 2016). The free-field air blast wave is also characterised by the modified Friedlander equation 

(1).The blast wave characteristics mainly depend on the source or material of the explosion, the 

explosive charge mass and the distance between explosive charge & target surface. The effect 

blast wave of negative phase as show in Fig. 1 is ignored in most blast studies only positive phase 

is considered, because the damage is mostly caused by due to the positive phase only 

(Dharmasena et al. 2008; Goel 2015; Kumar and Patel 2020; Langdon et al. 2014). 
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 𝑃(𝑡) = (𝑃𝑠𝑜 − 𝑃𝑜) [1 −
𝑡 − 𝑡𝐴
𝑡𝑑

] 𝑒−(𝑡−𝑡𝐴)/𝛩 (1) 

Where; Θ is the constant for time decay, pressures are in kPa and times are in milli-sec.  

 
Fig1: Typical pressure–time history of blast wave 

3.1 Geometry modelling and boundary conditions for sandwich panels 

Dharmasena et al. (2008) has performed air blast experiments on square honeycomb sandwich 

panel. The whole sandwich structure was fabricated by 49Fe–24Ni–21Cr–6Mo high-ductility 

stainless steel alloy. The blast load applied to the center point of sandwich structure. The designed 

square honeycomb core has approximately 6% relative density(Dharmasena et al. 2008). The 

relative density of the core structure between 3% - 10% has good blast resistance (Soleimani et al. 

2016). The dimensions of the sandwich panel are 610mm x 610mm. Both the front & back face 

plate thickness is 5mm and the square honeycomb core height is 51mm with spacing between the 

cell wall of 30.5mm. The wall thickness is 0.76 mm and the L-shape flanges were made to 

increase the contact area of core to face plates; the width of the flange is 5 mm. The configuration 

of this sandwich structure is shown in Fig. 2(a). The TNT explosive of 1kg, 2kg and 3kg charges 

are used for a 0.1 m constant standoff distance from center point of the sandwich structure to 

perform the experiment. In this paper to simulate the Dharmasena et al. (2008) experimental 

results of above described square honeycomb metallic sandwich panel a numerical modelling is 

performed in ABAQUS/Explicit by using three dimensional (3D) dynamic finite element (FE) 

calculations. All dimensions of the modelled square honeycomb sandwich structure are same as 

Dharmasena et al. (2008) fabricated sandwich panels.  

 
Due to symmetry of the sandwich panel only one quarter (305 mm x 305 mm) of the sandwich 

structure geometry is modelled as shown in Fig. 3(a) to save both the memory and calculation 

time. Fig. 2(b) shows the boundary conditions used for numerical analysis of the modelled panel. 

Two edges of solid face plates have zero degree of freedom so these edges are fixed by using 

encastre boundary condition and remaining edges with the same edges of core are subjected to 

symmetry boundary conditions as shown in Fig. 2(b). The numerical results observed at 1kg and 

2kg TNT blast load are validated to find the best performance of the honeycomb sandwich panels. 

The hexagonal, octagonal and circular honeycomb core structures are also used for the FE 

modelling similar to the square honeycomb core as explained above. Fig. 3 shows the 1/4th FEM 

Fig2: (a) Configuration of metallic square honeycomb sandwich structure (b) boundary 

conditions used for 1/4th model of the sandwich panel (Dharmasena et al. 2008). 

(a) (b) 
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model of square, hexagonal, octagonal and circular honeycomb sandwich structures. All FE 

modelled sandwich panels have 51mm honeycomb core height and 30.5mm cell wall spacingwith 

wall thickness of 0.76mm.  

 
 

4. FINITE ELEMENT MODELLING 

The FE models were designed in ABAQUS/CAE (version 6.14) and analysed these models by 

using the ABAQUS explicit solver. The high ductile stainless steel (AL6XN) material properties 

which has the same compositions (49% Fe, 24% Ni, 21% Cr and 6% Mo by weight) as used by 

Dharmasena et al. (2008) has been assigned to the FE modelled parts (Dharmasena et al. 2008; 

Soleimani et al. 2016). In blast loading the metallic sandwich panel is subjected to large 

deformation, high strain rate and elevated temperatures, so the Johnson-Cook model is preferred 

for plastic behaviour study of the sandwich panel (Murugesan and Jung 2019). The panels were 

modelled as plastic material with rate dependency & strain hardening using Johnson-cook model. 

The assigned material properties and Johnson-cook model parameters are listed in the Table 1. 

The tie constraints are used between the contact surfaces of honeycomb core and face plates. The 

each 3D deformable solid face plate (both the top and the bottom) are discretized by 20x20x5 

using an 8-node linear brick element with reduced integration (C3D8R). This type of elements are 

captured accurately the stresses and strains (Dharmasena et al. 2008). Each face sheet thickness is 

discretized in the elements of five layers. Hence the face plates are meshed by 4,000 C3D8R 

elements. The square honeycomb core each wall (total18) is discretized by 180x30 using a 4-node 

doubly curved thin or thick shell with reduced integration with hourglass control and finite 

membrane strains (S4R). Hence the square honeycomb core is meshed by 97,200 S4R elements. 

The hexagonal, octagonal and circular honeycomb cores are meshed by 98,504, 130,200 and 

148,876 S4R elements respectively. The S4R elements allows large rotations and suitable for post-

buckling analyses. 

Table 1 Mechanical properties and Johnson-Cook model parameter for used AL6XN material for 

numerical modeling (Kumar and Patel 2020; Nahshon et al. 2007; Soleimani et al. 2016). 

E  

(GPa) 

υ 

 

ρ  

(kg/m3) 

A  

(MPa) 

B  

(MPa) 

C 

 

n 

 

m 

 

έ0 

(s-1) 

Ttr 

(K) 

Tm 

(K) 

Cp 

(J/kg-K) 

161 0.35 7850 400 1500 0.045 0.4 1.2 0.001 293 1800 452 

 

Each FE model of sandwich panel is subjected to ConWep air-blast load for the time period of 1.5 

milliseconds to determine their dynamic response due to blast loading, which algorithm is already 

inbuilt in ABAQUS/Explicit (version 6.14) software (Gargano, Das, and Mouritz 2019). The TNT 

explosive charges of 1 kg and 2 kg are respectively used for blast in air at a distance of 10 cm 

from the centre point of front face plate of the honeycomb sandwich structure (corner point of 

symmetry boundary conditions used in quarter model). Each type of modelled honeycomb 

sandwich structure is subjected to 1kg, 2kg and 3kg TNT air blast and after each dynamic air blast 

loading, the deflections of both the front and back face plates are plotted to compare their 

behaviour under blast loading. 

 

Fig3: FE quarter model of sandwich panels with honeycomb core structure of(a) square, (b) 

hexagonal, (c) octagonal and (d) circular (front face plates are not shown here) 

(a) (d) (c) (b) 
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5. RESULTS AND DISCUSSION  
The sandwich structure is subjected to air blast loading, after defining the mass of explosive, 

reference point and target surface for air blast. The experimental results obtained for deflections of 

both the front and back face plates ofthe square honeycomb sandwich structure from literature 

(Dharmasena et al. 2008) are validated with the present numerical simulation results of the same 

sandwich panelas shown in Fig. 4. Fig. 4(a) shows the validation of front face plate deflections for 

1kg and 2kg TNT air blast loading and Fig. 4(b) shows the validation of back face plate 

deflections for the same loading conditions. 

 
Fig4: Comparison of experimental and simulation results for square honeycomb sandwich 

structure (a) for front face plate deflection, (b) for back face plate deflection 

By following the similar procedure as followed for the square honeycomb core used metallic 

sandwich structure, the FE models of hexagonal, octagonal and a circular honeycomb core 

sandwich structures are subjected to the air-blast loading of 1 kg, 2 kg and 3 kg TNT to analyse 

the influence of the different type of honeycomb structure on the deflections of both front & back 

face plates. The deformation as well as crushing nature of hexagonal, octagonal and circular 

honeycomb cores is shown in Fig. 5. From Fig. 5, it could be analysed that the spring back effect 

and core crushing of all type of honeycomb core used sandwich panels are increased with the 

increase in the mass of TNT explosive for air-blast loading. It can observed that from Figs. 5 (g)-

(i), both the front and back face try to deflect in upward direction after deflecting in downward 

direction due to the effect of spring back. This spring back effect is very less in the case of 1kg 

and 2kg blast loading, which can be noted from Figs. 5 (a)-(f). 

(a)  (b)  (c)  

(d)  (e)  (f)  

(a) (b) 
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(g)  (h)  
(i)  

Fig5: Deformation and crushing of hexagonal, octagonal and circular honeycomb core used 

sandwich panel at 1kg (a), (b) and (c) respectively; at 2kg (d), (e) and (f) respectively; at 3kg (g), 

(h) and (i) respectively. 

The displacements of the center point of both front and back face at all air-blast loading conditions 

are listed in Table 2. The deflections of both the front & back face plates of all FE modelled 

sandwich panel at 1kg, 2kg and 3kg TNT air blast loading are shown in Figs. 6-8 for the 

comparison of deflections, blast resistance and energy absorption properties between them. The 

Figs. 6(a), 7(a) &8(a) show the deflection of front faces at 1kg, 2kg, and 3kg TNT blast loading 

respectively. Similarly, the Figs. 6(b), 7(b) &8(b) show the deflection of back faces at 1kg, 2kg, 

and 3kg TNT blast loading respectively. It is observed from Table 2 and Figs. 6-8, the hexagonal, 

octagonal and circular honeycomb sandwich panels have lesser deformations as compared to the 

square honeycomb used sandwich structures. But, at higher applied blast load (3kg TNT) the 

octagonal core used sandwich panel gives higher back face plate deflection as compared to the 

square honeycomb used sandwich structures.  

From Table 2 and Figs. 6-8, it is investigated that the use of circular honeycomb structure provide 

better protection against the blast loading followed by the octagonal, hexagonal and square 

honeycomb core structure. From Figs 6(b), 7(b) and 8(b); it is noted that at lower applied blast 

load all type of honeycomb structure show similar back face plate deflection but at higher applied 

load they show some marginal difference in the deflection values, this could be the due the spring 

back effect is different for the different honeycomb structures.Similar responses in the case of 

hexagonal honeycomb and octagonal honeycomb core used sandwich structure also obtained by 

(Soleimani et al. 2016) and(Kumar and Patel 2020) respectively. The front face deflections of the 

circular honeycomb core used sandwich structure for different air-blast loading of 3, 2 and 1 kg 

TNT are 15.15%, 22.53% and 26.91% respectively lower than the square honeycomb core used 

sandwich structure. Similarly these values for octagonal and hexagonal honeycomb core structure 

used sandwich panels are (0.93%, 16.75% and 22.44%) and (0.57%, 6.98% and 15.2%) 

respectively for the same loading conditions. The back face plate deflections of the circular 

honeycomb core used sandwich structure for different air-blast loading of 3, 2 and 1 kg TNT are 

10.56%, 8.38% and 1.20% respectively lower than for the square honeycomb core used sandwich 

structure. 

Table 2. Displacement of center point of both front and back face due to air-blast loading (1kg, 

2kg and 3kg TNT) 

Honeycomb 

Structure 

Front Face Center Displacement 

(mm) 

Back Face Center Displacement 

(mm) 

1kg 2kg 3kg 1kg 2kg 3kg 

Square 44.92 93.00 120.46 20.71 51.55 77.48 

Hexagonal 38.09 86.51 119.77 20.32 54.25 76.63 

Octagonal 34.84 77.42 119.34 20.70 48.47 79.15 

Circular 32.83 72.04 102.21 20.46 47.23 69.30 
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Fig 6: Deflection vs. displacement graph of FE modeled honeycomb sandwich panels at 1kg TNT 

explosion for (a) front face plates, (b) back face plates. 

Fig 7: Deflection vs. displacement graph of FE modeled honeycomb sandwich panels at 2kg TNT 

explosion for (a) front face plates, (b) back face plates. 

 

 
Fig8: Deflection vs. displacement graph of FE modeled honeycomb sandwich panels at 3kg TNT 

explosion for (a) front face plates, (b) back face plates. 
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Similarly these values for octagonal and hexagonal honeycomb core structure used sandwich 

structure are (-2.16%, 5.97% and 0.05%) and (1.10%, -5.24% and 1.88%) respectivelyfor the same 

loading conditions as compared with square honeycomb core used sandwich structure. 

 

6. CONCLUSIONS 

The quarter FE models of four different configuration of honeycomb (square, hexagonal, 

octagonal and circular) core used sandwich panel are subjected to ConWep air-blast load at 1kg, 

2kg, and 3kg TNT explosive for the same (0.76 mm) wall thickness. From this numerical analysis 

following points are concluded that the circular honeycomb core used sandwich panel has high 

blast resistance as compared to the other (square, hexagonal and octagonal) honeycomb core used 

sandwich panels.At 3kg, 2kg and 1kg TNT air blast dynamic loading, the front face plate of 

circular honeycomb sandwich structure has 15.15%, 22.53% and 26.91% respectively lesser 

deflections as compared to the square honeycomb sandwich structure.Circular honeycomb 

sandwich structure at 3kg, 2kg and 1kg TNT air blast loading gives 10.56%, 8.38% and 1.20% 

respectively lesser deflections of back face as compared to the square honeycomb sandwich 

structure.The octagonal and hexagonal honeycomb core structure used sandwich panels have also 

comparatively good blast resistance to square honeycomb sandwich structure.At lower air blast 

dynamic loading, the back face plate deflections of all FE modelled sandwich panels are same.The 

core crushing was only observed at higher air blast loading.  
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Abstract 

This paper gives a review of novel utilizations of ferrites in assorted fields. The ferrites are now a days 

being utilized in a wide assortment of uses, for example civil, defense, horticulture, remote sensors, EMI 

silencers, analytic and secrecy applications. This is a direct result of their characteristic properties related 

with corrosion resistance, high resistivity and natural steadiness and so on. The report reveals insight into 

the significance of ferrites in this day and age for a wide scope of keen applications because of their cost 

viability and persevering upgrades in material attributes. 

Keywords- Ferrites, Magnetization, RAM (Radar absorbing material). 

 

1. INTRODUCTION: 

The materials which contain Fe2O3 as one of the components are termed as ferrites. They can be classified 

into different categories based on their magnetic behavior or structure. The ferrites belong to the category 

of the oxides that exhibit significant magnetic properties which enable them to be used in wide variety of 

applications ranging from radio frequency transformers, switched mode power supply, electronic devices, 

in stealth technology, in EMI suppression, in high frequency systems to medical applications and 

biotechnology. Their high values of resistivity and magnetization and decreased losses (electrical) also 

make them useful in manufacture of magnetic recorders, permanent magnets etc. 

The ferrites find extensive use in three fields of application: 

 EMI suppression. 

 Power applications. 

 Electronic low level applications. 

The ferrites are also very helpful in measuring signal parameters, detecting and suppressing unwanted 

radiations etc. 

In this review paper various such applications of ferrites have been discussed. 

2. APPLICATION OF FERRITES IN SOCIETY:  

The ferrites apart from being used in the field of electronics and communication also find their use in 

various non-specialized fields such as in the field of agriculture, medicine, and electronic devices of 

everyday use.  

 The ferrites can be used as isolators in extremely high frequency therapies. 

 The ferrites likewise find their utilization in creating non-reflecting surfaces as in stealth technology. 

 They can act as an impetus for the growing of seeds by adjusting themselves to the attractive lines of 

earth, in this way invalidating the reliance of growing of seeds on spatial - direction ( in agribusiness).  

mailto:qurnainshabir54@gmail.com
mailto:errajatjoshi@gmail.com
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 They discover their utilization in microwave ovens where the radiations related to the fundamental 

frequency and its succeeding harmonics are kept away from spilling out of the boundaries of the 

microwave thus avoiding any electromagnetic obstruction to other devices.  

 

2.1 Ferrites used in the fabrication of tunable BPF: 

The ferrite can be utilized as a tuning element in the manufacture of BPF (band pass filter) which can be 

tuned electrically. The ferrite here is used as a substrate and a micro-strip line in the form of a rectangle is 

imprinted on this substrate [1]. It is shown in the figure beneath. 

 

Figure 1.Microstrip line twisted around the ferrite substrate. 

The middle frequency of this electrically tunable BPF is controlled by the zone covered by this loop. The 

current passed through this loop creates an attractive field which reduces the loss and increases the 

efficiency. This field is magnetic in nature. 

There is a change in the value of the middle frequency as well to a higher value when the current is 

passed.  This design helps in achieving the high tuning for low estimations of bias current (Ib). 

The figure below shows how the insertion loss of the channel changes when the bias current is differed. 

 

Figure 2.Insertion loss for various estimations of Ib. 
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2.2 Ferrites as absorbers in stealth technology: 

The radar wave absorbers are extensively used in civil and defense for a number of applications [2].  The 

figure shown beneath is one such model where the stealth aircraft with a radar antenna has been used. 

 

Figure 3.Schematic representation of a stealth aircraft with a radar antenna. 

The prerequisite for radar wave retaining material is that it should have the option to ingest the radar 

waves altogether over a wide range of frequency and with thickness as low as reasonably could be 

expected.  

Nonetheless, it is really truly hard to create safeguards with ideal estimations of both frequency and 

thickness. So a compromise is done in between these parameters which become a basic factor in 

manufacture of these absorbers.  

The absorbers can be made of composite materials [3-8] which can be homogenous or heterogeneous in 

nature. A good compromise among thickness and ingestion can be accomplished utilizing absorbers that 

are heterogeneous in nature. The figure underneath diagrammatically depicts the heterogeneous 

composite made of ferrites. 

 

Figure 4.Ferrite based heterogeneous composite. 

2.3 Ferrites in fabrication of humidity sensors: 

Ferrites are used for fabrication of humidity/dampness sensors and have the advantage of providing high 

thermal, mechanical and chemical dependability and their permeable nature enables a greater operation 

range and quick response dynamics.  
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The ferrite material utilized is the permeable Ni ferrite in nano glasslike structure. They are fabricated 

from fine nano-powders and their characteristics are deduced from X-ray diffraction and scanning 

electron microscopy methods. 

 It is seen that the impedance of the material changes directly for the scope of humidity [9] from fifteen to 

eighty five percent for the frequency estimation of 2.5 kilohertz at room temperature. The figure below 

shows the spectrum corresponding to the nano powder with nickel used as a ferrite substrate. 

 

Figure 5.X-ray diffraction spectrum of NiFe2O4. 

2.4 Ferrites as EMI suppressors: 

The prime factor in the repression of electromagnetic waves requires a high estimation of loss factor and 

initial permeability [10]. The design and fabrication of EMI suppressors find extensive use of spinel 

ferrites because they show satisfactory values of loss factor and permeability in the MHz range of 

frequency [11,12]. In order to absorb electromagnetic waves in higher frequency range (UHF) the 

absorbers made from manganese and copper are fabricated. They have the capability to achieve high 

values of penetrability as well as loss factor for significant EMI repression.  

2.5 Ferrite based wireless sensors: 

The ferrites are also useful in developing temperature sensors for areas where direct contact is not 

possible [13-19] (e.g. in an organism). One such wireless sensor network is depicted in the figure beneath. 

 

Figure 6.Diagramatic illustration of a wireless sensor network. 
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The sensor is devoid of a power supply and comprises of a ferrite core (temperature sensitive), a capacitor 

and a wound coil (LC series circuit). 

The transmitter produced flux polarizes the sensor which in turn generates a flux corresponding to the 

resonant frequency of the LC circuit. These fluxes arriving at the receiver produce a voltage in it and are 

estimated likewise. The field received at resonance corresponds to the sensor temperature and it fluctuates 

as the temperature of the sensor changes.  

 

Figure 7.Ferrite based temperature sensor. 

3. CONCLUSION AND FUTURE SCOPE: 

This article summarized some of the applications of ferrites in our day to day lives and gave an insight 

into the numerous applications that are yet to be explored. The ferrites have been the topic of research for 

researchers since past many years in light of their usefulness in diverse fields attributed to the immanent 

properties they possess. 

 However, the progresses made in their fabrication methods and application since past decade have been 

quite magnificent and the advancements made in this field till date pave the pathway for more research 

work to be done in future. 
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Abstract 

The digital communication systems using Reed Solomon codes are widely used for the transmission of 

digital data from the transmitter to the receiver in many applications like space communication. The 

information bits are prone to noise while transmitting through the communication channel. The Chien 

search and Forney algorithm are the widely accepted error correction algorithms for Reed Solomon 

decoders considering their efficiency and simplicity. These algorithms mark their excellence in 

detecting the error positions and in calculating the error values respectively. This review outlines the 

short overview of the Chien search and Forney algorithm, the basics of Galois field arithmetic used to 

calculate the error positions and values, various methods of implementing these algorithms, and their 

modifications. 

Keywords- Digital communication, Reed Solomon decoder, Chien search and Forney algorithm, 

Galois Field 

1. INTRODUCTION 

Reed Solomon code is one of the best candidates in the error correction codes which is widely used for 

digital communication systems. The highlighting characteristics of RS codes are their high error 

correction capability and data rates. Since the information bits are prone to noise while transmitting 

through the channel, powerful error detection and correction techniques should be used to retrieve the 

originally transmitted signal at the receiver end. Since Reed Solomon codes show a superior error 

correction capability, it has been widely accepted in areas like space communication and networking, 

etc [1] [2]. 

Reed Solomon decoder has four major sub-blocks namely syndrome calculator, key equation solver, 

error locator, and error evaluator. We can identify whether an error occurred or not by seeing the results 

from the first block itself [3]. The outputs of the syndrome calculator block which are called syndromes 

help in error detection. If all the calculated syndromes are zero, then it can be concluded as an error-

free transmission. If there is at least a non-zero syndrome present, then it signifies the presence of error 

[4]. It is much complicated to process syndromes to find the errors and rectifying them since the 

syndrome polynomial obtained will be non-linear in nature. The key equation solver block works on 

these syndromes and converts them it some outputs which will make the error correction process simpler 

[5]. Basically, there will be two outputs from the key equation solver block namely error locator 

polynomial and error evaluator polynomial [6]. Error locator polynomial will be processed by the error 

locator block and yields the error locations [7] [8]. Similarly, the error evaluator block takes error 

evaluator polynomial from the key equation solver and error positions from the error locator block to 

yield error values at the respective error positions. Berle-Kamp Massey algorithm is one of the powerful 

algorithms to find error locator and evaluator polynomial simultaneously. 

Chien search algorithm is the widely accepted algorithm to find the error locations. Chien search 

algorithm marks its best performance in efficiency and simplicity. The logic behind the Chien search 

algorithm is easy to understand and therefore less complex. Moreover, hardware implementation of the 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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Chien search algorithm is very simple which makes it an overall best candidate in finding the error 

locations. When it comes to error evaluator, the Forney algorithm is chosen to be the best since it uses 

a simple equation to calculate the error values. Like Chien search, the Forney algorithm is also easy to 

implement and hence widely accepted. 

 

 

2. CHIEN SEARCH ALGORITHM 

The Chien search algorithm works on the error locator polynomial, 

ℷ(x) = ℷ0+ℷ1x+......+ℷtxt 

where t is the error correction capability of the code chosen [9]. The algorithm solves this polynomial 

for all elements in the field one by one. Several methods are implemented to solve this polynomial of 

higher order [10]. Whenever a zero is obtained, the inverse value of that element in the field will be 

the error position [11]. For example, in an RS (7,3) code, a total of 7 symbols are there out of which 3 

are message symbols and 4 are for parity.  RS (7,3) code works on Galois field GF (23) and all the 7 

elements each of 3 bits are generated using a specific primitive polynomial chosen over the field. They 

are represented as α0, α1,,……., α6 ( α7 = α0 , α8 = α1 and the sequence repeats). When the algorithm 

proceeds with solving the polynomial for all these elements, if a zero is obtained for the element αx 

where x can be any value between 0 to 6, an error position is detected and it is calculated by finding 

the inverse of that particular element. The inverse of αx is calculated as αn-x where n is 7 in the case of 

RS (7,3) code. For example, if α6 solves the polynomial, then the error position will be α7-6 = α1 which 

indicates that the symbol at position 1 is corrupted by noise and needs to be retrieved [12]. This process 

is repeated for all the elements of the field and the error positions are found. 

 

 

3. FORNEY ALGORITHM 

Once the error positions are found, the error values are needed to be calculated for the respective error 

positions. Considering the example which we discussed in Section II, the symbol at position 1 is affected 

and needs to be corrected. This is done by adding the error value calculated for that particular position 

with the affected symbol at that position. Galois field arithmetic is different from normal arithmetic. 

So, in addition, it means XOR operation. The Forney equation is given by, 

eb = 
Ω(𝑥)

ℷ𝑜𝑑𝑑(𝑥)
 

where eb is the error value at bth position, Ω(x) is the error locator polynomial and ℷodd(x) is the value 

after summation of the odd terms in the error locator polynomial corresponding to the value of the 

element which satisfies the Chien sum criteria [13]. This element equal to the inverse of the 

corresponding error positions. After calculating the error values at the corresponding error positions, 

these error values are XORed with the received symbols at the respective positions [14]. This is because, 

c(x) = r(x) + e(x) where c(x) is originally transmitted symbols, r(x) is received symbols and e(x) is error 

values. 

 

4. GALOIS FIELD ARITHMETIC 

As we discussed earlier, Galois is field arithmetic is completely different from normal arithmetic [15]. 

Therefore, before proceeding with the algorithm, separate modules or functions should be created and 

called for every arithmetic operation. Some of the arithmetic operations and their implementation parts 

are discussed in this section. 

 

4.1 Addition and subtraction 
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Addition and subtraction between the elements of the Galois field are the same and are carried out by 

simple XOR operations giving results having the same no. of bits as of the operands [15]. This doesn’t 

require any separate module in hardware description language since there is an in-built function 

available for XOR operation. 

 

4.2 Multiplication 

Multiplication is the complex operation among all other arithmetic operations in the Galois field. In 

normal arithmetic, the product after the multiplication between two 3-bit numbers is not a 3-bit number. 

But in Galois field arithmetic, multiplication between two 3-bit numbers results in another 3-bit number 

[16]. For example, the multiplication between α2 and α3 is α5 where α2 = 100, α3 = 011 and α5 = 111 

which are generated using the primitive polynomial. One method to find the product between two Galois 

field elements is discussed in this section [17] [18]. For an RS (7, 3) code, one of the primitive 

polynomials used is, 

p(x) = x3+x+1. 

 First, we carry out the normal multiplication between two 3-bit numbers (a2 a1 a0 and b2 b1 b0) and get 

the value of s0, s1 up to s4.  

  a2 a1 a0 

  b2 b1 b0 

  a2b0 a1b0 a0b0 

 a2b1 a1b1 a0b1  

a2b2 a1b2 a0b2   

s4 s3 s2 s1 s0 

 

Now according to the primitive polynomial, we will arrange these values in a square matrix with order 

m where m is the required no. of bits of result (for an RS (7,3) code, it is 3). 

 

s2 s1 s0 

0 s3 s3 

s4 s4 0 

m2 m1 m0 

 

The m0, m1 and m3 are the respective bits of the product value and are calculated by, 

m0 = s0 + s3 = a0b0 + a2b1 + a1b2 

m1 = s1 + s3 + s4 = a1b0 + a0b1 + a2b1 + a1b2 + a2b2 

m2 = s2 + s4 = a2b0 + a1b1 + a0b2 + a2b2 

 

4.3 Inverse 

The inverse of any field element αx is represented by α-x which equals αn-x. As we discussed in section 

II, the inverse of α6 is α1. A simple method of getting the inverse of an element using hardware 
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description language is defining a function using the IF-THEN statement. This is a simple and user-

friendly method to get the inverse as it directly defines the inverse of a particular element using the IF-

THEN statement inside the function. Whenever the function is called for a particular element, the 

function checks for the IF-THEN condition inside the function detects the element, and outputs the 

inverse. This is a direct method but it is not an efficient method as it increases the code size with the 

increase in no. of symbols. Another method is creating an array of elements and calling the inverse 

according to the relationship we discussed earlier. Along with this, there are many other algorithms to 

find the inverse of elements in the Galois field. 

 

5. METHODS OF IMPLEMENTATION 

5.1 Chien search algorithm 

Keeping the logic behind the Chien search process, different architectures can be implemented to find 

the Chien sum and thereafter the error positions. Different architectures are introduced which are further 

modified for better performance in terms of clock usage, hardware, etc.   

 

5.1.1 Conventional method 

The conventional method is the direct implementation of the Chien search equation as such which is 

depicted in Figure 1. This is a looped architecture that must loop ‘n’ times for an RS (n, k) code to find 

all n Chien sums. To find the Chien sum for an element, all coefficients of the error locator polynomial 

need to be multiplied with the same element, and the products are summed. The initial setup of this 

architecture consists of (t+1) registers (t is the highest power of error locator polynomial which also 

equals the error correction capability of the code) with the coefficients of error locator polynomial in 

the sequential order. In the first loop, all the registers except the register containing ℷ0 multiplied with 

the corresponding elements as shown in Figure. 1 and are updated with the respective products. The 

contents of all (t+1) registers are summed to get the first Chien sum. This is indirectly equal to the value 

after substituting α1 in the error locator polynomial. In the second loop, these registers with the updated 

contents are again multiplied with the same elements as in the first loop. This is the second Chien sum 

which is same as ℷ(α2). This process is repeated n times so that all n Chien sums are obtained one by 

one [19]. Since it is a looped structure and the also the Chien sums are dependent on the previous sums, 

it will consume n clock cycles for calculating n Chien sums. 

 
Figure 1: Conventional method of Chien sum calculation 
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5.1.2 Odd and even sum method 

This method is a modification of the conventional method in a group-wise approach. Since the Forney 

block is the next to which the outputs of the Chien search block go and also the Forney equation needs 

the sum of odd terms in the error locator polynomial, this approach primarily concentrates on finding 

the odd and even Chien sum separately [20]. This will ease the process of the Forney algorithm but the 

procedure remains the same for the calculation of Chien sums and hence the clock consumption also. 

The architecture can be either directly grouped into odd and even sums which is the extension of 

Figure.1 or it can be implemented in a way using multiplexers and is represented by Figure. 2 [21]. 

Both are looped structures. Figure. 2 shows the architecture for error correction capability up to 2 

symbols per block. 

 

Figure 2: Odd and even sum method 

5.1.3 Parallel Chien sum calculation 

The main drawback of the first two architectures is the high clock consumption. This is because it is a 

looped structure and the Chien sums are dependent on the previous [22] [23]. For example, it will take 

255 clocks for an RS (255, 239) code which is high and it can affect the system performance in terms 

of speed [24] [25]. So instead of going for a looped structure, a parallel approach in calculating the 

Chien sums will make a noticeable difference in system performance [26][27]. This is represented in 

Figure. 3 (t is the error correction capability and n is the total no. of symbols in the block) [28].  All the 

n Chien sums are generated in a single clock cycle by using this structure. Table I shows the comparison 

between different architectures of Chien sum calculation. 
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Figure 3: Parallel Chien sum calculation 

Table. 1 Comparison of different architectures of Chien search algorithm 

Sl. 

No 

Method of 

implementation of 

Chien search 

algorithm 

Structure 

specification 

Clock 

usage 

Speed Code 

density 

Storage 

space 

required 

1 Conventional 

method 

Looped High low low low 

2 Odd and even sum 

method 

Separate 

odd and 

even sum 

calculation, 

looped 

High low low low 

3 Parallel Chien sum 

calculation 

Parallel 

branched 

structure 

low high high high 

 

 

5.2 Forney algorithm 

The Forney algorithm doesn’t need a looped structure since error values are calculated only when a zero 

Chien sum is detected and hence the architecture is the direct implementation of the Forney equation as 

shown in Figure. 4[ 29]. It requires odd Chien sums and the error evaluator polynomial value for 

respective elements at which the error positions are found. Division operation is carried out by taking 

the inverse of the odd Chien sum and multiplying it with the numerator. Once the error values are 

generated, they are summed with the affected symbols at the error positions to get the originally 

transmitted signal [30]. Figure. 4 shows the practical implementation of Forney algorithm. 
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Figure 4: Implementation of Forney algorithm 

 

6 Conclusions 

The study on Chien search and Forney algorithm shows that they are powerful algorithms that can 

provide a guarantee in retrieving the originally transmitted signal as they approach in a simple way of 

solving the corresponding polynomials which further reduces the chances of errors during the 

calculation. The implementation part of these algorithms is studied and it shows a frequent modification 

in the architecture for better performance. Higher speed in computation is always a desirable 

characteristic which can be achieved by the parallel approach in calculating the Chien sum. Since all 

the Chien sums are parallelly calculated with this method, the number of computations for a given will 

be higher for this method. Along with that, if we are predefining the field elements to enable the Chien 

sum calculation, it will require storage space and the code density will be higher for higher code blocks 

with more number of symbols. 
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Abstract 

In our country, every year more than 100 people die because of sewage cleaning as they go down into 

the sewage lines through the manhole where there are a lot of toxic gases. People die even though 

India has made it compulsory to maintain safe working environment for manhole and sewage workers. 

The Law has prohibited the sanitary workers for cleaning manholes, septic tanks etc. without proper 

mechanical equipment’s and protection gears, but the contractors in order to save some money do not 

obey these laws. Therefore, we have decided to make a machine which will go inside the manhole 

and do the scavenger’s work, it will have the pneumatic cylinder which are connected to the bucket 

and to the base of the machine and the base is to be connected to the hoist which is used to ascend and 

descend the bucket which is mounted on the base. The pneumatic hose is placed around the hoist in 

spiral manner. It has a pneumatic compressor which is connected to the control panel which controls 

the pneumatic cylinder and cleans the solid waste in. The machine will be controlled by manhole 

cleaner so his employment will retain and also his health will be better. 

Keywords: Manual Scavenging, Manholes, Pneumatics, Solid Waste, Gas sensors, Inspection Cam.  

Introduction 

In our country there are a lot of places where we can see open drainages into which the people 

dispose off the solid waste such as water bottles, plastic bags etc. These solid wastes enter the 

underground sewage system and clog the sewage lines causing the flow to stop. Then in order to 

unclog the lines the manual scavengers need to go down the manholes risking their lives without any 

safety gears and clean the sewage lines with bare hands as they have no option because this is the 

only way they earn so that their family survives. In present practices the manhole cleaners need to 

physically position the sewer rods or jetting machine which are used to clean the manhole by feeding 

it inside the manhole. These machines are designed for cleaning sewer lines hence are inefficient in 

cleaning manholes. Therefore to clean the manhole the manhole cleaner has to go inside the 

manhole which has hazardous waste and very toxic gases. So we have come up with a design of a 

machine which almost eliminates the action of a manual scavenger going down a manhole. This 

machine helps in unclogging the lines without risking anyone else's lives. This machine has a 

compact design so even if the manhole is located on the roads it won't cause any traffic jams as the 

other municipal machineries do, also because of its compact design it won't be a hectic task to 

transport this machine to the place where it is required. The operation of this machine is so simple 

mailto:shende_sudhanshu.me@ghrce.raisoni.net
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that even an unskilled worker can operate this machine with some basic instructions which means the 

manual scavenger itself can operate this machine. 

Problem identification 

Manual scavenging is banned in our country, even though the manual scavengers have to work for 

their living and they go down the manholes where the sewage and industrial waste mixed together 

form a lot of toxic gases and the degradation of the waste cause a lot of bacterial growth. The manual 

scavengers are forced to work bare bodied as they are not provided with any safety gears which cause 

skin infections and a lot of other diseases due to which more than 100 manual scavengers lose their 

life every year. The gases are extremely fatal at high levels and may even cause death due to lack of 

oxygen down the manhole. 

Objective 

The major objective of our proposed work is Development and testing of pneumatic operated 

automatic machine to remove solid waste from manholes. To develop a cost efficient machine which 

is less complex and considering various factors that might help us to eliminate manual scavenging 

and minimize high risk of catching infections or poisoning due to large amounts of waste/chemicals 

present in manhole. 

Literature Review 

Stepping inside a manhole to clean the sewers in India is almost as dangerous as fighting terrorism in 

Jammu and Kashmir. Between 2010 and 2017, around 400 security personnel died in J&K as stated by 

the reports of South Asia Terrorism Portal. On average, India's sewage system kills 100 people which 

is almost double than the 54 security personnel died combating militants. According to government 

estimates, around 8 lac people work as sewage cleaners in India. Since 2010, 356 people have died 

after going inside the filthy sewer pipes, states the Safai Karmachari Andolan which works for the 

welfare of the manhole cleaners. Tata Institute of Social Sciences which is an educational and 

research institute says 80-85 percent of manhole cleaners die before they reach the age of 60 due to 

poor work-related health conditions. Each month almost 20-25 sewer cleaners die in Mumbai as a 

result of accidents, asphyxia, or hazardous gas exposure. 

In their project (Smart Manhole Toxic Gas Identification and Alerting System), L.K. Hema, 

Velmurugan S, Suriya. Pa, and R. Indumathi put several sensors at different points according to the 

concentration level of the gases on the stick. The gadget also has an arduino, a display and an alert 

system. They lowered CH4 gas concentration from 400 PPM to 50 PPM when the sprinkler setup was 

activated with the detoxifying agent. The first detected gases were CO at 150 and NH3 at 240 parts per 

million and were decreased to 50 parts per million. Ajith, Aruna, Elackia, Dr. Komala 

James(Automatic septic tank cleaning system) the project they have worked on is based on using 

mechanical and chemical methods for removing the bottom layer of sludge.The product they have 

come up with contains natural bacteria, enzymes which mixed along with concentrated 

hydrochloric acid makes the process of bacterial degradation much worse and the waste gets converted 

to water,carbon dioxide gas and mineral ash and this can easily flow through the waste system.Using 

this process around 90-95% of solid waste can be removed. R.Sudharshan, Karthik B, .Mohammed 

Suhail, S.Chiranjeev(Sewage cleaning machine)in this project there is a system which can go down 

into the drain in which a wire rope at the end of which grippers are provided and these grippers 

expand and contract as they are connected to pneumatic pistons with the help of linkages which help 

the grippers to grab the floating solid waste. This action minimizes the human effort to quite an extent. 
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A.Nagadeepan, J. Hersha Himlan,J. Guruyogeshwaran, S.Balaji(Automatic drainage cleaning 

system)The device they have made comes fitted with a motor and when the motor operates the a 

chain which is attached to the motor comes in action which elevates the lifter. The waste present in 

the drain gets stuck in the lifters teeth and is collected in a bin. This machine is placed in the drain in 

such a way that only water flows through the lower part and most of the waste gets stuck in the lifters 

teeth. A motor, lifter, collecting box and a set of roller chain and sprocket together controls the 

system of waste water treatment. Hence the sewage waste water treatment attains a semi-automatic 

control. Mr. Saurabh S. Satpute1, Mr. Vitthal R. Darole, Mr. Pravin M. Khaderao, Mr. Pankaj B. 

Hiralkarl (Automatic Sewage Cleaning System) Once we turn on the setup a motor with a starts 

rotating. A remote controlled setup is used to rotate the sprocket. The sprocket is connected with two 

power motors. At the bottom of the machine a collecting bin is fixed which is used to collect the 

sewage waste. As the process of collection starts an arm throws the sewage waste into the collection 

bin. The setup can also work in area with sewage water which helps to collect  the waste which is 

floating on water. M. Gobinath (Manhole Cleaning Method by Machine Robotic System) this System 

uses camera module to monitor a robotic arm. Manhole cleaner's uses a laptop or personal computer 

to operate it. Various types of gas sensors are used. 8051 microcontroller is used for it. The machine 

goes inside along the pipeline to removes the blockages and clears the drainage. To check a blockage 

and for proper cleaning and measuring the solid waste treatment this robo-arm mechanism is used. 

Construction of components 

1) Frame 

Frame is a rigid structure which can be combination of beams and columns. Our frame for the 

machine is designed on the basis of total suspended load which it has to hold. This frame is analyzed 

on solidworks using static load on the top beam of this frame and this frame is capable of bearing the 

load of suspended load. 

 

 

 

2) Pneumatic cylinders 

It is a mechanical component which is used to apply force in single direction, used cylinders has bore 

of 40mm and stroke of 100mm. In this machine it is used to stabilize the suspended frame which holds 

the bucket. Open and close the bucket. Control position of bucket. 
 

3) Pneumatic air compressor 

It converts pneumatic energy into mechanical energy, it creates pressure of 300 psi . In this machine it 
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is attached to the pneumatic cylinders which are connected to different component of the machine. 

4) Electric hoist 
 

It is used to lift or lower the attached load. It has lifting capacity of 250-500 kg. In this case it is 

mounted to top beam. And second frame on which stabilizing pneumatic cylinders are mounted via 

pulley and wire rope. 

5) Pulleys 

Pulley is used to support movement, here it is mounted to second frame on which stabilizing 

pneumatic cylinders are mounted. 

6) Bucket 

Bucket is an open container used to carry different load, it has volume of 11 to 12 litre. Here it is used 

to carry solid waste from manhole to the container outside manhole. 

 

 

 

 

 

7) Directional valve 

Directional valve is used to control the movement of the pneumatic cylinders along with speed.it is 

mounted between cylinder and compressor. 

 

 

 
8) Sensors 

Sensors detect the event or change in the environment. Here different sensors such as MQ4, MQ7, 
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M135 etc. are used to detect gases like methane, CNG, CO, SN02, ammonia, formaldehydes and 

propane. 

Proposed Machine 
 

 
 

Calculations 
 

 Volume of bucket L = 30cm 

B = 20cm 
H = 20 cm 

V = 30*20*20 ≈ 11150 𝑐𝑚3 
 

 Calculations for cylinder 

We take a pneumatic cylinder of 40mm bore and 100mm stroke with operating pressure up to 150 Psi 

D = bore = 40mm 

d = piston rod diameter =12mm Considering pressure as 5 bar =72.5 Psi L = length of stroke = 

100mm 

 Thrust exerted by cylinder (forward stroke) 

 
 Thrust exerted by cylinder (backward stroke) 

 

 A

ir consumptionFree air consumption for forward stroke 

 

Free air consumption for backward stroke 
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 Flow Coefficient (Cv) 

 

Methodology 

The machine will be placed above the manhole so that it can easily pull the solid waste out of the 

sewer. The whole working of the machine is done with the help of the control panel and the display. 

Control panel helps to operate movement of pulley as well as movement of the bucket. The bucket is 

connected to the pneumatic cylinders which are responsible for the opening and closing of the 

bucket. The bucket is connected to pulley with the help of the wire rope by which bucket travels 

upward and downward. Gas sensors and camera are also provided to monitor the working of bucket 

and also if the operator has to go down in the manhole. The whole system will be powered by 

electrical supply. 

Working 

The machine can be controlled and can be monitored with the help of the control panel and display. 

The complete machine is powered by an electrical supply. As soon as the machine starts working the 

pulley rotates and the bucket with the help of wire rope moves down the manhole. 

After it reaches the level of the waste the mouth of the bucket opens and the waste is collected in the 

bucket. The bucket opens and closes with the help of pneumatic cylinders present on them. After the 

waste is collected in the bucket it is pulled out of the manhole. Then it is raised to a certain level from 

the ground level to insert a trolley below it to remove the waste from the bucket. 

Machine will be useful for Municipal Corporation / Nagarpalika/ Grampanchayat for sewage & 

drainage cleaning. It is also useful for Private Contractor for sewage & drainage cleaning. It can be 

used for cleaning deep well with small diameter. It will be helpful to rescue stray animals that fall in 

small well or manholes. 

Machine will improve the lifespan, health and livelihood of manhole workers. It will give them safer 

living and working environment. More manholes can be cleaned in less time. There will be detection 

of toxic gases present in the manhole. 

Conclusion 
 

After implementation of this idea the manhole will be cleaned more efficiently without any human 

going inside the manhole for cleaning solid waste. It will give manhole cleaner good health and 

which improve their life and they will live more than usual. Due to gas sensors we will be able to 

detect the toxic gases present in manholes. Our design is simple hence does not require a skilled 

worker therefore it can be used by sanitary workers easily. It will also positively impact the society 

which treats them as no one. As the manhole cleaning will increase, it may lead to increase in 

employment. 
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Abstract 

Environmental concerns and the global rise in pollution have contributed to the growing interest in 

natural fiber as a substitute for synthetic fiber. Although advanced electronics have simplified our 

lives, the desire to limit electromagnetic radiation and interference has driven us to look for materials 

with good electromagnetic wave (EM) absorption qualities. This study provides a short overview of 

natural fiber and its applications in electromagnetic wave absorption, particularly in the microwave 

absorption band of the EM wave spectrum. The fundamentals of EM wave absorption, as well as the 

study of frequency bands, are covered. Overall, this study reviews past work and identifies gaps in the 

field. 

 

Keywords- Natural fiber, Composites, Electromagnetic absorption, Electromagnetics, Stealth, 

Electromagnetic wave absorbing materials. 

 

1. INTRODUCTION 

Utilizing agricultural waste for producing organic materials, fibers, advance activated carbon, and 

carbon nanotubes are growing areas of research (Yah et al. 2018; Dong et al. 2019).Natural fibers can 

be used effectively as reinforcing fibers in polymer matrices. Furthermore, hybrid composites of 

natural and synthetic fibers can provide a good combination of low density and high strength(Bandaru 

et al. 2016a; 2016b). Electromagnetic wave absorption materials are being researched due to their 

significant contribution to reducing electromagnetic pollution and protecting systems from EM 

interference(Dong et al. 2019). In addition, composites with both good electromagnetic absorption 

and reasonably good mechanical properties are currently preferred. Although synthetic fiber 

composites with electromagnetic properties are a well-known area of study these days, there has been 

very little research into electromagnetic wave absorption for natural fiber composites. This paper 

provides an overview of natural fiber composites with electromagnetic wave absorption, with a 

particular emphasis on the microwave range of the EM wave spectrum. 

 

2. NATURAL FIBER 

Natural fibers, also known as lignocellulosic fibers, have good specific strength, specific stiffness, 

impact strength, and flexural strength(Neto et al. 2013). Energy consumption, disposal issues, the fear 

of non-renewable resource extinction, and environmental concerns have all led to the search for an 

alternative for synthetic fibers that are light in weight, have good mechanical properties, and do not 

harm the environment(Neto et al. 2013; Jain et al. 2019). Natural fibers can be used effectively as an 

alternative due to their biodegradability, carbon dioxide sequestration, low cost, and abundant 

supply(Neto et al. 2013). Figure 1 shows the detailed classification for natural fibers. Natural fiber 
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composites can find a wide range of applications in non-structural applications, automotive parts, 

biomedical, furniture, packaging, clothing, sports, and aerospace industries (Peças et al. 2018).Table 1 

shows the properties of various natural fibers. 

Table 1. Properties of natural fibers (Peças et al. 2018) 

Fiber Density 

(g/cm3) 

Tensile strength 

(Mpa) 

Young’s Modulus 

(Gpa) 

Elongation at break 

(%) 

Bamboo 0.6-1.1 270-862 17-89 1.3-8 

Banana 1.35 529-914 27-32 5-6 

Coir 1.2 175 6 15-25 

Cotton 1.21 287-597 6-10 2-10 

Flax 1.38 343-1035 50-70 1.2-3 

Hemp 1.47 580-1110 30-60 1.6-4.5 

Jute 1.23 187-773 20-55 1.5-3.1 

Kenaf 1.2 295-930 22-60 2.7-6.9 

Pineapple 1.5 170-1627 60-82 1-3 

Sisal 1.2 507-855 9-22 1.9-3 

 

 

Figure 1: Classification of natural fibers (Ranakoti et al.  2018). 

 

3. NEED OF ELECTROMAGNETIC WAVE ABSORPTION 

Electromagnetic waves contain electromagnetic energy and have synchronized oscillations of electric 

and magnetic fields. Electromagnetic waves travel through space and are either reflected, absorbed, or 

transmitted when they strike a material(Yah et al. 2018). Figure 2 shows the schematic of EM waves 

over a material.Theapplication of electromagnetic waves can be seen in the transmission line, high 

frequency and microwave circuits, fiber optic, and mobile communication (Shevgaonkar 
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2005).Increased use of electromagnetic waves results in electromagnetic radiation that is harmful to 

human health, as well as electromagnetic interference that disrupts devices and systems(Zhao et al. 

2017; Liu et al. 2015).The reduction of electromagnetic interference and radiation either by absorbing 

the electromagnetic waves or by reflecting the electromagnetic waves is the prime focus for study in 

this field(Zhao et al. 2021).Materials with excellent radar-absorbing ability are needed for military 

and aerospace applications. Radar absorbing characteristics make it difficult to detect the location of 

the body(Panwar and Lee 2019; Liu et al. 2015; Yadav and Panwar 2021). Table 2 shows the 

electromagnetic bands with their range. 

 

Table 2.Electromagnetic bandswith corresponding range and applications(Parker 2010).  

RADAR 

BANDS 

FREQUENCY 

(GHz) 

WAVELENGTH 

(cm) 

APPLICATION 

Millimeter 40-100 0.75-0.3 Experimental and for short-range radar 

Ka 26.5-40 1.1-0.3 High resolution 

K 18-26.5 1.7-1.1 Little use (radars in this frequency range 

provides short range) 

Ku 12.4-18 2.4-1.7 Satellite communication 

X 8-12.4 3.75-2.4 Military purpose 

C 4-8 7.5-3.75 Tracking radar 

S 2-4 15-7.5 Terminal ATC 

L 1-2 30-15 ATC (Enroute Surveillance) 

UHF 0.3-1 100-30 Surveillance and for long-range radar 

VHF 0.03-0.3 1000-100 Surveillance  

HF 0.003-0.03 10000-1000 For surveillance above Horizon purpose 

 

 

Figure 2: Schematic diagram of the (a) EM wave interaction with material (b) Reflection mechanisms 

for EM waves over a surface(Zeng et al. 2020). 
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4. PERFORMANCE EVALUATION PARAMETERS FOR EM WAVE ABSORPTION 

Material can be said excellent electromagnetic wave absorber if it has high reflection loss, thin 

thickness, wide absorption bandwidth, and low reflection. Electromagnetic waves when absorbed, 

interact with the molecularstructure of the material and are converted into another form of 

energy(Zeng et al. 2020).EM wave absorption depends on dielectric and magnetic loss. For 

impedance matching characteristics materials must have both loss mechanisms. Material with a 

combination of both dielectric loss and magnetic loss has high EM wave absorption(Wang et al. 

2019). Figure 3 shows a flow chart for various losses taking place in EM wave absorbing 

materials.Various terms associated with EM wave absorption are explained below(Zeng et al. 2020; 

Panwar and Lee 2018): 

1. Relative complex permittivity (εr) and Relative complex permeability (µr):  It signifies the 

material’s ability to store and transmit electric and magneticenergy. 

2. Reflection loss (RL): It signifies the EM wave absorption capacity of the materialand 

structure. 

3. Impedance (Z): Impedance matching characteristics show the relation between magnetic and 

dielectric loss. 

4. Loss tangent: It is the ratio of the imaginary part to the real part. The imaginary part is 

associated with the loss of capability of EM waves. The real part is associated with the 

storage of EM waves.  

5. Material morphology: Inhomogeneity in structure, porosity, defects, various hollow structure 

contribute to the absorption of EM waves.  

 
 

Figure 3: Flow chart for losses in EM wave absorption(Zeng et al. 2020) 
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5. NATURAL FIBER COMPOSITES FOR ELECTROMAGNETIC WAVE ABSORPTION  

Natural fiber composites have low EM wave absorption.Sgriccia and Hawley stated that the range of 

dielectric constant for natural fiber is 2.8 to 3.2 and the range of dielectric loss factor is 0.07-

0.15(Sgriccia and Hawley 2007).Many techniques are used to improve the EM wave absorption 

behaviour of natural fiber composites, such as coating the fiber with metal, polymers, carbon 

nanotubes (CNT), using metallic and carbon-based nanomaterials, and high-temperature 

carbonization(Gupta et al. 2020).  

Yah et al. studied the EM wave absorption of coir-epoxy composites with charcoal powder as filler 

over the X-band and discovered that as frequency increases, the dielectric constant decreases, and the 

complex permeability increases. The composite with 0.5 g of charcoal shows the highest complex 

permittivity and permeability. The coir-epoxy composite has the greatest dielectric tangent loss, and 

adding charcoal reduces the dielectric tangent loss. The average reflection loss for nearly all samples 

was -25dB, indicating that 99 percent of the EM wave was absorbed(Yah et al. 2018). Kala et al. 

investigated jute-epoxy with iron powder as a filler for EM wave absorption and concluded that the 

addition of iron powder increases the magnetic loss properties of composites. A composite of 50% 

iron and 20% jute has the widest bandwidth and a reflection loss value of -19dB, implying nearly 95% 

EM wave absorption(Kala et al. 2021).Wang et al. investigated the composite of porous jute biomass 

carbon (PJBC) and Fe3O4 nanoparticles for EM wave absorption over a frequency range of 2-18 GHz 

and discovered excellent impedance matching due to magnetic loss caused by Fe3O4 and dielectric 

loss caused by carbon. A sample containing 0.075 g PJBC exhibits the highest EM wave absorption 

with a reflection loss of -35.7dB and absorption bandwidth of 5 GHz(Wang et al. 2019). Anew 

catalytic thermolysis method for preparing CNT from theraw cotton fiber was produced and the 

produced CNT was reinforced with epoxy matrix. It was observed that conductivity is increased by 

the addition of CNT. Large absorption bandwidth (ABW) of 12-26 GHz was observed for 

composites(Zhao et al. 2017). Shi et al.prepared acomposite with non-woven cotton fiber, polypyrrole 

matrix, and polydimethylsiloxane (PDMS) and found that the composite has excellent impedance 

matching with reasonable tensile strength. Minimum reflection loss of -25dB and ABW of 5 GHz has 

beenobserved(Shi et al. 2020). 

6. FUTURE SCOPE 

The effects of various coatings on the properties, as well as which coating will provide the best 

absorption for which natural fiber, are promising areas of investigation. Metal-organic framework 

(MOF) for natural fiber is a relatively unexplored field. On the surface of bamboo fiber, Zhao et al. 

created spherical nanoparticles of Co-Ni bimetallic MOF. There was an increase in magnetic loss with 

a minimum reflection loss of -75.19dB(Zhao et al. 2021). Composites with low density and higher 

impact resistance are needed for aerospace applications. The low-velocity impact on Kevlar/Basalt 

reinforced polypropylene composites were studied and it was observed that hybrid composite 

containing natural and synthetic fiber can provide improved properties at low density(Bandaru et al. 

2016). Thus, combining impact resistance with EM wave absorption for aerospace applications could 

be a topic for future study.   

CONCLUSION 

In this review paper,theneeds and advantages of natural fiber over synthetic fiber were discussed. 

After discussing the properties of various natural fibers, we can conclude that natural fiber composites 

can be viable alternatives for a variety of applications. The need for EM wave absorption is discussed, 

as is the work done in this field. Finally, there is a need for high-quality research to improve natural 

fiber composites for EM wave absorption. Combining the various properties of natural fiber with the 

benefits of its lightweight, eco-friendly nature can open up a whole new field of research. 
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Abstract 

Foam based structure is used widely in energy absorption application. They are lightweight and 

possess the excellent energy absorption capacity in case of impact. They are used with other materials 

to increases their strength. They are widely used in the advanced composite structure. Advanced 

composite sandwich structure (CFRP) is widely used for structural application. They possess the 

excellent stiffness to weight ratio. The sandwich structure has low energy absorption capacity 

compare to structure with foam. In this work closed cell aluminum foam was inserted into the 

sandwich structure to observe the Low Velocity Impact (LVI) behavior. A validation study was 

performed for the LVI on sandwich panel through the dynamic explicit analysis with closed cell 

aluminum foam were inserted into the shell of sandwich panel. To model the foam the input 

parameter for ductile damage model were calculated using the stress-strain compression test data. A 

compression test was also performed by the numerical modeling through ABAQUS by using the 

calculated input parameter for Al foam.  After inserting the foam, the impact behavior of sandwich 

panel increases which encourage using the closed cell foam for sandwich structures.   

 

Keywords- Sandwich, Low Velocity Impact, Composites, Aluminium Foam  

 

1. Introduction  
The CFRP composite sandwich is widely used in many applications such as aerospace, automobile, 

wind turbine, rail etc. sandwich structure consists of face sheets and core. There are different types of 

sandwich structure used. In this work the hybrid sandwich structure is made-up face sheet of 

composite material i.e., CFRP and the core is Aluminum sheet. Foam is the cellular and porous in 

nature. They have high stiffness at relatively low density.  They are used in various applications such 

as energy absorption, vibration reduction, thermal insulation etc. there are two types of form in nature, 

open cell foam and closed cell foam. They differ in their cell structure arrangement which can be 

observed microscopically. Open cell foam is widely used in fluid and in thermal application also they 

have relatively higher manufacturing cost than closed cell [1-6]. 

Tang et al.[7] studied the CFRP composite sandwich panel using the closed cell Al-foam as 

its core for the high velocity impact behavior to observe the residual velocity behavior of impactor by 

the experimental and numerical method. He also performed impact test by changing the shape of 

impactor and also at different impact angle to observe the performance of sandwich panel and to 

calculate the impact limit of panel. Yan et al.[8] performed the LVI test by experimental and 

numerical modelling using the foam filled inside the core of steel sheet having corrugated structure. 

Sahu et al.[9] performed the static analysis of the LVI test on the closed cell aluminum foam to 

observe the energy absorption behavior of foam. Sahu et al.[10] presented the LVI test to observe the 

effect of different density of closed cell al-foam having different cell structure. Georgi  et al.[11] 

experimental studied the  microscopically behavior of the closed cell metallic foam using Kelvin cell 

model and ellipsoidal model. Novak et al.[12] performed a detailed study on compression behavior of 

closed cell Al-foam at higher and lower strain rate. In his experiment he performed a compression test 

and validated it by the numerical modelling. 

After going through various literatures, it was observed an extensive work on closed al-foam 

but less work in application of sandwich structure with foam filled core structures are performed in 

the literature. In this work a validation study was performed on an experimental work on LVI for 
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different energy level for the corrugated sandwich panel and then closed cell aluminum foam was 

inserted into the shell of the core. There were also modeled as the core and the input parameter were 

calculated using the compression stress-strain test data which were also validated by the numerical 

modelling on compression test. 

 

2. Damage initiation of the core  

In this numerical modeling of the corrugated al-sheet and al-foam were modeled by the ductile 

damage material model and geometric model were shown in Fig.1 and Fig.2 respectively. The finite 

element analysis (FEA) is carried out for the core structure to predict the plastic deformation of the 

core structure using the ductile damage initiation and propagation model based on Johnson-Cook and 

tabular form criteria respectively 

 

𝜔𝑑 = ∫
𝑑𝜀𝑝𝑙

�̄�𝑝𝑙
𝑑 (𝜂,�̇̄�𝑝𝑙)

= 1     (1) 

Here, d  is state variable that increases monotonically with plastic-deformation,  ,d

pl pl  

equivalent plastic strain, 
p

q



 is the stress triaxiality, p is the pressure stress, q is the misses 

equivalent stress and pl is the equivalent plastic strain-rate. A value of 1.0 or higher indicates that the 

initiation criterion has satisfied. 

 

  
 

Fig 1: Compression test of Al sheet [14] 

 

Fig 2: Geometrical shape of trapezoidal core [14] 

 

3. Damage propagation criteria for metal 

Damage propagation model is used for the plastic deformation of the structure to calculate the plastic 

deformation of the aluminum core. If the damage initiation criterion 1d   is satisfied then 

propagation-based failure model as shown in Eq. (2) is used to predict the plastic failure. The damage 

variables are calculated based on the relative plastic displacement is specified by tabular, linear and 

exponential form. But in the present study the tabular form plastic stress and strain curve is used to 

predict the realistic failure behavior of the aluminum core. Ductile damage propagation is defined as 

 

�̇̄�𝑝𝑙 = 𝐿𝜀̄�̇�𝑙                      (2) 
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4. Composite damage modeling 

The continuum damage modeling is included the damage initiation and the propagation-based model 

using the Hashin [13] and Donaldon criteria [13] respectively to determine the different modes of 

failure for the composites structure such fiber failure, matrix failure and delamination failure.  Hashin 

based damage initiation criteria are used for the, matrix tension mode, fiber tension and compression 

modes. The matrix compression-based criterion did not provide the accurate results for the prediction 

of the matrix cracking [3-6]. Hence, the Puck and Shurman based matrix compression criterion is used 

for the present study to determine realistic failure behavior for the matrix compression.  

 

5. Numerical modeling and validation study of the sandwich panel 

The composite face sheets and core were modeled as 3D deformable solid. After modelling for 0.5mm 

thickness by using other physical parameter [14], panel assembled and general contact was given 

between the composite face sheet and core. Therefore, surface to surface contact modeling are 

employed on the interfaces between the core and both face sheets. In boundary condition the edges 

were fixed of the face sheets. The energy level of impactor was obtained by the initial velocity i.e., for 

10J and 20J the velocity was given as the 1.23m/s and 1.74 m/s respectively. The panel was modeled 

as SC8R with one element per ply in through thickness direction of the laminate. The element 

assigned to the impactor is R3D4. Mesh density of the impactor region was chosen dense as compared 

the other region. The impactor zone was divided into 50 elements by number and the global size of 

the element were assigned as the 1*1mm as shown in Fig. 3. the same impactor zone were also crated 

on the core part. The degradation parameter was set to 0.98-0.99 for panel and the failed elements 

were removed from the FE model once the failure criterion was satisfied. The different shapes of 

aluminum core structures are modeled using the ductile damage initiation and propagation model 

based on ductile damage and fracture energy respectively to predict the plastic deformation of the core 

structure. The Hashin failure model was applied for the CFRP face sheets to determine the different 

model of failure of composite faces. The property was used as the input for the ductile damage model 

and Hashin model in literature [14].  

Numerical result of the impactor load versus time as shown in Fig. 4 is validated with experimental 

result available from the literature [14]. Finite element results showed the nearly same values as for 

the experimental results [14]. The simulation results were in good agreement with the experimental 

work for the 20J impact force. The maximum errors of 8% occur for 20J impact result [Fig 4].  

 

 

 
 

Fig 3: FE modelling of sandwich panel Fig 4: Validation results load vs time for 20J Impact 
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Fig 5: Fiber damage in Compression (20J) Fig 6: Fiber damage in Tension (20J) 

  

Fig 7: Matrix damage in Compression (20J) Fig 8: Matrix damage in Tension (20J) 

 

 

 
Fig 9: core sheet damage for 20J Fig 10: Sandwich Structure Failure 

As the impactor try to penetrate the panel further the resistive force increases it reaches to the 

maximum value then there is sudden fall in the peak value. This fall in the peak value occurs due to 

the fact that there was a small buckling in core was observed in the panel. At this point there is also 

fiber and matrix failure observed in composite face plate as shown in Figs. 5-8. The force value again 

rises to the maximum value and at this point the impactor leaves the panel. After reaching the 

maximum value of force the panel tries to regain its original state.  The core sheet deformation and 

sandwich structure deformation were shown in Fig. 9 and Fig. 10 respectively.  

 

6.  Numerical modeling and discussion for the closed cell aluminum-foam 

Finite element modeling for the sandwich structure with impactor and AL-foam material were shown 

in Fig. 11 and Fig. 12 respectively. The mesh size of 1mm*1mm was used for the whole specimen. 

The standard axisymmetric stress element was assigned. The CAX4R (4-node bilinear axisymmetric 

quadrilateral, reduced integration hourglass control) types of elements selected for the specimen. The 
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maximum degradation was given as 0.94. To model the foam in sandwich panel the calculated 

parameter for ductile damage model were used and the mesh size remains as the trapezoidal sheet. In 

this work the aluminum-foam was modelled by using the ductile damage model built in ABAQUS. To 

calculate the various input parameter for the ductile damage model the compression test data of 

engineering stress vs strain [12] curve was used. Simulation was also performed on the compression 

test. A cylindrical specimen was modeled as 2-D axisymmetric. The physical parameter was used as 

mention in Tabel 1. The properties that were calculated from the stress strain curve (Fig.13) inserted 

into the model. The lower edge of the boundary was fixed and the top edge is coupled by a reference 

point through kinematic coupling. The reference point was given the velocity of 1m/s through-out the 

step.  

 

Table 1: Input parameter for ductile damage 

 

Parameter Unit Values 

Fracture Strain  0.65 

Stress triaxiality  0.33 

Strain rate 1/s 0.004 
Fracture Energy J/m2 945.46 

 

 

 

 

 

 
Fig 11: FE modelling of 

sandwich with Al-foam 

 

Fig 12: FE modelling of 

solid Al-foam 

Fig 13: Compression test of 

engineering stress vs strain curve of Al-

foam [12] 

  
Fig 14: Fiber damage in Compression (10J) Fig 15: Fiber damage in Tension (10 J) 
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Composite face sheet showed the different modes of failure such as fiber compression, fiber tension, 

matrix compression and matrix tension for the Fig. 14, Fig. 15, Fig.16 and Fig. 17 respectively for 

applied the 10 J energy for the impactor.  Core sheet deformation and sandwich structure deformation 

were shown in Fig. 18 and Fig. 19 respectively. The impact force vs time and energy vs time results 

were showed in Fig.  20 and Fig. 21 respectively under the LVI using the 10 J energy.  

  
Fig. 22 Fiber damage in Compression (20 J) Fig 23: Fiber damage in Tension (20 J) 

  
Fig 16: Matrix damage in Compression (10 J) Fig 17: Matrix damage in Tension (10 J) 

  

Fig 18: core sheet damage for 10J Fig 19: Sandwich Structure Failure 10J 

 
 

Fig 20: Impact load vs Time curve for the 10J  Fig 21: Energy vs Time curve for the 10J 
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Fig 24: Matrix damage in Compression (20 J) Fig 25:  Matrix damage in Tension (20 J) 

 
 

Fig 26: Core sheet damage for 20J Fig 27:  Sandwich Structure Failure 

 
 

Fig 28: Impact load vs Time curve for the 20J  Fig 29: Impact load vs Time curve for the 20J 

The foam increases the energy absorption of the panel after impact. We can understand the foam from 

its compression test behavior [Fig.13]. In initial stage stress increases linearly with strain in the elastic 

region here the cell walls get compressed and it reaches to its peak value corresponding to its 

compression strength. In the next stage after reaching the peak stress, the cell walls get collapsed. 

These collapsed area increases and propagate through the material as the load increases. Due to 

Plastic collapse, we get a plateau region of near constant stress value corresponding to increase in 

strain value. This key feature is utilized for energy absorption in foam material.  

Composite sandwich structure subjected to the 20 J energy for the impactor at the centre point of the 

sandwich structure, the composite face sheet showed the different modes of failure such as fiber 

compression, fiber tension, matrix compression and matrix tension for the Fig. 22, Fig. 23, Fig.24 and 
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Fig. 25 respectively. Core sheet deformation and sandwich structure deformation for the 20 J energy 

were shown in Fig. 26 and Fig. 27 respectively. The impact force vs time and energy vs time results 

were showed in Fig.  28 and Fig. 29 respectively.  After inserting the foam in the corrugated sandwich 

structure impact force is dramatically increases in the load carrying capacity of the sandwich panel. 

As can be seen from the load vs time graph [Fig 20&28] the damage initiate at higher load after 

inserting the foam for both the cases. The maximum load in case of 10J impact reaches to 4.9KN and 

near 6KN in case of 20J impact.  

7. Conclusion 

In this work performance of the sandwich panel after inserting a closed cell Al-foam was studied for 

the low velocity impact. A validation study was performed on the experimental work of LVI in 

sandwich panel consist of CFRP face sheet and trapezoidal aluminum core sheet which was in good 

agreement with the experimental one. After modelling the foam by ductile damage model, a 

simulation test was performed for the 10J and 20J impact. Composite face sheet observed the different 

modes of failure such as fiber compression, fiber tension, matrix compression and matrix tension. 

Corrugated structure and foam materials also observed the plastic deformation for the 10 J and 20 J 

energies. After inserting the foam panel performance increases dramatically. The energy dissipates 

less after reaching the peak value this is due to foam but there was less deformation observed for the 

sandwich structure.  
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ABSTRACT 

This paper features the current advancements and its evolution in CO2 capture with the help of polymeric 

membrane technique evolutes from different industries and power plants to control the emission of carbon 

dioxide. CO2 capture considered as the best option for gas separation membrane. This study reviewed 

different types of membrane materials for CO2 capture on the basis of performance, energy efficient and 

the cost of material. The development of membranes and their advantages and limitations are clearly 

presented. The latest development of polymeric membrane is presented to find possibilities that make the 

capture system easier to fabricate and simple to implement. 

Keywords: CO2 capture, Polymeric membrane, Emission, power plant.  

 

1. INTRODUCTION 

Earth's temperature is considered as the major concern of environment. Global temperature is rising 

between 1.4- 5.8 degree centigrade by 2100, if there are no policies to control the climate changes [1]. 

The world is facing with many problems and challenges because of emission of fuel gases (mainly 

consists of CO2 and NOX) of power plants and industries [2]. Global warming is mainly caused by flue 

gases that are the result of combustion of fossil fuels and also combustion of coal in power plants, 

agriculture, transport and home heating. Flue gas, consists of CO2, NOx, CH4, ozone, and 

Chlorofluorocarbon, also known as greenhouse gases (GHG). carbon dioxide is considered as largest 

contributors to global warming. Due to huge amount of carbon dioxide spread in atmosphere, CO2 can be 

taken as the most crucial GHG [3-4]. CO2 is increasing continuously and creating many serious problems 

related to atmosphere, i.e. melting of glaciers, decreasing the ice lands, sea level rising and the 

temperature of earth is rising continuously. Because the temperature of earth is rising that’s why the 

requirement of techniques for capturing the carbon is necessary. Carbon capture, storage, utilization 

(CCSU) is widely recognized as the most important technologies available to achieve CO2 emission 

reductions in industrial sector. The carbon capture process is considered as greatest opportunity to reduce 

the growth of CO2 emission [5]. Different types of technologies used to capture the carbon dioxide which 

is generated in industrial processes in the power plants [6-8].  

In the starting of 19th century, value of CO2 was near about 280 ppm in environment and now the amount 

of carbon dioxide has reached more than 400 ppm [9-10]. The global average atmospheric carbon dioxide 

hit a new record high in 409.8 ppm. CO2 level are higher than the past thousands year. There are many 

scope to decreasing the emission of carbon dioxide from the industrial processes which are pre-

combustion capture, carbon capture during combustion (oxy-fuel combustion), and post combustion 

capture [11]. 

CCSU (CO2 capture, storage, utilization) also known as Carbon capture, sequestration may be defined as 

technology which captured the wastages of carbon dioxide, and storing it into the storage so it cannot 

enter into the environment. Carbon dioxide captured from the large-scale, like coal and power plant, 

cement factory and the separated carbon dioxide can be stored in underground organization. The objective 

mailto:saumya.shah@miet.ac.in
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of this technology is to control the huge amount of CO2 from large sources in the environment and it is 

also helpful to control the temperature change of earth. There is a list of total 17 projects which are 

operating at the CCS technology till 2019 in the world, and captured 31.5 Mt amount of CO2/year, and 3.7 

of this amount is deposited in underground [12]. According to the IPCC (Intergovernmental Panel on 

Climate Change) of United Nations, global climate will be dramatically changed by 2050 if CO2 emission 

continues to rise at current rates. Actually, we are already seeing many climate change disasters such as 

floods, hurricanes, droughts, forest fires, and so on. The amount of carbon dioxide will increase to 

450ppm in environment till year 2035 according to the report of IPCC, and also rising the temperature of 

environment by 2 degree centigrade [13]. CCS are widely used in large plant sources of carbon dioxide 

such as fossil fuel power plants, natural gas power plants, biogas plants, in manufacturing of iron or steel, 

refinery and cement factory. Different industries and plants are using different techniques to capture the 

carbon dioxide which includes; Cryogenic distillation technique, adsorption technique, absorption and 

membrane separation techniques. 

Cryogenic distillation is a promising, transformational post combustion carbon capture technology. 

Cryogenic carbon capture process can reduce CO2 emission by over 95% at a cost of less than $45/tone of 

CO2. It has the potential on working at high pressure and volume. In this process the developed product 

has been observed as 90% pure or above. major advantages of the cryogenic process is; there is no need 

for chemical adsorbents and it also has the ability to operate at atmospheric pressure. cryogenic 

technology have some limitations that is it is complicated for capturing the carbon dioxide because CO2 is 

produced in the combination of different gases which are H2O, NOx , SOx  and these are the restrictions in 

cooling and these are the reasons of corrosion, contaminate and plugging. The cryogenic distillation 

process has some disadvantages, i.e. high operating cost and high energy consumptions in comparison to 

other processes. whenever the amount of CO2 is greater than 50% in mixture of gases the cryogenic 

distillation method has been used. In this technique, firstly the mixture of gases is in liquified form and 

then the separation of gases components take place with distillation. there are four towers to used to 

separated carbon dioxide which can operate at the pressure range ( 5-8 psig), the separation by cryogenic 

method operate at low temperature (185 to -95 degree centigrade). [14-15].    

Adsorption, it process on the basis of some particular adsorption of any gas from the mixture of gases on 

the solid adsorbent. necessary parameter to operate the process, pressure (80-800 psig) and the 

temperature of 30-60 degree centigrade [16]. Adsorption process is known as surface process due to the 

transfer of molecular to solid surface form the liquid bulk. It can take place due to the physical forces and 

chemical bonding. Adsorption method is worked on the basis of intermolecular forces and the surface of 

particular solid adsorbents. single layers and multiple layers can be adsorbed by the gases and it depends 

on the percentage of current load, temperature, pressure [17]. 

The requirement of energy is low in Adsorption process and in the comparison of absorption the 

adsorption technology can reduce the deficiency [18]. For post-combustion carbon capture process, 

adsorption process is considered as most effective technique for capturing the carbon dioxide from the 

industries, because it requires the less energy [19]. Adsorption process developed as the most effective 

method for CO2 capture because it has the higher capacity to capture the carbon dioxide and higher 

selectivity, easy processing, less operating cost, and it utilized the regenerative energy in best way, also 

decrease the impact on environment [20-23]. This technique has maximum efficiency for light 

components. For hydrogen, the efficiency is 99.99%. 

Absorption process, the separation of CO2, takes place by the use of alkanolamines solution with the help 

of physical absorption. In absorption process, CO2 can be absorbed by the solution of amines, then the 

enhanced amines of CO2 is heated to let go the absorbed gas and regenerated the amine. In absorption 

process there are two types of towers, absorption tower which can operate at the temperature 35 to 55 
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degree centigrade and at the high pressure (more than 2 Atm), and the second one is recovery tower 

which operates at atmospheric or more than atmospheric pressure and the temperature is kept between 

120 to 100 degree centigrade [19,24]. In absorption process the products is discovered of high purity and 

separated the different type of acid gases like H2S and CO2. This process has higher capacity for 

processing. Absorption process needs high pressure to operate and consumption of energy is very high. In 

this process the efficiency of operating units is low. 

Membrane process, in 1980 membrane separation technology was used first time for the separation of gas 

and grab so much attention attracted much from researchers and many industry owners because of its 

advantages such as low operational cost and easy to operate. According to the comparison with other 

technologies Membrane technology for separation is considered as the most favorable method due to its 

benefits such as consumption of energy is less, low cost to operate, easy to operate and it can merge into 

other technologies [25]. Membrane process used in different applications like reverse osmosis in the place 

of the distillation, to purify the natural gas by membrane technology rather than absorption process with 

amines, the purification of biogas till the CNG quality, to remove the heavy or waste metals from water, 

membrane crystallization is used to capturing the carbon dioxide etc [26-31]. 

On the basis of Studies of last few years, it is represented that the membrane technology should be 

considered as the best alternative techniques for the separation of CO2 rather than the available processes 

which is used for the separation of CO2 from gas plants because of the membrane process has several 

benefits which are, the consumption of energy is less, easy to operate, the required space for process is 

less, no need for changing the phase, and also there is no need for any chemical solvents. Several 

membranes have capacity for the separation of CO2 from power plants, gas and streams, which are 

polymeric membrane, carbon, mixed matrix membranes (MMMs), facilitated membranes. 

Usually, there are two types of membrane can be used for the separation of carbon dioxide from gases: 

porous membrane, or non porous or dense membranes [4, 32]. The application of membrane technology 

in different industries and the ability of incorporation into the other technologies can be increase the 

efficiency of process for separation, it effects the cost of separation and reduce it. The work of broadly 

used membranes depends on the mechanism of solution-diffusion. Membrane processes have high energy 

efficiency and very cost-effective process but the membranes currently used, faced some problems which 

is trade-off between permeability and selectivity of stagnant. 

 

2. POLYMERIC MEMBRANES 

Polymers can be considered as the best material comparing with others materials because they have many 

properties which are mechanical strength, thermal stability, and higher chemical resistance [33]. Polymers 

are of different types which are polymides, polycarbonates, polysulfones, polyamides, PEO, poly (phenyl 

oxide) etc has been used and examined. Organic polymers are one of them which mostly used to fabricate 

the separation of gas, it can be divided into the two groups include glassy polymers and rubbery 

polymers. As mentioned above the benefits of polymeric membrane material are that it is easy to fabricate 

the polymeric membranes, availability of material, effective cost, and because of the huge variation of the 

materials the chances of research on different polymers have increased. And also it can provide the 

various methods for fabrication of polymeric membranes and increase the performance of the material. 

Membranes which are produce by the glassy polymers operate at below temperature compare to the 

temperature of glass transition, it has less permeability and less diffusivity rate. And the other membranes 

are rubbery membranes, which operate at the higher temperature compare to the temperature of glass 

transition and these are very flexible and soft. The rubbery polymers are mostly used and they made by 

the materials of polyurethanes and silicone rubber, because they have properties like high permeability 
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[34]. The relationship between selectivity and permeability is reverse and it is considered as major 

limitation in separation method [35]. For capturing the carbon dioxide from acid gases, Polymeric 

membrane is the best option due to the development of technology in different industries, such as 

petrochemicals. The membranes which have the higher selectivity and permeability are known as ideal 

polymeric membrane.  

2.1 The Progress in membrane materials in last few years 

Merkel et al. has propagated the process of carbon dioxide capture since 2010 which is based on the 

Polaris membrane and they announced that membranes can challenge to the MEA (monoethanolamine) 

scrubbing [39] but at moderate pressure, Based on related theory, there are many researchers testing for 

finding the optimal properties and also express the analogy of membrane's properties and consumption of 

energy [40-42]. 

Roussananly et al, 2016; they created a numerical model which is based on the model of coal-fired power 

plant and it produced 4.6 Mt amount of carbon dioxide in a year. Roussanaly et al. has compared the two 

process of carbon capture, membrane separation and the other is MEA absorption and described the 

optimal applications in various plants for membrane separation of carbon dioxide [43].  

This sector is sheltered by EU ETS (European Union Emissions Trading system), which involve the 

generation of heat and power. Till 2030 they decrease their complete emission of GHSs by 43% as 

compared to 2005. European Union Emission Trading System is considered as the initial and largest 

system for carbon worldwide and it also control the GHGs emission in power plants and industry sector 

(Emission Trading System, 2020). 

2.2 Polymeric modification by PEO and PEG 

PEO and PEG or Poly (ethylene oxide) and poly(ethylene glycol), is developed by oxidation of ethylene 

through the reaction by water. For the light molecular weight or weight < 20,000 g/mol the material is 

called as poly(ethylene glycol) and for the molecular weight > 20,000 g/mol the material is called 

poly(ethylene oxide) [36]. In the existence of oxygen polar group in material's structure, it represented the 

important accomplishment for gas separation. According to the molecular weight, the material is divided 

into three groups which are liquid form, semi-solid form and solid form. PEOs, which have less molecular 

weights are in the form of liquid and PEOs which have higher molecular weights are in form of solid.  

The molecular weight of PEOs is directly proportional to the crystallinity of the material, if molecular 

weight is increased the crystallinity also increase. The temperature of glass transition varies with the 

molecular weight of PEOs and the value of temperature is between -15 to -95 degree centigrade [37].  

 As above mentioned if the molecular weight increased subsequently the crystallinity is also increased in 

PEOs [poly(ethylene oxide)s] and with increase the both the permeabilities are decrease of gases, while 

PEOs  at lower molecular weight permeates the gas as much better in comparison with higher molecular 

weights. PEG are mostly used in various fields because of its unique structure and the properties which 

include in material such as: chemical stability, solubility in water and non-toxicity etc. With low MW, 

PEOs are mostly found in the form of liquid and it cannot be used directly in the separation of gases [38].       

2.3 Basic principles of flue gas membrane separation 

The basic Principle for membrane separation of flue gas generally depend on the material of membrane, 

gas composition and the condition of process. To the development of membrane with high performance, 

designing a membrane material with high permeability, high selectivity which is stable under wet 

conditions, at temperature minimum 50 degree centigrade.  

By ‘Fick’ slow,                                                                                                                                                

The gas flux through a dense polymeric membrane is denoted by (J), where J is directly proportional to 



 

196 | P a g e  

 

the gas Diffusivity (D) and a driving force 
dc

dx
which is a concentration gradient through the thickness (l) 

of dense film, 

( )
dc

J D
dx

                                                          (1) 

Under steady-state condition, the equation may be integrated taking into account the limits afC and apC

(concentration of gas ‘a’ on the feed or permeate side) for C, and 0x   and 1x   for x , thereby equation 

becomes; 

( )
J

af ap

a a

C C
D

L


                                                     (2) 

The concentrations afC and apC  of gas ‘a’ can be replaced by its partial pressure (
aP ) according to 

Henry’s law, 

a a aC S P                                                              (3) 

Where aS  is the solubility coefficient of gas ‘a’. 

Inserting equation (3) into equation (2), the gas flux J becomes; 

( )a af ap

a a

S P P
J D

L


                                                     (4) 

The term a aD S  in equation (4) represent the gas permeability ( )e aP ; 

Hence the permeability may be defined as the product of solubility and diffusion co-efficient for the given 

membrane material. 

The ratio between two gas permeabilities (pure gas) is defined as intrinsic selectivity (A); 

( ) ( )e a e bA P P                                                       (5) 

Because ‘ eP ’ may be represented in the term of product of D and S, the intrinsic selectivity can be also 

written as: 

a a

b b

D S
A

D S
          or              a a

b b

D S
A

D S
                                                      (6) 

where the diffusivity and solubility selectivity are defined. 

The permeability definition in equation (6) allows the development of strategies for designing new 

membrane materials with high permeability, that is the higher the diffusivity and solubility, the higher the 

permeability of the polymeric material. Both the diffusivity and solubility selectively allows membranes 

to be designed with better selectivity. Improving simultaneously both selectivities is a key challenge in 

developing advanced membrane materials. 

For CO2 capture as described above, the polymer must be CO2 selective with high permeability, stable to 

water vapor and easy to process when making membranes. Although CO2-selective membranes are the 

most studied, N2-selective membranes have also been proposed for flue gas processing but this reverse 

selective membrane is still viewed as a scientific curiosity [44]. 

 

3. RESULT AND DISCUSSION 

A flue gas is mainly the outcome of the emission of fossil fuels and coal in power plants and in Industry, 

the CCS concept is applied to capture CO2 into a suitable underground geological formation. Currently, 

the major aim for the industries and developed countries is to find the appropriate technology for CO2 

capture (economically and environmentally effective), which is clearly observed by the numbers of 
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projects supported by various foundations worldwide and by the amount of research reported in the last 

few years. 

On the basis of recent researches, Membrane technology used in various processes which are carbon 

dioxide separation, recycling of hydrocarbons and to purify the water and waste water in gas industry, in 

industrial waste water treatment. Membrane technology is different from any other techniques because it 

depends on the material of membrane and fabrication. The polymeric membrane which is used in gas 

separation process, is made in two form which are flat film form and tubular form. According to the shape 

of membranes, the membrane divided into three group, first is hollow fibres, and two others are 

capillaries and tubes. The efficiency of system mainly depends on the selection of material of membranes. 

To increase the efficiency of separation by membrane process, the material of polymeric membrane is a 

good option because it has many advantages. 

Different types of polymers available for separation of gas mixture which are polycarbonates (PC), 

Polyamide-imides (PAI), Polyimides (PI), Cellulose acetates (CA) and polyamides thin film composites 

(TFC). According to many research studies we find that the implementation of CA based membrane is 

more in industry because of their resistance to pollutants and high selectivity to carbon dioxide and also 

reduce the absorption of acid gas per stage. On the basis of different type of polymers and their 

performance for multistage processes for the separation of CO2/CH4, CA membranes proved good 

material for the separation in industrial plants. Polyimides (PI) are also found an interesting polymer for 

membrane gas separation. 

Table 1. CH4/CO2 separation by different type of polymeric materials operating at 2-stage and 3-stage 

arrangements. [45] 

Polymeric 

materials 

CH4 separation 

By using 2-stage 

CH4 separation 

By using 3-stage 

CO2 separation 

By using 2-stage 

CO2 separation 

By using 3-stage 

Pebax 1657 51.537 98.270 34.030 93.637 

TFC (thin-film 

composite) 

89.638 99.622 49.686 83.577 

PI (Polyimides) 98.199 99.983 85.516 99.677 

PC 

(Polycarbonates) 

96.984 99.990 81.806 99.204 

 

 

Fig.1 CH4 recovery by polymeric membrane operating at multi-stage arrangement. 
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Fig.2 CO2 recovery by polymeric membrane operating at multi-stage arrangement. 

Fig.1 shows that the multi-stage processes the results of various polymers are different such as the 

recovery of methane in 3-stage processes is maximum in comparison to 2-stage processes while using the 

different polymeric materials. From fig.2 we can see the variations in CO2 recovery and also it shows that 

the recovery rate is maximum in 3-stage process. When we considered the CO2 separation, the PI and PC 

have the maximum amount of recovery. In 3- stage process the recover percentages of methane is 

excellent by using polycarbonates, in the 3-stage process the polycarbonates is considered as the superior 

material in comparison to other commercial materials. So for the separation of carbon dioxide and 

methane, the polymeric membrane material is best and it provides the great efficiency for gas separation. 

 

4. CONCLUSION   

A polymeric membrane was represented as the first convenient membrane for capturing CO2 from the 

RITE institute (Japan) because it has high gas flux. for post combustion carbon capture the membrane 

separation technique is considered as most promising technique because it has good mechanical stability, 

good separation potential , low cost. For commercial gas separation process the polymeric membrane is 

recognized as the best material. Many membrane systems use glassy polymers due to its high selectivity 

and mechanical properties, for gas separation while some system use rubbery polymers for vapor or gas 

separation processes. 

As above mentioned, membrane technology has many advantages in comparison to absorption process 

such as operational cost is low, need of energy consumption is less and smaller carbon footprint. 

Membrane can be built in different sizes and easily merged into existing power plants. Polymeric 

membranes are prepared by the cellulose acetate (UOP, GMS, NATCO), polysulfone, polyphenylene 

oxide, polyimides, polydimethylsiloxane (GKSS, MTR), in which the cellulose acetate is widely used in 

industry.  

According to comparison of different polymers on the basis of their performance, the polyimides (PI) is 

considered as the superior in all membrane because it has high permeabilities, chemical stability and also 

have high intrinsic selectivities. A great recovery of CO2/CH4 can be obtained by PI membranes at the 

value of 57Kw. The same result has been found with CA based membrane but with increment in the 

power by 16%. Polymeric membrane separation is the most promising technology for carbon capture 

from industries and also very efficient technology for membrane gas separation. 
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ABSTRACT 

The experimental and statistical analysis for Jute fabric composite including development, fabrication 

and testing for different failure strains under tension, shear and bend tests was performed. Basic 

mechanical testing like Tension (ASTM D638), Shear (ASTM D5379) and Bend (ASTM D7264) 

tests were performed to characterise the failure strains and study the fiber, matrix and composite 

failure behaviour. To mitigate the variability in the results, statistical (uncertainty) analysis was done 

by fitting the extrapolated data points to Normal, Lognormal and 2-Parameter Weibull distribution 

functions; distribution parameters were evaluated, probability density function graphs were obtained 

and goodness of fit tests involving Chi-squared and Kolmogorov-Smirnov tests were done to evaluate 

the fitness of the distribution function to understand the cause of variability in the composite failure 

modes due to the inherent properties of fibers and matrix. Finally, all the failure strains were 

statistically analysed to predict the failure patterns under different loading conditions in the Jute 

composite. 

Keywords- Jute fabric, Composite, Uncertainty, Distribution parameters, Failure modes. 

 

1. INTRODUCTION 

The constant strives for better materials for various structures used in aerospace and automobile 

industries has led scientists and engineers to look for unconventional materials especially the 

composites (Kala et al., 2021; Patel et al., 2018; Bandaru et al. 2016; Kumar et al., 2016) in particular. 

Synthetic fiber composites have solved most of such problems where they pose high strength to 

weight ratio and better lightweight characteristics compared to their conventional (eg. Steel, 

aluminium) counterparts. But those fibers have also raised concerns regarding their non-

biodegradable nature and high cost to name a few. This has shifted focus on natural fibers since they 

have all the similar properties including being eco-friendly (Li et al., 2020; Pickering et al., 2016). 

Some of the leading natural fibers commonly employed are Jute, flax, hemp, basalt and other. Jute 

fibers offers some incredible mechanical properties and being having very low cost compared to other 

fibers (Kala et al., 2021; Abdellaoui et al., 2015; Ahmed and Vijayarangan, 2008; Acha et al., 2005). 

It offers wide range of use including decorative and structural usage. Despite having such properties, 

these natural fibers still have disadvantages such as varying fiber length, inconsistent fiber diameters, 

misaligned fiber orientations, varying chemical compositions due to different cultivation conditions 

etc. Such inconsistency leads to variations in production of these composites which further leads to 

variation in their mechanical properties. To overcome this problem, one needs to have testing on a 

large sample which ultimately increases the overall cost of production. 

Various studies have been performed lately to overcome the problem of large number of testing (Patel 

et al., 2016, 2017, 2018; Virk et al.,2010). Probabilistic approach is one such tool that had been the 

popular choice for many researchers. The uncertainty in the properties of the natural composites can 

be analysed by using the probabilistic models by using various distribution function. These functions 

can be fit to the experimental data to forecast their natural behaviour and provide an insight on the 

fiber and composite failure modes. Such essential information can be used during the product design 

stages where they can be avoided from being overdesigned by having the optimum factor of safety. 

Various studies have also been performed to understand the sole behaviour of various natural and 
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synthetic fibers which have shown very high variations in their properties compared to their 

composites (Xia et al., 2009; Dirikolu et al., 2002; Virk et al. 2010; Adusumali et al., 2006). 

Lognormal and Weibull distribution functions have been popular among these studies. Strength and 

failure strain values of many composites have been observed to follow Weibull distribution function 

whereas some of these have also followed lognormal distribution function as with the cases of 

modulus for many other composites (Baley C., 2002; Torres et al., 2017; Basu et al., 2009; Trujillo et 

al., 2014; Djeghader et al., 2020). Some of the studies have been performed using the coefficient of 

variations (CV) that helps in comparing various mechanical properties of a single composite (Torres 

et al., 2017). 

Recent studies have shown the interest of various scientific communities on Jute fiber composites in 

the recent years due to its superior mechanical properties for a very low cost. The present objective of 

this study was to perform the uncertainty analysis on various failure modes of Jute fabric composite 

under tension, shear and bending due to the limited study in this area of research. The author 

fabricated number of samples for test using the Vacuum Infusion Method (VIM) where 38% fiber 

volume fraction (FVF) was achieved and the samples were cut as per respective ASTM standards 

using Abrasive Water Jet Machining (AWJM). Tensile, shear and bend tests were performed and the 

data obtained was extrapolated to 100 set data points before being fitted to Normal, Lognormal and 2-

Parameter Weibull distribution functions to calculate their distribution parameters. Then, goodness of 

fit test was evaluated to check the feasibility of the curve fitting and perform for null hypothesis 

postulation. The analysis highlighted that these failure strains best suited to lognormal function 

contradicting to the results obtained on other types of natural fiber composites. 

 

2. EXPERIMENTAL STUDY OF JUTE COMPOSITE 

The fabrication of Jute fabric composite panels for the mechanical characterisation was done by using 

the commercially available 240 GSM Jute fabric having plain weave (1x1 twill) and general purpose 

epoxy and hardener using the Vacuum Infusion Technique (VIM). The present method eliminates 

trapped air and gases from the composite and evenly distributes the matrix, thereby reducing the flaws 

such as porosity and voids to achieve higher fiber volume fraction (FVF). The fabric used was 

considered transversely isotropic for the sake of testing due to its balanced and symmetric properties 

in 1- and 2- directions. 

A higher FVF of 38% was achieved after fabrication and then the samples were cut by Abrasive 

Water Jet Machining (AWJM) according to the ASTM standards for tension, shear and flexural tests. 

AWJM helps achieve higher accuracy on the dimensions and low surface roughness on the edges to 

reduce the effect of stress concentration. 

 

3. MECHANICAL TESTINGS 

The study of composite failure due to tension (ASTM D638), shear (ASTM D5379) and bending 

(ASTM D7264) was performed as per respective ASTM standards to understand the underlying 

phenomenon of Jute composite failure. Various characteristics were evaluated such as strength, 

modulus and fracture failures. Bonded strain gauges were used to quantify the forces acting on the 

samples during the tests. The tests were performed for a total of 10 samples for each test at a 

crosshead speed of 1 mm/min for each test. 

 

4. STATISTICAL ANALYSIS OF COMPOSITE 

The need for uncertainty analysis for any composite is necessary due to many inevitable factors such 

as chemical compositions, plant species and its fiber location, environmental conditions, fiber 

processing and composite fabrication methods to name a few. These irregularities create difficulty in 

streamlining the experimental results to be used during its production. The deterministic results hence 

do not present a true picture due to limitations of samples and high cost. Using probabilistic approach 

as a tool to overcome the uncertainty in the mechanical properties removes the sample limitations and 

reduces cost and helps in over designing any product due to the factor of safety which is used to 
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ensure reliability of any material due to structural failure. In the present study, different failure modes 

due to tension, shear and bending has been analysed by curve fitting the experimental data on 

different probability functions, evaluating their distribution parameters, and checking their best fit 

using various goodness of fit tests (Basu et al., 2009). 

4.1 Normal distribution: It is a continuous probability distribution for real-valued random variable 

whose distribution function in general form is given below 

𝑓(𝑥) =  
1

𝜎√2𝜋
𝑒

1

2
(

𝑥−𝜇

𝜎
)

2

       (1) 

4.2 Lognormal distribution: It is a continuous probability distribution of random variable whose 

logarithm is normally distributed. The distribution function in general form is given below 

𝑓(𝑥) =  
1

𝑥𝜎√2𝜋
𝑒

(−
(ln 𝑥−𝜇)2

2𝜎2 )
       (2) 

4.3 Weibull distribution: The probability function is given as 

𝑓(𝑥; 𝜆, 𝛽) = {
𝛽

𝜆
(

𝑥

𝜆
)

𝛽−1
𝑒−(𝑥 𝜆⁄ )𝛽

, 𝑥 ≥ 0

0, 𝑥 < 0
      (3) 

where 𝛽 > 0 is shape parameter and 𝜆 > 0 is scale parameter of the distribution. μ represents 

location and σ represents scale parameters for normal and lognormal distributions. 

 

4.4 Goodness of Fit: The goodness of fit generally measures how well the sample population fits the 

statistical model. It generally summarises the discrimination between the observed values and the 

expected values for a given desired model.  

4.4.1 Likelihood estimation: It is a goodness of fit test based on combination of given values of 

unknown distribution parameters that maximises the drawing probability of a sample from a 

given population size. The procedure for obtaining the maximum is known as maximum 

likelihood estimation which is done by taking the natural logarithm of the likelihood also, 

known as log-likelihood function. 

The likelihood of a sample given a model with parameters, θ is 

𝐿(𝜃; 𝑥𝑖:𝑁) =  ∏ 𝑓𝑥(𝑥𝑖; 𝜃)𝑁
𝑖=1       (4) 

4.4.2 Chi-squared test: It is a non-parametric test that is used to find out how the observed value 

of a given phenomenon is significantly different from the expected value. It determines how 

well theoretical distribution (such as normal, lognormal or Weibull) fits the empirical 

distribution. 

𝜒2 =  [
(𝑂−𝐸)2

𝐸
]       (5) 

where, O is the observed frequency and E is the expected frequency. 

4.4.3 Kolmogorov-Smirnov test: It is a non-parametric test of the equality of continuous or 

discontinuous, on-dimensional probability distribution that can be used to compare a sample 

with the reference probability distribution. 

𝐷 = max
1≤𝑖≤𝑁

(𝐹(𝑌𝑖) −
𝑖−1

𝑁
,

𝑖

𝑁
− 𝐹(𝑌𝑖))     (6) 
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5. RESULTS AND DISCUSSION 

Various mechanical properties were experimentally evaluated for Jute fabric composites under 

tension, shear and bending. Fracture strains for all the tests were obtained for the purpose of statistical 

analysis as shown in Table 1 and represented in part in Figure 1. During the tensile test, most of the 

loads were taken up by the Jute fiber until fracture. This was attributed due to good wetting and 

bonding between matrix and fibers. In most of the samples, sudden fracture was seen owing to the 

brittle nature of the composite under uniaxial loading. There were marked variations in the shear test 

where peak load due to shear was scattered. This could be due to uneven load transfer between the 

interlacing fibers and crimp after the load transfer from matrix. This could lead to sudden transfer of 

load resulting in abrupt highs and lows in the peak load absorption. The bend test showed some 

consistency with the peak force with a few multimode failures under tension and compression where 

the sample fracture with fiber pullout and granules of matrix bursting out. 

 

Fig. 1: Combined plot of Stress-Strain for Tensile, Shear and Bend tests 

 

Table 1. Failure strains for tensile, shear and bend tests of Jute fabric composite 

 

Sample no. Tensile Failure 

Strain 

Shear Failure 

Strain 

Bending Failure 

Strain 

1 0.0438 0.0157 0.0137 

2 0.0357 0.0168 0.0122 

3 0.0395 0.0164 0.0132 

4 0.0386 0.0161 0.0108 

5 0.0412 0.0169 0.0131 

6 0.0388 0.0159 0.0115 

7 0.0413 0.0165 0.0122 

8 0.0426 0.017 0.0126 

9 0.0379 0.0167 0.0100 

10 0.039 0.015 0.0091 

Mean 0.0398 0.0163 0.012 

Standard Deviation 

(SD) 

0.002 0.0005 0.0015 
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The results obtained from all the three tests showed different failure modes under different loading 

conditions. These conditions could not be explained properly when studied together. The study does 

not provide clear picture as to why some sample had variations in failure strain magnitude even after 

carrying higher load like in tension and shear, some of the samples had greater distributions in failure 

strains though had consistent peak force absorption capabilities as in bending. Such questions were 

tried to solve through statistical analysis in the subsequent paragraphs. 

For the analysis, the data for fracture strains of each test were extrapolated to 100 points dataset using 

their mean and standard deviation. The data points were then fitted to Normal, Lognormal and 2 

parameter Weibull distribution functions and corresponding distribution parameters were obtained. 

Using these values, goodness of fit test was performed through Likelihood estimation, Chi-squared 

and Kolmogorov-Smirnov (K-S) tests. The values are reported in Table 2-4. 

 

Table 2. Estimated parameters, log-likelihood values and fitted chi-square and K–S values for 

different distribution functions of Tensile Failure Strain 

 

Distribution Location Scale Shape 
Log-

likelihood 
Chi-square 

Kolmogorov-

Smirnov 

Normal 0.0398 0.00257 - 455.0924 - - 

Log-normal -3.225 0.0668 - 455.5225 2.563 0.138 

Weibull - 0.04098 18.766 441.1903 9.627 0.205 

 

Table 3. Estimated parameters, log-likelihood values and fitted chi-square and K–S values for 

different distribution functions of Shear Failure Strain 

 

Distribution Location Scale Shape 
Log-

likelihood 
Chi-square 

Kolmogorov-

Smirnov 

Normal 0.0163 0.0005 - 607.94 - - 

Log-normal -4.1173 0.000583 - 607.49 2.848 0.1395 

Weibull - 0.01655 22.982 595.20 14.971 0.1604 

 

Table 4. Estimated parameters, log-likelihood values and fitted chi-square and K–S values for 

different distribution functions of Bending Failure Strain 

 

Distribution Location Scale Shape 
Log-

likelihood 
Chi-square 

Kolmogorov-

Smirnov 

Normal 0.01184 0.001485 - 509.863 - - 

Log-normal 0.01185 0.001589 - 508.697 6.717 0.126 

Weibull - 0.01246 5.5187 491.995 20.47 0.186 

 

The results for all failure tests indicate that they follow Log-normal distribution as can be observed in 

the figures 2 -5. The failure strains for other reported composites, however, differ from the current 

results in a sense where they followed Weibull distribution (Dirikolu et al., 2002; Djeghader et al., 

2020; Basu et al., 2009; Trujillo et al., 2014; Xia et al., 2009). Both the distribution functions satisfied 

the Chi-square test for tensile failure strain data indicating very close resemblance under the given set 

of conditions. Since, that test mainly depends on the bins and number of bins taken, it was necessary 

to verify with K-S test to understand the feasibility with the null hypothesis that the sample could 

have come from either of the distributions. The test indicated that the hypothesis was accepted for 

Lognormal distribution. This indicate that the variability of the test samples would reduce over time 

when the number of samples will be more. The skewed behaviour of the function also reflected 

different failure modes under different loading conditions. The shifting of the curve around the mean 

helped in understanding the magnitude of different failure strains and behaviour of the composite in 
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general. The pdf for the tensile failure strains showed balanced values around the mean; even 

distribution of the matrix to achieve higher FVF. Similar observations were made for shear and bend 

failure strains followed closely by Normal distribution function. 

  
 

(a) Normal distribution (b) Weibull distribution (c) Lognormal distribution 

 

Fig.2: Curve fitting plots of distribution functions for extrapolated data points of tensile failure strain 

 

   

(a) Normal distribution (b) Weibull distribution (c) Lognormal distribution 

 

Fig.3: Curve fitting plots of distribution functions for extrapolated data points of shear failure strain 

 
  

(a) Normal distribution (b) Weibull distribution (c) Lognormal distribution 

 

Fig. 4: Curve fitting plots of distribution functions for extrapolated data points of bending failure 

strain 
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(a) Normal distribution (b) Weibull distribution (c) Lognormal distribution 

 

Fig. 5: Combined probability density function (pdf) graphs for extrapolated data points of different 

failure strains 

6. CONCLUSION 

In the present study, the failure strain properties were evaluated based on tensile, shear and bend test 

standards such as ASTM D638, ASTM D5379 and ASTM D7264 respectively.  Experimentally 

failure strains data was used to determine the statistical properties of failure strains such as mean 

value, standard deviation and distribution. Jute fabric was chosen as the reinforcement and epoxy 

based resin and hardener was taken as the matrix for the fabrication of the composite using VIM. The 

experiments showed the scattered failure strain behaviour of the composite under each test which was 

then assessed by fitting the data to Normal, Lognormal and two-parameter Weibull distributions. The 

failure strain values for each test best fitted the lognormal distribution indicating skewed behaviour of 

the samples during fracture. 

The implication of such study is to assess the uncertainty in fracture strains of the composite for 

engineering applications when fiber misalignment, air voids and resin pockets are some of the major 

defects that could drastically alters the strength and failure properties of the materials. This study 

helps in analysing the composite failure modes using the standard distribution models for jute fabric 

composite which could help understand its typical usage in automobile and aerospace structural 

analysis. 
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Abstract 

The subject of sustainability itself gained so much popularity in the last decades. However, the 

research on the assessment of sustainability practices of the hotel sector is fragmented.  Today the 

threats from global competition, degradation of natural resources, and environmental awareness 

among consumers recognize the need to be sustainable. To cope with the worldwide competition, the 

hotel sector itself shows the tendency to implement new or improved management practices and 

generate awareness among its stakeholders to reach sustainable goals. Researchers and practitioners 

are focusing on sustainable practices in hotels or hospitality contexts, as recent studies show that 

hospitality sectors, especially hotels, are considerably accountable for environmental pollution.  

This paper reviews the sustainability practices of the hotel sector's management and their potential 

effect on hotel industry performance to provide an overview of the recent trends. This paper intends to 

produce a literature survey to assimilate the current understanding of the topic from existing literature. 

A total of 48 articles from reputed sustainability journals were selected to identify the current 

knowledge of the topic from existing literature and formulate a sustainable practice definition to 

reflect the current hospitality context to reach sustainable goals accurately. 

Keywords- Sustainability, Sustainable Goals, Hotels, Sustainability Practices, Hospitality. 

 

1. INTRODUCTION 

Sustainability is defined as a set of actions taken to attain the present needs without affecting future 

capacity (Brundtland, 1987). The evolution of Sustainable practices or green innovations is evident in 

the hospitality industry for decades. In contrast, it got considerable attention in the 1990s (Buckley, 

2012), the last decade recorded much more substantial growth in terms of significance and importance 

(Nicholls & Kang, 2012). The global competition and challenges forced the hospitality industry to 

adopt and implement sustainable practices (Kapera et al., 2019). Although the research associated 

with sustainability initiatives of the hotel industry has not got much more attention than 

manufacturing activities, the last decade recorded a spike in it (Pan et al., 2012). Though, the research 

is gaining substantial attention and importance. However, it is still fragmented (Jones et al., 2014), 

turning in improperly defined literature for many researchers and practitioners, resulting in 

miscommunication between them and improper participation in sustainable practices (Kim et al., 

2017).  

Nowadays, there is a green wave in the adoption and implementation of sustainability initiatives in 

hotels. These initiatives allow the incrementation in economic efficiency and reduction in 

environmental and energetic impacts. Efficient corporate social responsibility practices promote and 

motivate social sustainability, too, as per the triple bottom line approach (Julião et al., 2020). 

Although the ideal definition of sustainable practices should involve all three sustainable dimensions, 

i.e., social, environmental, and economic, some researchers typically defined these practices based on 

environmental impact only. Sustainable practices generally are defined as business activities to reduce 

adverse effects on the environment (Kim et al., 2017). The significant participants of the hotel 

industry have taken severe initiatives by ensuring strict compliance to environmental norms. The 

categories of sustainable practices as per the company information are sustainable materials and 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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purchasing, water management, energy efficiency, waste management, and sustainable site 

development. 

 
 

Fig. 1. The interconnection of the elements of the Triple Bottom Line concept (Dalibozhko, 

Anastasiia & Krakovetskaya, Inna, 2018). 

 

The goals of sustainable practices are to reduce the dependence on fossil fuels, reduce energy 

conservation, water consumption, energy efficiency, and reduce the impact of daily operations on the 

environment. These sustainability efforts aim to make the hotel properties more "green" (Shanti, 

2016).  

So the current paper's objective is first to recognize the current understanding of the topic and then 

formulate a definition of sustainable practices for the hotel industry with the help of the available 

literature. 

 

2. RESEARCH BACKGROUND 

One of the oldest profession and a potent economic activity which influences many human life aspects 

are hospitality (Ottenbacher et al., 2009). (Enz, 2009) argue that the hospitality industry "primarily 

consists of businesses that provide accommodation, food, and beverage or some combination of these 

activities." In this dynamic and demanding market of raising competitiveness, the Survival of the 

hotel industry depends on improving hotel products and services (Batinić, 2016).  

The rapid expansion of Western hotel corporations into the international market generated numerous 

employability opportunities across developing countries. The most significant part of the Travel and 

Tourism sector is Hotels. Tourism is one of the world's largest sectors, which plays an essential role in 

driving prosperity, empowering women, youth, and other social groups. Travel and tourism have a 

considerable impact on the global GDP. According to the economic impact 2020 report published by 

the world travel and tourism council, worldwide travel and tourism have a GDP percentage of 10.3% 

as a percentage of global GDP. The report further clarifies that Travel & Tourism is supporting 330 

million jobs, 10.4% of global employment. The statement of economic impact 2020 reveals that one-

fourth of total new jobs created worldwide from this sector in the last five years. In India, the 

contribution of travel and tourism to GDP is 6.8% of the total economy and contributed 8% of the 

total employment. 
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Table I. Travel and Tourism total contribution to GDP (world travel and tourism council, 2020) 

 

Ranking Travel and Tourism total contribution to GDP 2019 (US$bn) 

2 China 1,584.9 

10 India 194.3 

14 Thailand 107.0 

20 Indonesia 63.6 

 World Average 42.7 

29 Malasia 41.8 

 South Asia Average 39.0 

41 Viet Nam 23.1 

49 Pakistan 16.8 

64 Bangladesh 9.1 

66 Sri Lanka 8.9 

74 Combodia 7.1 

 

The researchers used several perspectives to study and analyze the hotel sector's sustainability 

practices, as evident from the existing literature. Broadly there are generally four significant 

perspectives, namely financial benefits (Singal, 2014), environmental aspects (Han, 2020), customer 

demand & relations (Raub & Blunschi, 2014), and corporate social responsibility  (Chan & Hawkins, 

2010).  

Initially, the ultimate approach of sustainability goal was limited to a balanced approach of social, 

economic, and environmental goals (Elkington, 1998). While nowadays, the threats from global 

challenges like rising social inequality, growing populations, poverty, climate change, loss of 

biodiversity grabbing much more attention, and the resources are well controlled for further 

forthcoming welfare of the society (Carroll, 1999; Juholin, 2004). Corporations are taking their 

responsibility to recognize society's environmental and social needs by adjusting their business 

strategies accordingly (Griffin & Prakash, 2010). Even customers are aware of the necessity of 

sustainable initiatives and practices for global requirements and a better future (Gong et al., 2019; 

Rustam et al., 2020). The demand of today's world is high efficiency to improve the living standard of 

humans (Singh et al., 2021). (Kucher et al., 2019) revealed customer's willingness to pay premium 

prices for sustainability initiatives, and (Millar & Baloglu, 2011) found customer's interest in 

hospitality options having green initiatives.  

The main barrier in implementing and adopting sustainable development practices for hotels is lack of 

financial support, lack of expertise and experiences, insufficient infrastructure, and inadequate human 

resources (Eldemerdash & Mohamed, 2013; Sloan et al., 2009). The fragmented study is a bigger 

problem too, as (Bonilla Priego & Aviles Palacios, 2008; Stalcup et al., 2014) states that numerous 

empirical studies done for the adoption of the sustainable practice of the hospitality industry have just 

focused on the environmental dimension mainly in most of the parts. The role of a manager is quite 

crucial in the implementation of sustainable practices  (Jamaludin & Yusof, 2013), as the link between 

understanding of the manager about sustainable development and implementation of sustainable 

development orientation has been identified by many empirical kinds of research (Ahmed & Joyia, 

2003). The strongly committed manager can only take actions for the sake of sustainable development 

for their hotel, considering the impacts of social, economic, and environmental context (Gendron, 

2006; Welford et al., 1999).  

The driving force towards sustainable development is the understanding of managers, though these 

initiatives are mainly concerned with environmental context and particularly energy-saving (Hobson 

& Essex, 2001). However, the primary motivation of managers and employees behind sustainable 

initiatives is environmental concerns (Ayuso, 2006; Glorieux-Boutonnat, 2004). Whereas (Brown, 

1996) mentioned cost reduction as a prime motivation instead of an ecological crisis for implementing 

sustainable initiatives. Some researchers found the implementation of sustainable initiatives as an 
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ability to reduce operational costs while meeting the hotel management's ethics and a necessity for the 

improvement of the hotel's image with eco-certification (Tzschentke et al., 2004). Major technical 

applications of sustainable practices in the hospitality industry include saving energy by installing 

energy-efficient appliances, conserving water, and reducing waste (Erdogan & Baris, 2007; Mohan et 

al., 2017; Roushdy et al., 2012).  

 

3. RESEARCH METHODS 

3.1 Selection of Literature 

The selection of literature is from reputed sustainability journals by refining the search using 

keywords like sustainability in hotels, sustainable practices, green practices, environmental initiatives, 

waste reduction in hotels. After further analyzing and rescreening the abstracts by focusing on 

sustainability context in hotels, the selection of 48 articles looked relevant for the current review. 

  

Table II. Steps for selection of articles from the hotel literature 

 

Primary Literature Search  Accessed the journal database 

 Identified title using keywords 

 Examined abstracts 

 Download identified articles 

 Generated initial set of 58 articles 

Review Literature Search  Accessed the journal database 

 Review the initial set of articles concerning the journal 

database to identify missing keywords 

Confirm Literature Search  Confirmed final set of articles 

 Eliminate ten articles that were not suited for the 

review 

 Finalized 48 articles for review 

 

3.2 Literature analysis 

The categorization of selected literature has been made based on research focus, industry focus, 

research design, sample type, and tools and techniques used. The methodology-wise analysis of the 

literature indicates that the majority of literature available is of quantitative type. In contrast, industry 

focus revealed that the segment hotel has maximum coverage than others. 

 

 
 

  Fig 2: Number of Papers Methodology wise      Fig 3: Number of Papers Industry Focus wise 
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The analysis of available literature showed an increased pattern in the last decade compared to the 

previous one, as most articles are from this period. The significant domains to which researchers and 

practitioners have contributed are operational, organizational, and strategic domains. 

Identifying factors and conditions covered while implementing sustainable practices is covered in 

research of the organizational domain. Researchers of this domain investigate the influence of 

organizational elements on hospitality businesses to implement sustainable practices (Rahman et al., 

2012). Sometimes the existing practices are modified to meet the purpose. However, redesigning the 

existing process is expected to have several setbacks and hurdles on a technical level. Redesigning an 

existing process does not guarantee sustainability achievement with respect to the triple bottom line 

(3BL) perspectives, which include economic, social, and environmental perspectives (Nishitani et al., 

2011). 

The installation of new procedures and systems as sustainable practices is covered in research of the 

operational domain, where researchers investigate the marketing and finance activities related to 

sustainable practices (Shiming & Burnett, 2002).  

Investigating the effects of different strategies as monitoring performance, initiating green policies, 

and obtaining green certifications like ISO 14001 is covered in research of the strategic domain. 

Researchers in this domain investigate the influence of sustainable practices on hospitality employees 

and customers. By the use of quantitative instruments like self administrative surveys or online 

questionnaires, researchers concluded the opinion of participants for sustainability initiatives in the 

hotel industry (Rahman et al., 2012) 

Maximum literature highlighted how sustainability initiatives took place and were implemented in the 

hospitality industry to keep environmental attributes in mind, what attitude hotel managers have 

shown towards it (Bohdanowicz, 2005), and how ecological initiatives are implemented in the hotel 

industry (Bonilla Priego & Aviles Palacios, 2008).  

 

Table III. Sustainability initiatives taken by hotel management with their priorities 

 

Sustainability initiatives by hotel management Priority 

1. Use of energy-saving light bulbs instead of the traditional one High 

2. Training of staff to switch off the light of the unoccupied room  High 

3. Training of staff to turn off heaters of the unoccupied room High 

4. Training of staff to turn off air conditioners of the unoccupied room or area High 

5. linen reuse is encouraged Moderate 

6. Bulk purchasing to reduce packaging waste Low 

7. Buy unbleached products of paper Low 

8. less use of chemicals and hazardous cleaners Moderate 

9. Use of electronic documents instead of paper High 

10. Hotel guests are encouraged to save energy Low 

11. Hotel guests are encouraged to save water Low 

 

Based on analysis and review of the literature, a definition of sustainable practices in the hospitality 

sector can be given as actions driven commercially with satisfied organizational domain conditions 

and provide benefits to the hotel hospitality sector in terms of profit, value-added utility, social well 

being, and healthy environment as per the expectations of stakeholders. 

 

4. Results and discussion  
Over the last six decades, capitalism proposed reformulation that becomes necessary for economic 

development. To serve the purpose, organizations have to build a strong understating between 

stakeholders and corporate needs. To reach the target, the management of the organization needs to 

create an effective environment by incorporating the participation of all stakeholders for the sake of 
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implication of sustainability dimensions. In the followed manner, The responsibility of hotels is to act 

in terms of sustainable initiatives.(Amado dos Santos et al., 2020).  

Recent studies have shown that there should be five sustainability dimensions in modern times, 

namely social, environmental, cultural, political, and economic (dos Santos et al., 2017). Additionally 

(Pérez & Rodríguez del Bosque, 2014) suggested that the balance between organizational needs and 

stakeholders could only establish sustainable management. Working on challenges like enhancing the 

interest and developing confidence between stakeholders by taking them into active participation must 

be done before implementing sustainable initiatives (Mensah, 2014). Implementing ethical and 

transparent organizational culture is too big a challenge (Mihalic, 2016), with a fruitful outcome in 

terms of understanding "right and wrong" among environmental needs, well-being, quality of life, and 

safety with organizations (Pérez & Rodríguez del Bosque, 2014). Due to certain uncertainties, 

research is crucial in the hotel sector in terms of sustainable initiatives. Research can play a significant 

role in implementing, modifying, and guiding sustainable operations and strategies (Smith et al., 

2007). 

 

5. Conclusions 

The last decade recorded significant economic growth in tourism and hospitality, imposing negative 

and positive impacts on resources and social life. World travel and tourism council also highlight the 

effects of travel and tourism and hospitality on world GDP and employability. The hotels adopt 

sustainable initiatives in the heat of global competition, government rules and regulations, customer 

awareness, and branding. 

The need of the current time is to implement sustainable initiatives in the hotels or hospitality sector 

by spreading awareness among stakeholders by ensuring their active and precise participation towards 

sustainable development. The role of management in establishing a balance between stakeholders and 

organization is significant while applying sustainable initiatives as still there is a lot of confusion and 

fragmented study, which leads to miscommunication and disbelief among practitioners and 

researchers.  
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Abstract 

Since last decade composites have been gaining boom in variety of applications due to their proved 

better properties almost equivalent to traditional metals/alloys particularly in context to their higher 

strength-to-weight ratio. Additionally in recent times, there has been a major emphasis on usage of 

ecofriendly materials, processes, techniques, etc. For composites the scope lies in incorporating 

ecofriendly materials particularly in the form of fibres derived from natural sources and resins which 

may have some recycling or reuse potential.  Thus the current study involves design of composite 

structures using different natural fibres and thermoplastic resin for their comparative analysis. The 

fibres selectively chosen were bagasse, banana, hemp, sisal, coir and kenaf confined to Indian tropical 

region, while the thermoplastic resin being polypropylene.  Different variants of composites were 

designed systematically virtually and their strength was analysed with the aid of FEA application. 

Results revealed that the type of fibres significantly impacted the strength of composites. Hemp fibre 

composite yielded 162.3%, 55.3%, 184.7%, 618.6% and 5.3% greater tensile strength as compared to 

bagasse, banana, sisal, coir and kenaf fibre-based composites respectively but with higher cost 

footprint. Keen analysis towards maintaining balance between strength and economy projected 

banana fibre based composites as a suitable candidate.  

Keywords- Composites, natural fibres, tensile strength, finite element analysis, resin, eco-

friendly 

 

1. INTRODUCTION 

Over the years, there has been continual need for improvements in designs of components for 

satisfying the requirements of engineering applications. This has further led to aggressive demand on 

materials which can comply with the functional requirements of the components when put to 

application. Conventional materials many times may fail or are limiting in satisfying all such 

requirements. Under such circumstances special class of materials known as composites come to the 

rescue. Composites basically comprise of combination of two or more materials with atleast one being 

the matrix and the other as reinforcement material, so as to get enhanced mechanical as well as 

physical properties than their individual counterparts. The regular composites widely found in 

engineering applications consist of fibres of carbon, glass, aramid, nylon, Kevlar, metal, etc. and the 

matrix being mostly resin. Especially the glass fibre reinforced composites (GFRP) and the carbon 

fibre reinforced composites (CFRP) are the most popular amongst these conventional composites [1]. 

However such conventional composites are found to have larger polluting potential and cost, during 

their manufacturing stage as well as after end of shelf life. Under such circumstances there arises a 

need to seek some alternative composites which come under the cadre of eco-friendly or green 

composites. Green composites are those broad class of composites which incorporate bio-materials 

like bio-fibres or agro-waste, or waste industrial or domestic scrap, or bio-degradable materials [2]. 

Amongst the green composites, in the recent years a major emphasis has been on the use of natural 

fibres.  

 

An overview on some of the recent studies reveal that variety of researchers over the globe have 

focussed their attention on composites made from natural fibres like coir [3, 4], groundnut [3], jute [4, 

7, 10-12], milkweed [5], kusha grass [5], sisal [5, 7], banana [5, 11], hay [5], bamboo [6], curaua [7], 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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bagasse [8, 14], flax [9, 10, 13], cotton [12], hemp [13], and kenaf [13, 14], etc. Having a thorough 

perspective reveals that composites should be preferably made from local available natural materials 

to limit unnecessary transportation, avoid wastage, lower cost, reduce pollution and hence promote 

sustainable manufacturing and consumption. For an agrarian country like India where there is a huge 

source of bio-resources in the form of forests, farm waste, flora, domestic and industrial green waste, 

manufacturing and implementation of green composites in engineering applications can be fruitful. In-

line with the same, the current paper discusses study wherein green composites were fabricated from 

commonly available natural fibres in India and further tested comparatively for their strength using 

virtual finite element analysis (FEA) platform. Emphasis was to have an understanding for the right 

choice of composite suitable for appropriate applications in view of requirements of better strength 

but with cost constraints. 

 

2. EXPERIMENTAL AND ANALYSIS METHODOLOGY 

When it comes to materials as composites, its sub-elements do play a crucial role in imparting the 

favourable properties. The sub-elements for the same consist of fibres and matrix. Additionally due to 

constant urge for materials having an eco-friendly footprint, it becomes necessary for the fibres and 

matrix to have some green potential. Thus it was decided that natural fibres and thermoplastic resin be 

chosen as sub-elements for the composites. In view of natural resources pertinent to Indian 

subcontinent as well as their abundant availability, bagasse, banana, hemp, sisal, coir and kenaf were 

selected as the natural fibres. So far, majority of the past work reveals that thermoset resins are 

popular for matrix. However having a different perspective, polypropylene as thermoplastic resin was 

chosen as the matrix entity in the current study. The duo combination of natural fibres and 

thermoplastic resin makes the resulting composites highly eco-friendly. Every composite has a 

tentative shelf-life beyond which it functional performance and structure may get deteriorated. Post 

shelf-life, the structures made of almost any type of composites are discarded and they may find its 

place in landfills or thrown as scrap or sometimes are even burnt, all of which leading to 

environmental pollution. Infact for majority of the discarded composites, recycling does not take place 

at all. However for current chosen composites in the present study, it is proposed that at end of shelf-

life of the composite, the sub-elements can be separated by melting the thermoplastic resin. This 

separated thermoplastic resin can be re-used for some another component, while the natural fibres can 

be decomposed-off naturally. Alternately the natural fibres can even be used as biomass resource and 

subjected to incineration process for small scale power generation applications. Hence for current 

composites, the prospects for recycling are very high and environmental pollution appreciably 

negligible. 

 

Total six composite variants were chosen for analysis wherein combination of either of the natural 

fibres (bagasse, banana, hemp, sisal, coir and kenaf) and the thermoplastic resin was done for getting 

the resulting composite structure. The composites were designed and analysed using FEA 

methodology with aid of ANSYS application. For this initially in pre-module stage, the engineering 

data in the form of material properties pertinent to fibres and resin was fed to the FEA application. 

Then composite was fabricated virtually by sketching the specimen’s geometry having dimensions as 

250 Χ 25mm in the form of rectangular bar as per ASTM D3039 standards. Note that the fibres were 

uniformly distributed along longitudinal direction in the resin. The modelled composite was then 

subjected to meshing (see Fig. 1a). The mechanical property for analysis of the composite variants 

was chosen as tensile strength since it is one of the elementary requirements for majority of the 

components subjected to engineering applications. Hence for evaluating the tensile strength, tensile 

testing becomes necessary. For this under mechanical module of FEA application, geometry of jaws 

for tensile test well compatible with composite specimen size was fabricated and this was followed by 

meshing. After this under static structural module, the model of jaws and composite was assembled 

towards tensile testing. Next the boundary conditions were specified in which the jaw A was kept 

fixed while the jaw B was free to have remote displacement along x-direction so as to allot tensile 

pull-type loadings as can be seen in Fig. 1b. The fabricated composite was then subjected to tensile 
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test virtually. Total six composite variants having different natural fibres as shown in Table 1 were 

fabricated and subjected to tensile testing. Post-test, comparative analysis of the composites for their 

tensile strength as well as economic aspects was done. 

 

 

  
(a) (b) 

Fig 1: (a) Meshed specimen of composite variant in ANSYS for FEA, and (b) Setup for tensile testing 

of composite variants in ANSYS using FEA 

 

 

Table 1. Composite variants and the analysis results 

Sr. no. Composite material combination 

(Resin + Natural Fibres) 

Tensile strength 

(MPa) 

1 Polypropylene resin + Bagasse fibre  76.58  

2 Polypropylene resin + Banana fibre 129.32 

3 Polypropylene resin + Hemp fibre 200.85 

4 Polypropylene resin + Sisal fibre 70.54 

5 Polypropylene resin + Coir fibre 27.95 

6 Polypropylene resin + Kenaf fibre 190.76 

 

3. RESULTS AND DISCUSSION 

For the six composite variants, analysis was carried out for the results of tensile tests performed 

virtually through the exclusive software platform ANSYS. The results of the tensile test are presented 

in Table 1. Fig. 2 represents simulation model results for the composite specimens under tensile 

loadings.  Fig. 3 shows the tensile strength for various composite variants for comparative analysis. It 

has to be particularly understood that the results obtained through FEA simulation for the designed 

composites are more accurate and thus acceptable considering the perfectly manufactured composites 

giving a realistic picture. This is because when composites are physically manufactured manually, 

there creeps some sources of error during manufacturing stage ultimately having some impact on the 

resulting strength of composites. For example during manufacturing, the errors may be - planned 

longitudinal fibres may get zig-zag or wavy pattern due to human errors, bubbles in the matrix 

medium, improper layup of fibres, non-uniform distribution of fibres in matrix medium, etc. If 

precautions are not taken to avoid errors, the results of composites in terms of it strength may be 

misleading. Hence virtual composites design and their testing can prove to be a better option for not 

only saving in times and economy, but also to get the actual strength of ideal composites. 

 

From Fig. 3, it is learnt that the tensile strength is different for different composites with appreciable 

differences in the values. Considering the composite variants, it is to be understood that each of the 

composite had matrix as polypropylene resin being same, however the fibres being different. Hence 

the strength of the composites mainly realms on the type of fibres incorporated and their associated 

bonding nature with resin. The composites with increase in the tensile strength in order are coir, sisal, 

bagasse, banana, kenaf and hemp fibre-based composites. This trend can be attributed to the 

biological structure and properties of the natural fibres. For all kinds of fibres, the cross section of 

fibres consists of mainly fibre cells interlinked by a hemicellulose and lignin lamella. The number of 
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fibre cells, microstructure and distribution of fibre cells all impart strength to the fibre and thus the 

resulting composite [14, 15]. It is observed from Fig. 3 that the highest strength was obtained for 

composite incorporating the hemp fibres. This composite having hemp fibre showed around 162.3%, 

55.3%, 184.7%, 618.6% and 5.3% greater tensile strength than that obtained for composites with 

bagasse, banana, sisal, coir and kenaf fibres respectively. Next to hemp fibre composite, a higher 

strength was obtained with kenaf fibre composite in comparison to other composite variants. It is thus 

understood that for having composites with highest strength, hemp fibre based composites is the best 

option. However hemp fibres are most costly amongst the other fibres and this can lead to cost of 

composite being high. However this economic constraint can be resolved on a complimentary note 

with having composite made of kenaf fibre which have lesser cost but almost near about strength as 

compared to hemp fibre composites. Overall it is observed that hemp and kenaf fibre based 

composites are the best in terms of getting high strength. 

  
(a) (b) 

  

  
(c) (d) 

  

  
(e) (f) 

Fig. 2 Results of tensile loading for composite variants: (a) PP-Bagasse, (b) PP-Banana, (c) PP-Hemp, 

(d) PP-Sisal, (e) PP-Coir, and (f) PP-Kenaf 

 
Fig. 3 Tensile strength for different composite variants 
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A comparatively lower strength was obtained for composites based on bagasse and sisal fibres, while 

the lowest strength was noted for coir fibre composites (see Fig. 3). An intermediate strength was 

observed for banana fibre based composites. It is to be understood that even if in the current study 

different fibre based composites yield different strengths, each of the composites are important. This 

is because the choice of a particular composite for a typical application should be made primarily on 

the basis of load conditions and secondarily on the basis of cost. Hence for those applications where 

strength of composites need to be appreciably high as the components may be subjected to higher 

loads, hemp and kenaf fibre based composites can be the best options off-course with higher costs. 

Conversely for general applications, where intermediate or lower strength can suffice the need but 

cost of components has to be on appreciably lower side, bagasse, sisal and coir fibre based composites 

can be chosen. When needing balanced or optimum composites with better strength and lower cost, 

banana fibre based composites can be a better choice. Thus the results of present study provide an 

insight on the strength of the composites with a reflection on their costs as well. This can be taken as 

an able reference or guidelines for making a judicious decision when selecting composite for a 

particular component suiting an application.   

 

4. CONCLUSIONS 

The experimental investigation leads to the following conclusions. 

 For natural fibre based composites, the type of fibre plays a crucial role in imparting the overall 

strength to the composites which is particularly due to biological structure and properties of the 

natural fibres. 

 Hemp fibre composite yielded 162.3%, 55.3%, 184.7%, 618.6% and 5.3% greater tensile 

strength as compared to bagasse, banana, sisal, coir and kenaf fibre-based composites 

respectively. 

 The selection of fibre based composites should be very judiciously done by considering both the 

factors, the strength requirements of application as well as the cost constraints so as to have an 

optimum balance.  

 Overall hemp and kenaf fibre based composites yielded the highest tensile; however amongst the 

duo, kenaf composites can be a better option as it has almost equivalent strength but appreciably 

lower cost as compared to hemp based composites. 

 For application desiring an optimum balance between strength and economy, banana fibre based 

composites can be the best option. 
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Abstract 

Machine health will depend on its parts smooth operating condition. After some period of time, some 

parts may wear out due to unavoidable circumstances. Hence to avoid breakdown of total plant due to 

wear of any part of specific important machine, various maintenance strategies were used. This paper 

is focused on one condition based maintenance method i.e. used oil analysis by ferrography. This 

method can be used for identifying the wear particle characteristics which in turn reduces the failure 

of components. Ferrography is very effective and accurate method for analysing these wear particles. 

From the analysis, wear severity of worn out parts can be identified and accordingly by taking 

corrective action, machine life can be improved. 

Keywords- Maintenance Strategy, Condition based maintenance (CBM), Ferrography, Wear 

particle analysis (WPA), Wear severity. 

 

1. INTRODUCTION 

Predictive maintenance strategy [45] is widely used in various industries like manufacturing, food, 

aerospace systems, advanced combustion engines etc to avoid failure. Figure No. 1 shows 

maintenance strategies followed by industries. From these strategies corrective maintenance is used 

after the failure occurred. So there are chances of total breakdown of plant which results in loss of 

production. Thus sudden failure of whole unit due to inefficient maintenance strategy not only affects 

profitability of the industry but also has considerable impact on machine health also. 

 
Figure No. 1, Maintenance strategies used in industries. 

 

To avoid this, Condition based monitoring (CBM) [34] is playing an important role as a preventive 

maintenance. Machine condition monitoring improves product quality as well as improves the overall 

equipment effectiveness and prevents downtimes. Condition monitoring mainly focused on some 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
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important parameters like noise, vibrations, pressure, temperature, change in lubricant properties, 

wear particles of components and looks for signals which show failure is unavoidable.  

 

By analysing these parameters, it is decided that whether to go for scheduled maintenance or the 

replacement of parts to prevent consequential damages to whole unit. Thus it improves health of 

machine parts.  

  

 
 

Figure No.2, Preventive maintenance methods  

          

Figure no. 2 shows, by applying preventive maintenance, failure can be prohibited by:- 

 Take corrective action before the component gets failed. This can be achieved by regular periodic 

maintenance. Also by cleaning of all components to improve their performance. 

 Some components gave the indication in terms of vibrations, noise, worn out particles in the 

collected lubricant, take immediate action to reduce this condition. Take corrective action to avoid 

such conditions which may lead to system failure. 

 If some parts are worn out, find the respective component and its wear severity. If it is high 

enough, replace that part or component to avoid breakdown of all system. 

 Proper training is given to the respective persons then they can predict the failure modes precisely 

which in turn reduces the failure chances. 

 

2. Condition Based Maintenance (CBM) method 

There are so many methods for CBM [1] as shown in figure no.3, such as vibration analysis, oil 

analysis, noise analysis, acoustic emission analysis and thermography etc. 

 

 
Figure No.3, Condition monitoring methods 

  

All these CBM methods are used according to requirement of system. Some of them are:- 
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 Vibration analysis method [43, 48] is basically analyses amplitude, frequency and acceleration of 

vibrations.  

 Thermography method [13, 23] uses infrared images for analysis of heat generated which results 

in wear of parts.  

 In noise analysis, sound waves came from machines are analysed.  

 In oil analysis [14, 29, 39], wear particles are collected and by using bichromatic microscope 

images are captured and then images are analysed to find wear of parts.  

 Generation of cracks, insufficient lubrication, or bad sealing results in failure of parts. In acoustic 

emission analysis [11, 35], these factors are analysed.  

 In current and voltage monitoring, current and voltage values are takes and based on these values 

analysis was done. 

  

3. Condition monitoring by Ferrography 

Oil analysis by ferrography [1] as shown in figure No. 4, is mainly taken into consideration. In 

ferrography particle wear on machine components is studied through analysis wear tester (generally 

used pin on disc) collected contaminants (after predefined period of time) in lubricating oil by 

separating the ferrous wear particles from lubricating oil which can be used to predict and diagnose 

errors occurring on machinery.  

 

 
 

Figure No.4, Oil analysis by ferrography [44] 

 

Ferrographic oil analysis procedure followed is shown in figure no. 4, carried out on the quantitative 

and qualitative basis. These are very important for finding the root cause of machine component 

failure. Direct reading (DR) ferrography is used for quantitative analysis to determine the 

concentration of wear particle. Analytical ferrography is used for qualitative analysis to study the 

morphology of wear particle such as number, shape, size, mechanism of wear, severity of wear. To 

get the result about WPA, particle counting method, and ferrography along with SEM (scanning 

electron microscope) images [44] are used. Then the images obtained from SEM analyzed with image 

processing by software tool such as MATLAB. From image processing accurate results various 

characteristics about wear of worn out particles can be found out. The data received from this analysis 

is further processed by different techniques such as algorithms to extract the information. Some of 

them are:- 

 Fourier transform infrared technique (FTIR)[43], 
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  Genetic algorithm based fuzzy neural network (GAFNN)[48] , 

 Fuzzy C-Mean (FCM)[49], 

 Back propagation neural network (BPNN)[51],  

 

Now a days sometimes online ferrography [22] and fractal analysis [41] from ferrographic images are 

also used. By using these, replacement of wear out parts, change of degraded lubricant or scheduled 

maintenance can be suggested to increase life of machinery. 

 

4. Case study  

Gear box condition monitoring by ferrography[50] 

      New gearbox installed to the rug textile machine. The gear box function is to drive backward and 

forward motion of knife to cut the fibers of the carpet. From oil tank, lubricating oil was collected. 

After that oil passes through a filter where wear particles are collected and then passes again to the 

gears of gear box and oil passes back to the tank as a closed loop lubrication circuit.  

Ferrographic analysis was conducted for 40 samples which are collected over a total working period 

of 8232 hours. Ferrographic analysis was conducted every five sample intakes, hence, 8 ferrographic 

results which are represented in Figure No. 6. 

 

 
(a)                         (b)                              (c)                               (d) 

 
(e)                           (f)                             (g)                             (h) 

Figure No.6, Ferrographic images of sample no. a) 5, b) 10, c) 15, d)20, e) 25, f)30, g) 35, h) 40[50] 

As shown in figure, samples 5, 10, 15, 20, 25, 30, 35, 40 were collected. The collected oil samples 

images were captured by using camera under bichromatic microscope or scanning electron 

microscope (SEM). From these images various ferrous and non ferrous particles were identified. 

These ferrous particles as well as nonferrous particles sizes, shape, characteristics were found from 

this ferrographic analysis as shown in figure No. 7. On X axis no. of samples are considered and on Y 

axis wear particle count is considered. 

          
                      (a)                                                       (b)                                             (c) 
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                                            (d)                                                             (e) 

 

Figure No. 7, Ferrographic analysis, a) Fe, Cu, b) Al, Mg, c) B, Zn, d) Ni, Ti, e) Ag, V.[50] 

 

Mainly the wear particles found due to moderate sliding and rolling conditions. Some oxidative 

particles were also established in normal form. Ferrographic analysis gives consistent and integrated 

results. Major ferrous wear particles are found due to rubbing or sliding of gear material. Also some 

non-ferrous particles are due to bearings.  

 Different speed ranges affect because of different loads on the gearbox, which will result in variation 

of wear rate. If there is no sign of any unusual wear particles, means wear severity is very low. Hence 

there will be no failure of gear box. Thus WPA through ferrography by using oil analysis is a great 

tool for gear box condition monitoring in any industry to examine the mode of wear in various 

operational conditions. 

 

5. Conclusion 

Because of so many advantages condition based maintenance is widely used. Some advantages are as 

follows:- 

 It increases lifespan of machines and reliability of assets. 

 Reduces unnecessary maintenance. 

 Gives information about real time condition of machine components. 

 Reduces unexpected breakdown of machines. 

Hence condition based maintenance by using ferrography is used as sophisticated tool for predictive 

maintenance. WPA with ferrography and collected sampled oil analysis, machine components condition 

monitoring can be completed effectively and efficiently. Based on the collected and grouped results, it was 

recommended that correct method for data extraction .i.e. FTIR, GAFNN, FCM, BPNN etc. can be selected for 

further analysis of data. As per the required inputs and outputs these methods were selected.  

 

6. Future Scope 

There are numerous applications of ferrography in various fields. So many factors are considered 

while using ferrography for wear analysis such as lubricant used, working temperature, speed, load, 

contact surfaces, mode of lubrication etc. Same work can be carried out by varying these mentioned 

factors. Also by using different algorithms for analysis of data. Also there are other methods are also 

available for condition based monitoring. Thus machine health can be analyzed by two methods and 

data obtained by both methods can be compared. Thus effective method under specific conditions will 

be identified. This can be future scope for the study.  
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Abstract 

In this research studies analysis of optimum machining conditions to get minimum desired surface 

roughness in turning of Aerospace Aluminium Alloy Al7075T6 to make the component air worthy with 

improved surface integrity. The detailed chip morphology studies have done with optical tool maker’s 

Microscope and SEM. Taguchi’s optimization technique used to design of Experiments (DOE). L9 

Orthogonal Array are used to conduct experiments on CNC Mill Turn Centre with coated Cemented 

Carbide inserts. Surface Roughness (Rz) measured with Mahr Surface roughness tester. Tool maker’s 

Microscope is used to capture images of chips morphology obtained during nine different turning 

experiments. A comparative analysis of optical images of the chips with SEM images have been done 

to get the more information of chip morphology formation and the surface roughness generated.  

Keywords-  Taguchi’s Methodology, Surface Roughness (Rz), Surface Integrity, Tool makers 

Microscope, Scanning Electron Microscope, Energy Dispersive X-Ray Spectroscopy. 

 

1. INTRODUCTION 

Al7075T6 Aluminum alloy, replacing steel for structural components due to their desirable properties 

high strength to weight ratio, strength comparable with steel as Al7075T6 contains Zinc, Magnesium 

and  Small amount of Copper make it precipitation hardened. Due to its ductility, modulus, Tensile 

strength, fracture toughness, Fatigue resistance mainly used in Aerospace applications. It has less 

corrosion resistance properties as compared with other Al. alloys, so use of components made with 

Al7075T6 should have surface integrity such to make it resistant to corrosion. As rough surface finish 

may have the micro cracks, nicks, tear edges these are the easy initiation spots for corrosion by trapping 

moisture and oxygen traces present in air. The poor surface finish also reduces the fatigue strength as 

micro cracks are the best initiators for crack propagation. In this research work the optimized machining 

parameters are obtained by performing machining of Al7075T6 with L9 Orthogonal array designed with 

Taguchi’s methodology. Analysis of machining variables are done by measuring the mean and 

variability through Analysis of Variance with ANOVA and Regression analysis. 

   

2. RESEARCH BACKGROUND 

Most of the researchers selected (Ra) as main response parameters. A few have chosen (Rz) as response 

output parameter. Ra or (CLA) is average of all ordinates measured from mean line, in peak and valley 

area also known as arithmetic mean value. Very few researchers have done studies on Chip formation. 

So a detailed analysis on chip analysis was done with help of Optical tool microscope and SEM for 

Al7075T6 during machining on nine turning experiments. 

 

3. RESEARCH METHODS 

3.1 Experimental Methodology 

The turning operation has been done on the CNC Mill-Turn Centre details are as follow: 

(1) Machine: ACE CNC Machine 

(2) Model: LT-2LM 500M CNC 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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(3) Control System: FANUC Oi-TF 

(4) Swing Over Bed: 500 mm 

(5) Swing Over Carriage: 225mm 

(6) Distance between centers: 550mm 

(7) Spindle Speed: 50-4000 RPM. 

See Fig. 1 Tool turret, tail stock and control panel are some of the main assembly parts. 

 
 

3.2 CNC Program 

 

O1020;                         G01X-3.0F0.2;               G00X0.0Z0.0; 

T0000;                          G00Z3.0;                        M30;  

G00X0.0 Z0.0;             X55.0;                                  

T0101;                          G01Z-90.0F0.3; 

G92 S2000;                  X58.0; 

G96S200 M03;             M09; 

M07;                             G97M05; 

G00X59.0Z0.0;             T0000; 

 

3.3 Cutting tools  

 

CNMG120408, Cemented carbide insert a ‘C’ for diamond shape with nose angle 80˚, ‘N’ stands for 

neutral clearance angle , ‘M’  for tolerance of inscribed circle, ‘G’ for shape of insert with 12 mm side 

length, 4 mm thickness, 0.8 mm nose radius is used for machining. Golden appearance is due to the TiN 

(PVD) Coating. 

 

Fig.1 CNC Mill-Turn Centre 

Turret 

Control Panel 

Work piece 

 

Tool 

Chip breaker Edge 

Roundness 

Nose edge  Cutting edge 

Fig.2 Cemented Carbide Insert TiN Coated (PVD) 

Lubrication unit 
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ACLNL2525M12A tool holder, ‘ACL’ stands for mechanical clamping, ‘L’ for left hand cutting tool, 

25x25 Cross Section. Fig. 3 shows the image of insert clamped in a tool holder. 

 

 

3.4 Work Piece Material 

 

Al7075T6, Alloy used as the work piece material for this research studies. See Table 1.  For elements 

% and Fig. 4, peaks of spectrum in EDS (Energy dispersive X-ray spectroscopy). 

                        Table 1 EDS of Al7075T6 shows elements & composition  

    Elements                Mg Al Si Cr Cu     Zn 

  Weight% 2.22 87.25 0.43 0.21 1.35 5.07 

  Atomic% 2.50 88.60 0.42 0.11 0.58 2.12 

 

From Table 1. It is infers that Zn 5.07%, Mg 2.22 % and Cu 1.35 % are the major elements and 

contribute much for improving the  mechanical properties, see Table 2 . The better mechanical 

properties are due to formation of α-phase a solid solution of Cu in Al can be observed as light matrix 

phase and dark plate shaped dots are the η phase (MgZn2) in Fig. 5 

 

                                           Table 2 Mechanical Properties of Al7075T6 

 Property Value 

Modulus of Elasticity(GPa) 71 

Yield stress(MPa) 505 

Tensile Strength(MPa) 572 

Percent Elongation 11 

 

 

Fig.3 Insert and Tool holder 

Small dots, transition η’ phase  
Light Matrix α-Phase 

Dark dots, η phase  

Fig.5 Microstructure of Al7075T6  Fig.4 EDS Spectrum of elements for Al7075T6 
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3.5 Cutting environment 

Mobilcut 100, Metal cutting fluid used during machining as coolant mixed in water. A suitable viscosity 

mixture is prepared with as per instruction in manual.   

 

3.6 Process Parameters and their limits 

Suitable range of speed, feed and depth of cut with increments of levels are used as machining variables, 

the response parameters are mostly depends on the machining variables. In this research the surface 

finish is the response output parameter.  
 

                                    Table 3 Three, factors and level of process parameters 

Sl. No. Vc (m/min.) f (mm/rev.) d(mm.) 

1. 200 0.15 0.5 

2. 250 0.25 1.0 

3. 300 0.35 1.5 

 

3.7 Design of Test pieces with nine surfaces for Roughness test 

4.0 Results and Discussion 

Nine values of Surface roughness (Rz ) as obtained with Surface roughness tester is analyzed with 

Minitab17  and get optimized values of variables for surface roughness of these designed nine turning 

experiments. Always smaller surface roughness (Rz) is desirable for corrosion resistance, lubrication, 

low frication and wear, improved fatigue life. Signal to Noise (S/N) ratio is calculated as smaller-the-

better for nine reading of surface roughness. 

Smaller-the-Better     𝑆/𝑁 = −10 log10 (
1

𝑛
)(∑ 𝑦𝑖

2𝑛

𝑖=1
) 

Where n represents numbers of experiments, 𝑦𝑖
  denotes the measured value for ith experiment. 

Table 4 Surface Roughness, S/N, and Mean 

 

 

 

 

 

 

 

 

Sl. No. Vc  f  d             Rz     (S/N)                   Mean 

1. 200 0.15 0.5 3.811    -11.6208                 3.811 

2. 200 0.25 1.0 8.458 -18.5454      8.458 

3. 200 0.35 1.5 14.69 -23.3404      14.69 

4. 250 0.15 1.0 3.763 -11.5107      3.763 

5. 250 0.25 1.5 8.72 -18.8103      8.72 

6. 250 0.35 0.5 16.64 -24.4231      16.64 

7. 300 0.15 1.5 6.383 -16.1005      6.383 

8. 300 0.25 0.5 11.02 -20.8436      11.02 

9. 300 0.35 1.0 14.98 -23.5102      14.98 

Fig.6 Test Piece S1& S2  Fig.7 Mahr Surface roughness tester 

Stylus 

Control Panel 
Test PiecesS1&S2 
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4.1 Taguchi’s Analysis with Response tables 

 

Response tables are prepared with the Minitab17 software for S/N ratio. These tables, calculated by 

averaging the S/N ratio  for the cell position value to be calculated and available values of S/N ratio  of 

variables in table as per DOE. 

 

                                          Table 5 Responses for S/N ratio 

Level Vc (m/min.) f (mm/rev.) d (mm) 

1 -17.84              -13.08           -18.96 

2 -18.25              -19.40          -17.86 

3 -20.15               -23.76          -19.42 

Delta   2.32                10.68            1.56 

Rank    2                   1               3 

  

Tables 5 shows the responses for S/N. The delta values calculated by difference of max. & min. value 

in respective column of variables. The delta value can rank the variables for their influence on the 

response parameters in this case surface roughness (Rz).  These data can be used to prepare the graph 

known as the mean effect plots for S/N.  

   Fig.8 Mean Effect Plot              Fig.9 Linear Model plot                 Fig.10 Normal probability plot 

 

 

4.2 ANOVA (Analysis of Variance) 

 

Analysis of variance an important statistical method to acquire the data for both S/N and Means help to 

analyse the variability with Sum of Square (SS), Sum of Mean (SM), F-Value, P-value, Residual Error 

and Degree of Freedom (DF). 

                                                           Table 6 ANOVA for S/N ratio 

Source             DF  SS      MS          F-Value    P-Value    % Contri. 

Vc (m/min.)  2 9.157     4.578            2.02     0.331                4.8 

f (mm/rev)  2 173.042    86.521         38.22     0.025              90.79 

d (mm)               2 3.871    1.936            0.85     0.539                2.03 

 Residual Error   2 4.528    2.264                               2.38 

Total               8 190.598                                 100 

 

From the tables 6, shows the % Contribution of the variables and % residual error and found that the 

feed has the major share of 90.79 % for (S/N) ratio. The residual error are 2.38 % (S/N) are very small. 

The high R-Sq 98.6% value shows the suitability of linear model analysis. 
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4.3 Regression Analysis of Variance 

 

Each Experimental data obtained not perfectly match to a straight line. The method for fitting the 

experimental data on either on the line or with close to it, give quite acceptable results with residual 

error, known as Regression analysis.   

 

 

                                                 Table 7 Regression ANOVA for S/N ratio 

Source   DF  SS     MS        F-Value P-Value % Cont. 

Regression  3 179.825   59.942     48.80   0.000               96.697 

Vc (m/min.)  1 4.903      4.903       3.99   0.102                 2.64 

f (mm/rev)  1 174.453  174.453   142.01   0.000               93.81 

d (mm)               1 0.469      0.469       0.38   0.564                 0.252 

Error               5 6.142      1.228                               3.303 

Total               8 185.967                                 100 

  

The difference of the error for linear model and the regression model is 0.923% shows the correctness 

of results. Regression Equation Surface Roughness (µm) = -7.61 + 0.01808 Cutting Speed (m/min.) + 

53.92 feed (mm/rev.) - 0.559 Depth of cut (mm).  

  

4.4 Interaction (Contour and Surface) plots 

Fig. 11 shows a Contour plot graphically infer the interaction between the surface roughness vs. feed & 

cutting speed. Feed axis have Nos. of varied (light to dark) green colour contours clears that the feed 

has more influence as compared to cutting speed on the surface roughness.  

Fig. 12 shows the surface plot in 3D to infer the interaction between the surface roughness vs. feed and 

depth of cut. Response surface indicate that as compared to depth of cut, feed influences the surface 

roughness at low feed value 0.18 mm/rev. the surface finish is good in the range below 5 µm.  

                              Fig.11 Contour Plot                  Fig.12 Surface Plot         Fig.13 validation of exp.  

 

4.5 Predication of the optimum variables value 

With Minitab Taguchi’s method the optimum values of the variables are predicated and a turning 

experiment is performed to get the better surface roughness values. To validate the results for 

optimization. Predicated the level from the Table 5 as Vc1, f1, d2 and found the predications values: 

Vc: 200 m/min.  f: 0.15 mm/rev.  d: 1mm.   S/N Ratio: -11.2783     Mean: 3.04678  

 

4.6 Effect of Chips features on Surface finish 

Exp. no Parameters Image of Surface Surfaces Chips  Morphology Rz(µm) 

Exp.1 Vc: 200 m/min. 

 f: 0.15 mm/rev.  

d: 0.5 mm     
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Exp.2 Vc: 200 m/min. 

 f: 0.25 mm/rev. 

 d: 1.0 mm     

8.458  

Exp.3 Vc: 200 m/min. 

 f: 0.35 mm/rev.  

d: 1.5 mm     

14.69  

Exp.4 Vc: 250 m/min.  

f : 0.15mm/rev. 

 d: 1.0 mm  
   

3.763  

Exp.5 Vc: 250 m/min.  

f: 0.25mm/rev.  

d:1.5 mm     

8.72  

Exp.6 Vc: 250 m/min.  

f: 0.35mm/rev.  

d: 0.5 mm     

16.64  

Exp.7 Vc: 300 m/min.  

f:  0.15mm/rev.  

d: 1.5 mm     

6.383  

Exp.8 Vc: 300 m/min. 

 f: 0.25mm/rev.  

d: 0.5 mm     

11.02  

Exp.9 Vc: 300 m/min.  

f: 0.35mm/rev. 

 d: 1.0 mm     

14.98  

                           

         

 

 

 

 Fig. 14 Comparative study of different chips and its effect on surface finish 
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4.7 Detailed SEM analysis of Chips features 

 

 

 

Fig.15     Fig.16                               Fig.17                              

Fig.18 

 

5.0 Conclusions 

The conclusion for this research work are as follows: 

a) The surface finish produced on Al7075T6 during turning process mostly depends on the feed rate.  

b) The % contribution of the f is 90.79 %, Vc: 4.8 %, d: 2.03 % for S/N ratios of surface roughness.  

c) The better surface produced during at Vc: 250 m/min., f: 0.15 mm/rev. d: 1.0mm with (Rz) 3.5µm. 

d) Predicted values Vc: 200m/min., f: 0.15 mm/rev. d: 1.0 mm are the optimized variables values. 

e) The control of chip generation at higher feed and depth of cut that effect the production rate and 

deteriorate the surface finish due to tangled chips on the work piece or tool, rubs the newly machined 

surface. 

f) Change in tool geometry specially rake angle and chip breaker is the remedies and solution of tangled 

chips by breaking them before nestling. 

g) Sticky nature of Al particles on coating material of inserts produce the BUE on the chips and work 

piece also reason of the poor surface finish in soft and ductile aluminium alloys. 
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Abstract 

For 100s of years, there is a lack of digitalization in the manufacturing sector due to a lack of innovation 

and technological advances. Industry 4.0 is the latest revolution everyone in the world is looking 

forward to advancing and digital manufacturing sector. This paper aims to show how Industry 4.0 

technologies can enhance flexibility and transparency in manufacturing operations. The integration of 

industry 4.0 technologies and other recently developed technology can help deal with uncertainties and 

other challenges being faced by the manufacturing industry. The challenges in the manufacturing 

organizations are categorized, and the solution is given through the integration of industry 4,0 

technologies like IOT (Internet of Things), AI (Artificial Intelligence), etc. This research helps 

enterprises in the successful integration of smart and advanced efficient technologies in their traditional 

manufacturing operations. Managers and practitioners may use the models developed in real-time 

implementation. Managing and handling process in manufacturing organizations is very complex as a 

large number of the process are involved, so if some of them are digitalized through industry 4.0 

technologies then productivity and efficiency can be increased. 

Keywords- Industry 4.0; Manufacturing Operations; IOT (Internet of things); AI (Artificial 

Intelligence) 

 
1. INTRODUCTION 

In Manufacturing organizations many operations and processes are involved such as production process, 

quality assurance, equipment maintenance, manual work on the floor, inventory management, supply 

chain management, and finance, it becomes very difficult and inefficient for manufacturers and 

managers to handle everything manually. Many recently advanced technologies can be integrated into 

manufacturing operations that help to generate real-time data of process, structure, and track KPI (Key 

Performance Indicator), generate predictive analysis as per requirements, improve the quality of 

manufactured products, and communicate with supply chain organizations. This paper examines the 

challenges of traditional manufacturing operations and classifies them according to a suitable technical 

solution. Application and integration of modern technologies such as Artificial Intelligence (AI), 

Internet of Things (IOT), Robotic Process Automation (RPA) has many advantages for resolving 

difficulties. 

1.1 Industry 4.0 

The major goal of industry 4.0 is to digitalize traditional sectors, the process of organizations, and 

increase their productivity. Integration of technologies, automation of the process, analyzing data is the 

major objective. Some of the recently developed technologies that can be integrated are the Internet of 

things for real-time data, Artificial Intelligence for predictive analysis, Blockchain for securing the data, 

robotic process automation for automating process and manufacturing, additive manufacturing for 3d 

printing of goods and design prototypes Every manufacturing organization aims to convert into a smart 

factory and intelligent manufacturing systems to be implemented. Industry 4.0 also helps organizations 

to generate various revenue sources, introduce new business models, and increase the profitability of 

the company. 

 

1.2 Challenges in Traditional Manufacturing Organizations 

small and medium-sized manufacturing organizations are usually family businesses or partnership 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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firms. There are many challenges and limitations in traditional manufacturing models.  Manufacturing 

organizations not only face challenges on the technical side but also in the 1 management, scaling, and 

finance side due to many running operations simultaneously. Some of the challenges faced by traditional 

manufacturing organizations are: 

 

Table 1 : Challenges of traditional Manufacturing 

Sr No Challenge Description of challenge 

1 Difficult to track and 

handle floor operations [4] 

Usually there are many machine operators, production 

manager and other staff working on floor and 

simultaneously many processes takes place so tracking each 

and every thing becomes difficult. 

2 Securing and absorbing 

data [3] 

As there is lack of digitalization and integration of data sources, 

getting data from every process and securing it on common 

portal that guarantees security and non-tampering 
is not possible. 

3 Many manual processes are 

involved [2] 

In manufacturing organizations many manual processes like 

manufacturing of goods, inventory management, logistics 

management, equipment maintenance are held so expecting 
all the process to be efficient and productive is not possible. 

4 Maintaining quality 

assurance [1] 
Following and maintaining a standard output of all process and 

manufactured goods is difficult as there is lot of human 

involvement and uncertainties are involved. 

5 Scaling becomes difficult as 

manufacturing sector is very 

expensive [6] 

Finance is very major factor for manufacturer when it comes to 

scaling. Many operations, process and high cost, team are the 

challenges that manufacturer face to scale their 
business. 

6 Lack of trust among 

stakeholders [5] 

In a manufacturing organization, some of the stakeholders 

involved are employees, investors, management, board 

members and supply chain managers. They should have some 

real time data tracking system to gain trust and 
understanding the current situation of their company. 

7 Lack of digitalization and 

automation in process [6] 

There are no digital and IT software involved in traditional 

manufacturing to automate workflows, manufacturing and 
management. 

8 Lack of integration and end to 

end visibility [4] 

Manufacturer is a very important part of the supply chain in 

which there are many other organizations are involved, there 

are no system involved for a common communication 

and integration systems for end-to-end visibility of the product 

lifecycle. 

9 Equipment maintenance and 

inventory management [2] 

Not maintaining equipment and machineries regularly is one of 

the major challenges for manufacturers because it is very costly 

for repairing as all the machineries in factories 
and plants are very expensive. 

 

2. Literature review 

In 2013, Germany launched its Industry 4.0 plan, the name of which refers to the Fourth Industrial 

Revolution in which manufacturing industries occupied by intelligent machines and products create 

intelligent systems and networks that can communicate with each other autonomously [5]. Many 

robotics companies in the world are helping logistics companies in inventory management, real-time 

tracking, logistics tracking, warehousing operations. Top national and international companies are on 

the mission to integrate industry 4.0 technologies in their process not only in the manufacturing sector 
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but also in non-technical work to increase efficiency, productivity, and flexibility. 

 

3. Methodology 

The research considers the process, operations, challenges involved in the manufacturing organizations 

and their solutions through digitalization of traditional processes. Some objectives of the research are 

as follows: 

 

1. Identifying challenges of traditional operations 

2. Classifying the problems and determining the technology. 
3. Study the integration of industry 4.0 technology to understand how it can be used to make 

the operations more efficient and agile. 

4. Development of integrated architecture implementing manufacturing operations and other 

modern technologies. 

 

4. Integration of Industry 4.0 technologies in traditional manufacturing organizations 

 

4.1 IOT in Manufacturing 

IOT (Internet of Things) integration in manufacturing helps manufacturing organizations to completely 

digitalize their operations and process. Sensors are various other data sources that are integrated into 

traditional machines/processes to collect real-time data, collected data is uploaded on the cloud, internet, 

and through software data reports and insights are visible to managers and all the stakeholders. Every 

machine operator and manufacturing unit works can be tracked and suggestions can be given to increase 

productivity. KPI (Key Performance Indicator) can be formed as per data to increase the agility, 

controlling process, forming and integrating strategies in the traditional process. In manufacturing 

organizations, IOT can be integrated into the following ways: 

 

1. Quality Assurance and Control: Sensors can be integrated into machines to detect the faults in 

the manufactured product and that notification can be directly sent to the manager and necessary steps 

can be taken such as adjusting raw material, quantity, change machine dimensions or find our machine 

operator's mistake. Setting up alerts and notifications when there is a dip in quality or some uncertainty 

in the manufactured product can help managers to fix up the problems. Depending on the quality of 

products, operators and machinery quality can also be estimated and improved with the help of real-

time data insights. 

 

2. Production planning and inventory management 
IOT and real-time data insights help managers to plan their production and strategies as per orders, 

requirements, demand forecasting, predictive analysis that helps to optimize the planning process. The 

product life cycle can be increased as per real-time data analysis, production scheduling and its 

management can be improved, the supply chain can be tracked easily. In manufacturing factories, 

storage of raw materials and manufactured products and its segmentation as per orders and demand 

through partnered firms is a major challenge. RFID tags are installed on products and its tracking can 

be done on the cloud through IOT. 

 

3. Supply Chain and logistics 
In any supply chain, there are many members/organizations such as Supplier, Manufacturer, Distributor, 

logistics provider, retailer, and then the consumer, having complete transparency and visibility in the 

chain is a challenge for any member. Due to the IOT integration in the supply chain, every member of 

the chain gets real-time data insights of the process of other stakeholders. Logistics managers can track 

the stage of manufacturing and plan their operations. All the members can track the logistics and their 

trucks/transportation because of IOT integration. 
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4. Equipment maintenance 
Sensors are integrated into the equipment, machinery, and all the data is collected and transferred to 

stakeholders in the form of reports. Sensors connected to the machinery and engine detect real- time 

conditions like temperature, usage, energy, quality, pressure, life cycle, etc. Regular reports of 

machinery help to avoid excess repairing costs after problems occurrence. When equipment goes down, 

failure data from various data sources can be integrated and analyzed in real-time within the cloud. 

Regular monitoring and equipment downtime can be tracked, noted, and stored which helps in planning 

and strategizing maintenance activity. 
 

 

 
Figure 1. IOT integration in Manufacturing organization (Source-Author) 

 

4.2 AI in Manufacturing 

Artificial intelligence usually helps manufacturers to optimize and agile their supply chain, increase 

efficiency and reduce costs through data analysis. The life cycle of manufacturing thus uses autonomous 

sensing, interconnection, collaboration, learning, analysis, cognition, decision making, control, and the 

execution of human, machine, material, and environmental information to enable the integration and 

optimization of various aspects of a manufacturing enterprise or group, including three elements 

(people/organizations, operational management, and equipment and technology) and five flows 

(information flow, logistics flow, capital flow, knowledge flow, and service flow) [6].The adoption of 

AI helps allows to take data-driven decisions, optimize manufacturing costs, reduce operational costs 

and improve customer experience. AI can be integrated by manufacturers in some of the following 

ways: 
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1. Quality Control and Assurance 

In factories, a regularly large number of products are manufactured and maintaining the quality of every 

product is very essential as it helps to gain more profits and reduce wastage. Small defects cannot be 

detected by machine operators efficiently on regular basis. AI can be integrated into machinery and 

equipment and through machine vision, small defects can be found and alerts can be sent directly to 

managers to change the settings and fix the problems. 

 

2. Predictive maintenance 

Predictive maintenance allows manufacturers to predict when machines need more repairing and 

maintenance with high accuracy. This predictive analysis helps to prevent major costs involved in 

maintenance once the machine is already damaged. Equipment downtime can be predicted by Machine 

Learning that helps managers to plan and strategize operations. 

 

3. Data analysis and forecasting 
With the help of big data and IOT integration manufacturers collect a huge amount of data from the 

operations, sensors, processes, people and other advanced analytics tools to increase the transparency 

and productivity of the organization. After segmentation and analysis of all the data, AI here helps for 

smart and calculated decision-making considering all the data factors. Forecasting reports are created 

to plan upcoming operational activities and introduce new business models. Behind every action taken 

by any of the stakeholders in the organization are analyzed and patterned (complex reports and structure 

with a huge amount of data cannot be analyzed properly through humans) and this helps manufacturers 

to take calculated decisions with fewer uncertainties. 

 

 

Figure 2: AI in Manufacturing (Source- Author) 

 

 

4.3 Some other industry 4.0 technologies that can be integrated in manufacturing 

organizations 

Table 2 : Technology integration in Manufacturing 
Sr. No Name of Technology Integration in Manufacturing Firms 

1 Big Data Big data in manufacturing helps to collect, generate, analyze 

huge amount of datasets and reports that can be used to 

increase the efficiency, productivity and agility of the 

operations through IOT and AI. Each and every data 

through all possible data sources and that helps in decision 

making process, increases visibility and trust among 

stakeholders, optimize production process for 
manufacturers. 
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2 Additive Manufacturing Additive manufacturing helps manufacturers in cost cutting 

process, encourages research and development team to 

experiment new things in low cost, reduces large amount of 

inventory and its management, reduces supply 

chain uncertainties and allows to integrate intelligent 

automation systems easily. 

3 Augmented Reality (AR) AR helps manufacturers to speed up the assembly process, 

reduces manual experimenting work and time, improves 

core decision making, reduces unwanted repair costs when 

integrated in machinery and components, increases design 

thinking and creativity in product design and development 

process, increases visibility as working models can be 

represented to all the stakeholders and ease the approval 

process through advisors and experts. 

4 Robotic Process 

Automation 
As managing a manufacturing organization is very difficult 

and complex work, RPA allows manufacturers to automate 

all process, reports, operations and people. 
 

5. Conclusion 

This paper presents the findings and research of industry 4.0 in manufacturing that can be used in the 

supply chain to increase efficiency and enhance the agility of manufacturing operations. The challenges 

faced by industries in the traditional manufacturing organizations are discussed, and to overcome the 

difficulties, recent technologies and their integration with other modern technologies are considered for 

implementation. Traditional CRM, MES, and other systems can be easily replaced by industry 4.0 

technologies with more benefits and increase the profitability of the organization. There are some 

challenges to integrate advanced technologies in the traditional process but can be solved if handled 

carefully. Small businesses and new manufacturers can refer to this paper to understand the importance, 

applications of this technology integration in their conventional operations. 

 

References 

[1] Sanders, A., Elangeswaran, C., & Wulfsberg, J. (2016). Industry 4.0 implies lean manufacturing: Research 

activities in industry 4.0 function as enablers for lean manufacturing. Journal of Industrial Engineering and 

Management, 9(3), 811–833. 

[2] Alarcón, F., Perez, D., & Boza, A. (2016). USING THE INTERNET OF THINGS IN A PRODUCTION 

PLANNING CONTEXT. Brazilian Journal of Operations & Production Management, 13(1), 72. 

[3] Narwane, V., Narkhede, B., Raut, R., Siddavatam, I., & B., R. (2018). A Perspective of Smart Manufacturing: 

A Case Study. Industrial Engineering Journal, 11(7). 

[4] Zhong, R. Y., Xu, X., Klotz, E., & Newman, S. T. (2017). Intelligent Manufacturing in the Context of Industry 

4.0: A Review. Engineering, 3(5), 616–630. 

[5] Hu, B. (2017). Ein Hauch KI weht durch die Produktion. Frontiers of Information Technology and Electronic 

Engineering, 18(1), 86–96. 

[6] Qin, J., Liu, Y., & Grosvenor, R. (2016). A Categorical Framework of Manufacturing for Industry 4.0 and 

beyond. In Procedia CIRP (Vol. 52, pp. 173–178). Elsevier B.V. 



 
 

246 | P a g e  
 

CFD Analysis of Absorption column for Carbon Sequestration 

Puritipati Vishal Reddy, Praveen Kumar Ghodke* 

Department of Chemical Engineering, National Institute of Technology Calicut, Kerala-673601, 

India. 

Abstract 

Carbon dioxide (CO2) mitigation technologies are emerging at a faster rate due to the impact of global 

warming. The study was aimed to sequestrate CO2 from a thermochemical conversion process of 

biomass by absorption in a specially designed parallel plate column. The absorption column was 

designed in Gambit software, while simulations were performed in Fluent software. Simulations were 

analyzed for different liquid hold-up volumes with variable liquid flow rates at a constant mass transfer 

area and gas flow rate. The absorption of CO2 in water was found to be increased with decreasing plate 

spacing in the column. It was also discovered that efficiency was greatly influenced by liquid and gas 

flow rates. The simulations were primarily focused on optimizing the liquid flowrate and plate spacing 

for maximal CO2 recovery with the least amount of energy and water requirement.  

Keywords- Carbon dioxide, Absorption Column, CFD simulations, Gambit, Fluent. 

 

1. INTRODUCTION 

CO2 is a significant ozone-damaging gas. It contributes to a 60 % abnormal weather change. Growing 

awareness of the potential effects of ozone-depleting compounds on global environmental change has 

led to recent efforts to develop ways for reducing CO2 emissions. Carbon capture and sequestration is 

one such methodology that has received a lot of attention. CO2 can be captured using various strategies 

such as pre-processing technologies, in-situ capturing technologies, and post-processing technologies. 

In the current study, post-processing technology has been chosen to address the carbon sequestration 

process. Carbon dioxide emissions from thermochemical conversion technologies such as combustion, 

pyrolysis, and gasification process can be captured using liquids chemicals such as water and 

ethanolamine is the novelty of the study. 

Udara et al. 2020, investigated the ozone-depleting gases resulting from carbon capture and 

sequestration chain for coal-fired power plant set-up, for example, integrated gasification combined 

cycle (IGCC) with pre-combustion catch and a regular power plant with post-combustion capture. 

Oreggioni et al. 2015, likewise included effect parameters other than an earth-wide temperature boost. 

Viebahn et al. 2007, carried out the preliminary analysis for toxic emission from the coal-fired power 

plant, and analysis was performed using a life cycle assessment tool, which is anticipating every relevant 

innovation regarding the emission analysis. As per Viebahn et al. 2007, coal-fired emission analysis 

was performed, and observed that greenhouse gases were decreased by 69 wt% when using hard coal. 

This was confirmed by the analysis of methane discharge from coal-fired power plants when using the 

hard coal to produce the power and depends on the coal storage network. CO2 emissions from coal-

fired power plants were reduced due to the implementation of CCS technology, and supply chain 

management in the transport of CO2 which gained the most relevance in new set-up coal-fired power 

plants. In any case, scientists are considering post-combustion innovation with carbon capture and 

sequestration in coal-fired power plants. 

Ghadiryanfar et al. 2016 and Rahimi and Mohseni 2008 have researched the ability of CFD modeling 

for hydrodynamics of liquid stream and absorption capacity of gases/liquid in silica gel in packed-bed 

columns. The absorption of gas/liquid in silica gel was tested in two designed sizes retentive. The 

complete CFD model was established for each of the five sets of experiments. There are a few existing 

innovations, for example, physical absorption, physical adsorption, and membrane separation have been 

proposed to capture and sequestrate CO2 from flue gases in the combustion process. A complex 



 
 

247 | P a g e  
 

computational mass transfer model (CMT) was proposed by Pandya 1983; Rubio et al. 1999, for 

demonstrating the synthetic absorption process with heat impact in packed column sections. The 

element of the proposed model can anticipate the concentration, temperature, and velocity distributions 

on the column without expecting the turbulent Schmidt number, or utilizing the tentatively estimated 

turbulent mass transfer diffusivity. In the scientific articulation accompanied by CFD and CHT, the 

ordinary strategies for k– ε and κ-ω are utilized for closing the momentum and mass transfer equations.   

The study's objective was to perform a simulation of a parallel plate absorption column using the 

software FLUENT v6. The simulations were performed for the different liquid hold-up volumes by 

fixing the mass transfer area. Furthermore, simulations continued with variable liquid flow rates with a 

fixed gas flow rate to ensure that the maximum CO2 absorption with low-pressure drops. The fluctuation 

in CO2 content at the outlet was investigated concerning the operating conditions. 

 

2. DESIGN AND OPERATING PROCEDURE 

Fig. 1 depicts the absorption column modeling, which included geometry and was created using 

GAMBIT software. Real-time reactor dimensions are considered to design the absorption column. The 

absorption column in this study was developed using a packed-bed reactor model with water and flue-

gas inlets at the top and bottom, respectively. To remove the liquid and gaseous products, outlet values 

are provided at the bottom and top of the absorption column respectively. Instead of packing materials, 

parallel plates with definite spacing were introduced in the column, to study the CO2 absorption 

capability in water. Designed parallel plates are assumed to support the absorption column while in 

operation at industrial scales.  

Initially, the column was purged with water from the top with a distributor provided over parallel 

plates/packing material and ensured the column was uniformly wetted. Pyrolysis of biomass residue 

containing about 4 wt% of CO2 in non-condensable gases. Total flue gas or fuel gas containing CO2 

was allowed to pass through the absorption column in a distributing space below the parallel plates. It 

was ensured that gas distribution in the column was uniform. Idea is to capture the CO2 from the non-

condensable gases using the absorption technique in the water, entering from the top of the column and 

leaving as CO2-rich water from the bottom. While non-condensable gases leaving the top of the column 

as dilute or lean gas.   

 

(a) 

 

(b) 

Fig 1: Complete modeling of absorption column in GAMBIT software (a) Designed absorption 

column (b) Meshed absorption column 
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3. MODELING 

To comprehend the physical properties of the fluid, three laws of conservation concepts are studied. 

They are mass conservation, energy conservation, and momentum conservation, i.e., Newton's law was 

followed. As per Versteeg and Malalasekera (2006), CFD is defined as the art of determining the 

numerical solution for hydrodynamics fluid flow using the space vector and time condition to solve the 

numerical condition of the total stream divided into smaller entities of the control volume. CFD 

software, which organizes codes and pre-defines models, was used to solve hydrodynamic fluid flow 

problems. CFD comes with a sophisticated user interface for modeling and simulation of hydrodynamic 

fluid flow streams. This complex user interface includes a pre-processor that includes basic design, a 

solver that simulates the models, and a post-processor that displays the solution of iterated values and 

fluid vectors to help comprehend the model. 

CFD modelling can be used to solve a wide range of fluid dynamics problems. The quality of model 

and the quantity of control volumes determine the difficulty of modeling in a CFD solver. Mass transfer 

processes are proposed to be solved in CFD software where the model codes are included for packed 

beds and other unit operation networks. In chosen models that are subjected to smaller entities based on 

local conditions, CFD solves the spiral and pivotal kind of fluid flow streams in mass transfer operations 

and also provides the efficiency of systems. The CFD models, on the other hand, necessitate the 

selection of distinct conclusion models in order to capture data lost during the operation. 

The modeling and simulation in CFD software are dictated by the conservation equations. In the present 

study, along with conservation equations, Reynolds-averaged Navier-Stokes (RANS) equations are 

synchronous to solve the hydrodynamic fluid flow problems. The equations together with the k−ε 

turbulence display were accompanied to utilize the complete CFD modeling. The equations 1 to 11 

shown below are model equations used to solve the chosen problem. 

3.1 Mass conservation equation 

𝜕𝑢

𝜕𝑥
+  

𝜕𝑣

𝜕𝑦
+  

𝜕𝑤

𝜕𝑧
= 0         (1) 

  

3.2 Momentum equation 

𝜕𝑢

𝜕𝑡
+ 𝑑𝑖𝑣(𝑢𝑈) = −

1

𝜌

𝜕𝑝

𝜕𝑥
+ 𝑣𝑑𝑖𝑣(𝑔𝑟𝑎𝑑 𝑢) + [−

𝜕𝑢2 ́

𝜕𝑥
−

𝜕𝑢𝑣́́

𝜕𝑦
−

𝜕𝑢ẃ́́

𝜕𝑧
] + 𝑆𝑀𝑋   (2) 

𝜕𝑣

𝜕𝑡
+ 𝑑𝑖𝑣(𝑣𝑈) = −

1

𝜌

𝜕𝑝

𝜕𝑦
+ 𝑣𝑑𝑖𝑣(𝑔𝑟𝑎𝑑 𝑣) + [−

𝜕𝑣2 ́

𝜕𝑦
−

𝜕𝑢𝑣́́

𝜕𝑥
−

𝜕𝑣ẃ́́

𝜕𝑧
] + 𝑆𝑀𝑦   (3) 

𝜕𝑤

𝜕𝑡
+ 𝑑𝑖𝑣(𝑤𝑈) = −

1

𝜌

𝜕𝑝

𝜕𝑧
+ 𝑣𝑑𝑖𝑣(𝑔𝑟𝑎𝑑 𝑤) + [−

𝜕𝑤2 ́

𝜕𝑧
−

𝜕𝑢ẃ́́

𝜕𝑥
−

𝜕𝑣ẃ́́

𝜕𝑦
 ] + 𝑆𝑀𝑧  (4) 

 

Scalar quantity: 

𝜕∅

𝜕𝑡
+ 𝑑𝑖𝑣(∅𝑈) = 𝑑𝑖𝑣(𝛤∅𝑔𝑟𝑎𝑑 ∅) + [−

𝜕𝑢𝜑́́

𝜕𝑥
−

𝜕𝑣𝜑́́

𝜕𝑦
−

𝜕𝑤𝜑́́

𝜕𝑧
] + 𝑆𝜑    (5) 

 

General notation: 

−𝜌𝑢𝑖́ 𝜑 =́ 𝛤𝑡 [−
𝜕∅

𝜕𝑥𝑖
]         (6) 

−𝜌𝑢𝑖́ 𝑢𝑗 =́ 𝜏𝑖𝑗 = 𝜇𝑡 [
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
]        (7) 
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The terms u'i and u'j, were characterized a using time-averaged velocity model, which was ruled by the 

Reynolds term. In-turns turbulence model was demonstrated to change µT using computation 

methodologies. This model makes an impact on turbulence which anticipates the outcomes of models 

used in solving the absorption of CO2 with water in a packed bed column. Two standard models chosen 

from the k−ε family are RNG and the standard model. The k−ε solves the (k) turbulent kinetic vitality 

and the other is (ε) energy scattering rates are shown in the below equations 8. The equations 8 and 9 

are solved using the conditions 10 and 11 equations.  

 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑘)

𝜕𝑥𝑖
= [

𝜕

𝜕𝑥𝑖
(𝜌𝜎𝑘

𝑣𝑒𝑓𝑓  𝜕𝑘

𝜕𝑥𝑖
) + 𝜌(𝑃𝑘 − 𝜀)]     (8) 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝜀)

𝜕𝑥𝑖
= [

𝜕

𝜕𝑥𝑖
(𝜌𝜎𝜀

𝑣𝑒𝑓𝑓  𝜕𝜀

𝜕𝑥𝑖
) + 𝑆𝜀]     (9) 

and 

𝜇𝑇 = 𝜌𝐶𝜇
𝑘2

𝜀
     (10) 

where 

𝑣𝑒𝑓𝑓 =
𝜇𝑒𝑓𝑓

𝜌
 𝑎𝑛𝑑 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑇     (11) 

Development of RNG and a Realizable model, the limitation of standard mass was exploited. The semi-

experimental models described with the standard k−ε model depend on the transport condition of 

turbulent kinetic energy and energy dissipation rate, which are not adequate for packed bed absorption 

columns. To overcome the problem, RNG models were used. 

The impact of small-scale turbulence is depicted by methods for an irregular compelling capacity in the 

Navier-Stokes conditions in the RNG k−ε model. Turbulent viscosity and energy dissipation rate 

including other transport conditions demonstrates the feasibility of the k−ε model along with 

improvement ongoing with these models. The mean-square turbulence variance was used to check the 

corrected condition of the transport equations. The streamlines, flows, vortices, and revolutions in the 

standard k−ε, model, as well as the RNG k−ε model, were enhanced, and feasibility was tested. Using 

commercial CFD programming Fluent software, numerical analysis was performed to evaluate CO2 

absorption from flue gas in water. 

 

4. EXAMINE THE MESH 

The rectangular cuboid design of absorption column was selected for the CO2 sequestration process. 

Column height was 0.92 m, and width was 0.08 m. Parallel plates were created as packing material 

having length 0.1 m and width 0.15 m with spacing between two plates of 0.3 cm as first configuration 

and 0.3 cm spacing increase in next configuration, till the total plate spacing distance increase to 0.9 

cm. Meshing of plates was performed in the same Gambit software, all the plates divided into small 

tetrahedral cells of around 3,00,000 to 1,20,00,000 quantities. The current study's modelling contains a 

standard pressure and simple pressure-velocity coupling method, in which the upwind discretization 

conspire for energy, force, turbulence kinetic, energy, and dispersal energy is the same type of solver 

utilised in three observations. 

A tolerance limit of 10−7 was set for all parameters. It was critical to check the nature of the subsequent 

work, for example, skewness can significantly influence the exactness and strength of the CFD 

arrangement. GAMBIT gives a few quality measures with which you can evaluate the nature of your 

work. On account of skewness estimates, EquiAngle Skew and EquiSize Skew, for instance, smaller 
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qualities are progressively alluring. It is additionally critical to confirm that most of the components in 

our work have positive zone/volume. 

 

5. RESULT AND DISCUSSION  

The use of CO2 in algae growth reduces CO2 levels in the atmosphere, and this is known as algae-based 

CCS technology. The rate of CO2 uptake by algae was extremely slow. As a result, absorbed CO2 in 

water escapes into the atmosphere during bio-sequestration. To lower the desorption rate, simulations 

are performed to establish the water flow rate so that CO2 absorption recovery is very low, which may 

then be used for microbial growth in the bio-sequestration process. 

 

 
 

Fig 2: CO2 mass fraction recovery from absorption column (a) Plate spacing (b) Hydraulic Diameter 

  

The mass fraction of CO2 recovery in the absorption column with varying plate spacing for varied flow 

rates was shown in Fig 2(a). The mass fraction of CO2 reduces as plate spacing increases in the 

absorption column. The reasons could be the surface area available for absorption between the fluids 

flowing was reduced.  

Fig 2(b) shows the mass fraction of CO2 recovery in a parallel plate absorption column with various 

hydraulic diameters (Dh). The mass fraction of CO2 drops as the hydraulic diameter of the absorption 

column increases. The reasons could be the mass transfer area available for absorption between the 

fluids flowing was reduced. Mass fraction of CO2 recovery decreases as plate spacing increases, from 

Dh = 0.0889 m to Dh = 0.1040 m. The proportion of CO2 recovery for Dh = 0.096 m is nearly same to 

that of Dh = 0.0889 m until liquid flow rate of 3 mL min-1. As discussed, CO2 recovery increases as 

liquid flow rate increases. All the simulations with different configurations, various fluid flow rates 

were performed, and it was discovered that each iteration takes approximately 7-8 hours to converge 

the fluid flow equations. 



 
 

251 | P a g e  
 

 

Fig 3: CO2 mass fraction recovery based on the liquid flow rate (mL/min) 

Fig. 3 shows the CO2 recovery varies with different liquid flow rates. As plate spacing increases, mass 

fraction of CO2 recovery decreases. As fluid flow rate increases beyond the optimum flow rate, CO2 

recovery researches plateau. The percent of CO2 recovery increases with increase in liquid flow rate 

until it reached optimum, after that CO2 recovery decreases with increasing liquid flow rate.  

For a constant gas flow rate, the parameter changed with liquid flow rates. The packed-bed model was 

solved using CFD modelling software, which yielded a numerical solution based on the governing 

equations used and related boundary conditions. Fluent software was used to solve the models and 

determine the porosity and absorption capacity of the packing bed. Simulating the absorption column 

problem with the upwind discretization method was done using the SIMPLE algorithm technique. 

 

Fig 4: Residuals of process in FLUENT solver 
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Modeling and simulation convergence was achieved by normalising both with a residue of 10-6. Finally, 

a solution was found when the flow equation for each node of the object chosen in the field was less 

than 10-12 between iterations. Figure 4 shows that successive iterations of residuals are 10-12. The 

optimum working condition of the parallel plate CO2 absorption column utilising water as a solvent was 

determined using CFD simulations software. The simulation was performed for various liquid flow 

rates at a fixed gas flow rate to determine the parameters for an optimal liquid flow that allows CO2 

solvated water to be used flawlessly without any adjustments.  

For a liquid flow rate of 2 mL min-1, maximum recovery of CO2 was calculated for all the different plate 

spacing. Thus, configuration of absorption column with hydraulic diameter Dh=0.096m and plate 

spacing of 0.5 cm found maximum recovery of 10.5 % of CO2. The optimum configuration of 

absorption column found to be saved a lot of energy and water requirement for carbon sequestration. 

 

6. Conclusions 

CFD modeling in Ansys Fluent software provides a wider knowledge of hydrodynamics fluid flow, 

where real-time experimental investigations are not economically feasible and impossible. Carbon 

capture from thermochemical conversion of biomass was simulated in fluent software, and it was 

discovered that inorganic carbon can be captured and used for microalgae development. In the specially 

designed absorption column, CO2 recovery was found to be high when plate spacing was very small. 

For hydrodynamics and mass transport processes, CFD simulations allow to perform experiments from 

small-scale to large-scale plants. CFD modelling and simulations are quick and effective methods for 

calculating the risk of any commercial unit operations or unit processes.  
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Abstract 

Standard operation sheet of horizontal Milling Center was generated in a transmission case 

manufacturing company. The Horizontal Machining Center (HMC)did the machining of cover and 

transfer case. Initially the machining was done on three setups installed on three Vertical Machining 

Center (VMC) but after the installation of Horizontal Machining center the three setups were run on 

single HMC. This drastically reduced the cycle time and also exponentially increased the 

productivity. The HMC installed had a very complex operating procedure and involved a lot of steps 

to be done by operator. Due to a greater number of steps the confusion of the operator was avoided 

by generating a Standard operation sheet for both cover and case parts that were machined on HMC. 

The standard operating sheet contains each and very step that the operator should perform while 

operating the machine. Along with Standard operating Sheet a new document was also generated 

named “Job element Sheet” which highlighted the critical steps from Standard operating Sheet and 

gave a detailed insight about the procedure. The paper describes generation of standard operating 

sheet and job element sheet documents, its purpose and benefits.     

 
 

Keywords- Standard operating Sheet, Horizontal Machining Center, Vertical Machining 

Center, Job Element Sheet  

 
 

1. INTRODUCTION 

Standard operating procedure is the set of documents of instruction made by a company to help 

workers to achieve better quality, effective production and uniformity in the performance. It has many 

names in a much different country or the company but the most common name is Standard Operating 

Sheet (SOS). SOS are used in many sectors like clinical research, health safety and production. In 

production, it helps in quality, quantity, and safety. The set of procedure gives all the kind of 

information to the worker. A SOS describes all the fundamental and technical operational process of 

an organization. The document SOP is used to provides guideline about a process to maintain its 

quality. All the station in a manufacturing plant should have a set procedure so that they can maintain 

the same standard in each and every product it has manufactured i.e., all the product has same quality. 

Standardization is defined as an activity that gives rise to solutions for repetitive application to 

problems in various disciplines.  

Top management should provide the training and an appropriate motivating environment to support 

teamwork both inside and across organizational units for employees to advance processes. Ultimately, 

everyone in an institution is responsible for the quality of its products and services. The Quality 

Management system must evolve by trial and error, with enlarging experience, by group discussions 

and with changing understanding. At the start, attention will be focused on basic operational SOS, 

afterwards moving to record [1].  Operator participation in SOS advancement and clarification 

controls the affiliation. Standard Operating Sheet (SOS) is a process document that describes in detail 

the way that an operator should perform a given operation. SOS involve the purpose of the operation, 

the equipment and materials required, how to perform the set-up and operations required for the 

process.  The SOS is one of many process documents which is needed for consistent operation of a 

given process, with other documents involving process flow charts, material specifications, and so 
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forth. The purpose of SOS today is to guarantee that all workers are performing tasks in the same 

way, which is a needed for condition to get expected output from the process. When all workers 

perform their tasks constantly, it becomes possible to test the impact of changing various process 

parameters. When a process change is shown to improve process performance, SOS are updated and 

workers are trained to the new procedures. All over the process, the involvement of operator in SOS 

development and to praise operator ideas for the SOS improvement are must to increase the operator 

involvement. Job Element Sheet (JES) is a supporting document for the SOS. It gives information 

about the critical steps in the SOS. It gives a pictorial representation of these steps so that the operator 

can understand that particular step clearly and can finish the job as per the requirements.[2] 

 

2. OBJECTIVES OF WORK 

1. To increases the quality with quantity of the product. 

2. To give operator a set procedure, by which it decreases the number of false. 

3. Provide inspection parameters to operator according to control plan.  

4. Provide safety instruction. 

5. To reduce system variation and ensure smooth operation.  

6. proper training of machine given to operator. 

7. Prevention of failures in manufacturing by following standard procedures.  

 
3. METHODOLOGY 

The following methods and techniques were implemented for data collection in order to generate SOS. 

1. Interaction with the operators in order to understand the finer details. 

2. Enlisting of small movements. 

3. Analysis of standard operating steps. 

4. Finding of Job elements with detailed pictorial views. 

5. Consultation with mentor & other guides in order to correct the mistakes & implementation of the 

same. 

6. Analysis of online & offline activities. 

7. Calculation of cycle time for each step. 

8.  Making draft copy of SOS & JES. 

9. Correction & improvements in SOS & JES. 

10.  Release / Approval of the SOS & JES.  

 

4. SYMBOLS USED IN STANDARD OPERATION SHEET OF HMC 

Standard Operation Sheet (SOS) gives information on how a particular operation is to be done in 

optimum number of steps so as to reduce the number of rejected jobs and to ensure customer 

satisfaction. The SOS consists of different Job elements. A job element is a logical grouping of 

actions that advances work to its successful completion. Job elements are the basic building blocks of 

standardized work. The order of the job elements an employee follows in order to maximize safety, 

efficiency and quality is called as a work sequence. The SOS includes the work sequence, Incidental 

work and its frequency, safety precautions, and various symbols. The various symbols and their 

importance are given.  

Sr. 

No 
Symbol Meaning Importance 

1 
  

Quality 

Inspection parameters that the operator should 

check are represented by the symbol. 
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Table 1: Symbols used in SOS and their importance 

 
The Standard operation sheet contains job elements. These job elements are the terms present on the 

document which have meaning and give a proper information about the machine and operating 

procedure for the machine. It contains data which conveys the machining time, handling time, cycle 

time. It also contains the inspection parameters that should be checked by the operator and its 

inspection frequency. The following table shows the job elements and its significance in the 

document.  

 
Table 2: Elements in SOS and their Significance 

Sr. 

no 

Element Significance 

1 Group Name It mentions the area were the HMC is placed on shopfloor (Here 

it is placed on Machine shop area) 

2 Process Name Name of the process that the machine executes (Drilling, tapping, 

reaming) 

3 Part Name Name of the component that has to be machined 

4 Operation name It mentions part name with its operation (for e.g., Front Adaptor 

W501 Drilling and tapping) 

5 Revision level and date It mentions the number of times the document has been updated. 

6 Job elements They are critical steps in SOS and are highlighted by tallow color. 

7 Element time  Total Cycle = Handwork + Machine + Walking – Offline 

operation 

8 Takt time  Takt time= (Total Time available/ Customer time) 

 

9 Symbols  The symbols such as quality, in process stock, ergo are given at 

the right corner of the document. 

10 Control Block It contains the name of Team leader and group leader who is the 

in charge of all SOS documents present on shop floor 

11 JES location It gives the location where the machine is situated on shop floor.  

12 Safety requirements  The safety equipment’s that should be present while operating 

HMC are mentioned. For e.g.  Hand gloves, googles, safety shoes 

[3] 

13 Incidental work The inspection parameter and inspection frequency are mentioned 

in the table of incidental work.  

 

 

 

2 

  

Safety 

Wearing of safety shoes, hand gloves, googles 

and safety cap are represented by the symbol.  

3 

  

Ergo 

Proper orientation of seating arrangement is 

represented by symbol. 

4 
  

Critical 

Some critical steps that directly defines quality of 

product are shown by this symbol 

5 

  

In stock Process 

The stock which has to be machined that is kept 

near machine is shown by symbol. 

E 

C 
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5. STANDARD OPERATION SHEET OF HMC 

Horizontal Machining Center had been installed in a company that manufactured Cover and 

Transmission cases. Initially castings of cover and cases were machined in 3 setups on 3 VMC. The 

1 setup was face milling of cover and case, 2 setups was of Drilling and boring and 3 setup was of 

tapping. In order to reduce the cycle time and increase production rate a HMC of Makino company 

was installed. There all the 3 setups were runed on single HMC. Thus, the work of 3 VMC was 

performed by 1 HMC. As a new machine had been installed on shopfloor there was no any idea for 

operator about the standard operating procedure. In order to standardize the work a Standard 

operation Sheet (SOS) was generated. The Standard operation sheet was displayed besides HMC so 

that the operator would get training of the operating procedure. All the essential elements that the 

operator must know about the HMC are present in SOS. The SOS document was generated in such a 

way that even if a new operator is assigned on the HMC he would handle the operation smoothly 

without any difficulty with the help of SOS sheet.    

 

5.2 Format Of Standard Operation Sheet Of HMC 

 

Fig 5: Standard operation sheet of HMC 

 

Fig. 5 shows the standard operation sheet of HMC. it contains all the details that the operator 

should know before handling the machine. The time taken for each and every step. the importance 

of the step i.e., whether it is quality inspection or critical step is given by symbols. The process 

name and the operation number are also mentioned according to control plan.  The safety 

requirements are mentioned. The work location is mentioned. The revision date and its level are 
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TAKT Time = 10.97 min per Transfer case 

 

also given. The inspection parameters along with-it s frequency are mentioned at the bottom right 

corner of the sheet. The image of the operation along with numbers imprinted on it shows that with 

step should be perform at which part of the machine. For example. The second step of opening the 

door is given number second and the numbered symbol is placed at the door in the image.  Thus, it 

gives a detailed and structured information of the step and allows the operator to easily work with 

the machine. The control block gives the names of team leader and group leader who are 

responsible for handling of SOS document on the shop floor. The upgradation work is done by 

this team and group members.[4] 

 
5.3 CALCULATION OF ELEMENT TIME AND TAKT TIME 

The Element time is added up at the bottom 

 
i) Total Handwork + Walking time is shown in first row. 

ii) Wait in Cycle time = Machine Cycle time – Offline operation time in displayed in second row 

iii) Total Cycle = Handwork + Machine + Walking – Offline operation time is displayed below 

them. 

                     

The total time to treat the demand MINUS the scheduled downtime is the Takt time. The formula to 

calculate Takt time is- 

 

 

 

 

EXAMPLE:  

 M/C shop runs 8 hours (480 min) per day 

 Scheduled downtime = 30 min 

Hence, 

                   Daily Available Time = (480 – 30) min. 

                                                         = 450 min. 

 

EXAMPLE to Calculate TAKT Time: 

 
Assembly department is producing Transfer cases at the rate of 1000 per month. Based on 24 days per 

month, 41 T/C must be produced per day.  

 

Demand per Day = (1000 Transfer Cases per month) / (24 days per month) 

                          = 41 Transfer Cases per day 

Transfer Case TAKT Time = (450 min per day) / (41 Transfer Cases per day) 

                        

 

 

6. JOB ELEMENT SHEET OF HMC 

          The Standard operation Sheet of HMC was generated along with Job Element Sheet (JES). 

Job Element Sheet (JES) is a supporting document for the SOS. It gives information about the critical 

steps in the SOS. It gives a pictorial representation of these steps so that the operator can understand 

that particular step clearly and can finish the job as per the requirements. It includes answers to 3 main 

questions of each step: 

 
                          Total Available Time 
TAKT Time =                           
                            Customer Demand 
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a) What – What exactly has to be done? 

b) How – How that particular step is carried out? 

c) Why – Why is that step necessary? 

To support the What, How and why, each step in the JES is accompanied by a picture showing a 

well-trained operator performing that particular step. The following Table shows the elements of 

JES. 

 
Table 3: Job elements in JES and their significance 

Sr. 

No. 

Elements Significance 

1 Process Name Describes the process that takes place on the 

machine 

2 Symbol The symbols such as quality, in process stock, ergo 

are given at the right corner of the document. 

3 Machine Name Machine name is mentioned at the top of document 

4 Steps Explained (What) The step is explained that what exactly has done in 

that step 

5 Key point for each step 

(How) 

How that step is executed on machine  

6 Reason to do step (why) Explains the necessity of that step in the process  

7 Photograph of critical 

steps 

Gives a visual display of the step 

8 Revision level and date It mentions the number of times the document has 

been updated and on which date. 

9 Control Block   It contains the name of Team leader and group 

leader who is the in charge of all SOS documents 

present on shop floor 

 

 
 6.2 Format Of Job Element Sheet Of HMC 

The below fig displays the format of Job element Sheet of HMC. It has all the element that were 

mentioned in the table 3. The critical steps are highlighted in yellow color so as the operator should 

give special attention while performing this step. The document is systematically represented with 

the deliverables What, How and why. These deliverables give a deeper understanding of that step to 

the operator. It increases the knowledge of operator about the process and the HMC.  
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Fig 6: Format of Job Element Sheet of HMC 
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7. RESULTS AND DISSCUSSION  

All the processes are drafted and followed by all the Operators working on HMC. As the main 

target of SOS is to increase quality with quantity has achieved. The increase in quality is possible 

as there is work standardization and control quality maintenance. The operator knows what steps 

and their order to be followed thus reducing faulty part production. SOS and JES can be used as a 

tool for Training a novice operator of HMC. It would help a Novice operator during his initial jobs 

and helps him master an operation. It would help the supervisor plan Work Schedule for the set 

target. He can calculate how many jobs can be done in the allotted time and thus the time required 

for fulfilling the order placed. With the help of element time and takt time present on SOS the 

company can calculate the performance of the operators and thus the ‘Operator Equipment 

Efficiency’ (OEE). In case of a recurring problem, it can be easily tracked down to the faulty step. 

This step can be then modified and thus the problem can be stopped from occurring. Unnecessary 

steps can be easily identified when you have a systematic breakup and thus can be eliminated or 

modified to increase productivity. 

 

8. CONCLUSIONS 

This generation of SOS has achieved approximately 100% accuracy and has proven good 

efficiency. Applying of this format of SOS in any organization will reduce the human workload 

and provide more accuracy. This system will be very easy to guide and a production line can be 

operated with minimal knowledge. The project can be used for guiding new employees in the plant. 

The SOS developed has decreased the variation and has increased the quality of product. It has also 

minimized the miscommunication and increased the safety concept. The extraction of the data has 

become easy due to good documentation. It can be also made a checklist for any future use. A new 

operator can know everything about the process and the machine by just studying the SOS of 

HMC. The continual quality improvement is possible by periodical upgradation of SOS. 
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Abstract 

 In this review paper, thermal barrier coating (TBC) effect on the durability of  Aircraft Turbine blades 

and Industrial Gas Turbine (IGT) blades has been studied. Multilayer thermal spray coating consisting 

of top coating layer (TC), bond coating layer (BC) and thermally grown oxide layers (TGO) have 

different effects on Ni-based single crystal superalloys turbine blades. TBC enhances the thermal 

resistance and mechanical properties of superalloys. Propagation of cracks, thermal corrosion and 

erosion are prevented which further  lead to increased thermal cycle life. The overall effect is increased 

blade durability. 

KEYWORDS: TBC, IGT, TC, BC , TIT, TGO,  SC superalloys,Durability.  

 

1. INTRODUCTION 

Gas turbines are used in aicraft as well as electrical power generation with advanced techniques. 

Research and development departments of concerned industries are doing innovative work to enhance 

the overall efficiency of the gas turbine. J.Grade turbine is the latest example, in which turbine inlet 

temperature (TIT) is 1600°C which leads to increase in  the overall efficiency of turbine up to 61.5% 

[1].To sustain such an extreme condition of very high temperature and dusty environment, itself 

becomes a big challenge for manufacturing units. Ni-based superalloys materials have been developed. 

New generation, Ni-based single crystal superalloys have become the first choice for manufacturing of 

gas turbine blades .Third/New generation Ni-based Single crystal superalloys [2] having  chemical 

composition are shown  in Table 1. 

 

Table 1:Chemical composition (wt℅) Ni-based Super alloys For Single Crystal blade 

Alloy Cr Co Mo Re W Al Ti Ta Nb Hf 

CMSx10 2 3 0.4 6 5 5.3 0.2 8 0.1 0.03 

Rene N6 4.2 12.5 1.4 5.6 6 5.75 __ 7.2 __ 0.15 

TMS-75 3 12 2 5 6 6 __ 6 __ 0.1 

TMS-80 2.9 11.6 1.9 4.9 5.8 5.8 __ 5.8 __ 0.1 

_______________________________________________________________________________ 

  

MGA 1700 is currently the most advanced material developed by Mitsubishi [3] and it  has the 

ability to work at a temperature of 1700°C.The chemical composition is not available in any 

research paper/article as Mitsubishi has kept it secret. 

 

To increase the durability of SC turbine blades, thermal barrier coating with multilayers has been 

used widely in the industrial applications.  
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2. HISTORY OF THERMAL SPRAY COATING TECHNIQUE   

 

Historically, three generation of coating techniques have been used such as: diffusion coating, overlay 

coating and thermal barrier coating. Most common processes used in thermal barrier coatings are: High 

velocity oxyfuel(HVOF),High velocity plasma spray(HVPS),Chemical vapor deposition(CVD),Air 

plasma spray(APS),Electronic-Beam Physical Plasma Spray(EB-PVD),Plasma spray physical 

deposition (PS-PVD),Vacuum plasma spray(VPS) and Solution Precursor plasma Spray(SPPS) 

coating.[4] 

 

2.1  THERMAL BARRIER COATING 

Gas turbines work under severe stress conditions of  high temperature and sandy environments in Asian 

countries. To produce these conditions is a big challenge for research and development departments of 

gas turbine industries. High thermal stresses are set up on turbine blades which become the prominent 

cause of reduced thermal resistance and thermal cyclic fatigue resistance. Burnt gases and sandy 

environment in combustor of turbine produces oxide and carbide, which lead to increase in  cracks, 

corrosion and erosion problems. 

To prevent the blades failure due to above causes, thermal barrier coating is the most suitable solution. 

Some commonly used coating materials [5-6] are shown in Table 2. 

 

_______________________________________________________________________________ 

Table 2:Properties of TBS 

      TBC 

MATERIALS 

Density 

(kg/m3) 

Elastic 

Modules 

(GPa) 

Ultimate 

Strength 

Poisson 

Ratio 

Coefficient 

of Thermal 

Expansion 

(1/C) 

Thermal 

conductivity 

W/m oC 

YSZ 3610 40 1630 0.21 10.7x106 2.12 

Y-PSZ 6030 210 2500 0.23 10.0 x106 2.2 

Alumina 3980 413 665 0.33 10.9 x106 4 

Zirconate 6050 156 48 0.28 9.7 x106 2.15 

YAG 2708 __ __ __ __ 0.8 

YCe3Ce7Ta2O23.5 7245 __ __ __ __ 1.78 

 

_______________________________________________________________________________ 

 

 

2.2    TBC MATERIAL SELECTION 

Thermal coating materials are selected due to the properties mentioned here, such as, low  thermal 

conductivity, low-coefficient of thermal expansion, high thermal load resistance, high thermal cyclic 

fatigue resistance, high corrosion and erosion resistant [ 4, 9 ]. Compatibility of coating material with 

substrate is another  most desirable factor. Mismatch factor of thermal spray coating material with base 

metal can lead to easy failure of turbine blades. Low thermal conductivity coating material acts as 

thermal protective shield for Ni-based Single crystal superalloy blade. 

 

2.3   ROLE OF THERMAL BARRIER COATING 

High cyclic thermal load in a gas turbine decreases the creep and thermal fatigue resistance. As a result, 

formation and propagation of cracks start. This one becomes the common cause of turbine blade failure. 

Burning of fuel in a harsh environment produces NOx along with carbide which further leads to increase 

in cracks size and enhancement of hot corrosion/erosion. This one is another vital cause of superalloy 

blade failure.  
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To protect turbine blade failure, thermal barrier coating technique with multilayers has been applied. 

Yittria Stabilized Zirconia (YSZ) is used as top coating (TC)layer, while NiCrCoAlY as bond coating 

layer (BC) [7] are directly applied  on substrate of Ni-based Single Crystal superalloys. Thermally 

grown layer  α-Al2O3 [8] is formed on the interface of top coat and bond coat layers. Thermally grown 

oxide ( TGO) layer becomes a barrier for diffusion of oxygen onto the  substrate surface and as a result  

the base metal is protected from further oxidation. 

 

 
Figure 1:YSZ TBC of 0.8 mm thickness, TGO α-Al2O3 0.01 mm, NiCoCrAlY Bond Coat 0.150 mm. 

 

RESULT 

YSZ TBC coating prevents the substrate from cracks, corrosion, erosion and excessive thermal stresses. 

As a result, YSZ TBC coating layer with thickness of 0.8mm increases the thermal cycle fatigue life 

from 1×105 hr to 4.03×105 hr [6] when compared with uncoated superalloys substrate. Figure 2 

   

 
 

Figure 2:Thermal Cycle Fatigue Life 
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CONCLUSION 

The blade of the gas turbine used in aircraft turbines and IGT is a highly important part. The overall 

efficiency can be increasing by using high TIT. The R&D is  focused on innovation of advanced 

materials for blade and TBC. Thermal barrier coating material with optimal thickness improves the 

cyclic thermal fatigue life which further enhances the durability of turbine blades. Improved durability 

means saving of rare earth metal which creates an overall good impact on world economics and earth 

environment. 
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Abstract 

The metal-oxide-semiconductor field-effect-transistor has dominated the semiconductor 

industry in preceding four decades. To achieve more packaging density with higher speed the 

technological advancement has been impacted by the performance degradation of these 

conventional devices due to increased short channel effects namely subthreshold leakage 

current, subthreshold slope, drain induced barrier lowering etc. With simpler process steps 

the necessity of realizing the p-n junctions has been relaxed which presents the junctionless 

device as an alternative to the ordinary MOSFETs aimed for the overall reduction of power 

dissipation in the nanoscale regime. This paper focus on the dual material gate junctionless 

FET with vertically graded profile. In comparison of the conventional double gate 

junctionless FET with uniform doping profile; comparable value of drain current in ON state, 

reduced OFF current, higher ratio of ON-to-OFF current, and lesser energy barrier lowering 

at drain end with improved subthreshold slope have been reported.   

Keywords- Dual-material, junctionless FET, graded channel, low power  

 

1. INTRODUCTION 

From the late 1960s, the conventional metal-oxide-semiconductor field-effect-transistor 

(MOSFET) has been used as the prominent building block to realize complementary MOS 

circuits. The phenomenal progress signified by Moore’s law in terms of gaining speed and 

packaging density has been achieved through the scaling of conventional MOSFETs 

(Dennard, 1974; Packan, 1999).  But, the deviation of electrical performance of conventional 

MOSFETs in the sub-100 nm region has been attributed to the booming of short channel 

effects (SCEs) namely threshold voltage roll-off, increased drain induced barrier lowering 

(DIBL) with degraded subthreshold slope (SS), increased gate leakage current, reliability 

issues etc (Veeraraghvan et al., 1989; Ghani et al., 2000). To suppress these SCEs in the 

device structure, the gate controllability over the channel region has been boosted with the 

development of new multigate architectures (Kranti et al., 2006; Poiroux et al., 2005) like 

double gate (DG), tri gate, gate-all-around etc. However, due to lower gate capacitance as 

compared to other multigate devices and flexibility of using in asymmetric mode, the double 

gate architecture shows its robustness (Poiroux et al., 2005). Nevertheless, while scaling these 

new architectures, the device engineers faced the challenge of complex realization of ultra 

steep p-n junctions (Jazeri et al., 2018). Due to uniformly doped silicon film the junctionless 

field-effect-transistor (JLFET) overcomes this limitation with its structural simplicity 

(Colinge et al., 2010). With reduced fabrication complexity, the realization of junctionless 

device is feasible with matured CMOS fabrication process flow. The device shows bulk 

conduction which suppresses the mobility degradation with increased temperature due to 

relaxation of surface scattering mechanism in flat band condition (Lee et al., 2010). In 

comparison to the conventional MOSFETs, the junctionless FETs show lower leakage current 
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due to absence of reverse biased p-n junctions. This greatly enhances the device suitability 

for low power applications like dynamic random-access memory (DRAM) and biosensor 

networks (Sahay et al., 2019). But, with the technological advancement of junctionless device 

in sub-20 nm regime, drastic increase in DIBL and SS becomes critical. In junctionless FETs 

the major current component flows through the central part of the channel, hence reducing 

the doping concentration in the upper and lower part of silicon film may results into 

significant lowering of the OFF current. Thus, we propose a new dual-gate material DG 

junctionless FET structure with vertically graded profile (VGP) across the channel. With 

reduced doping in the upper and lower part of the silicon film and bulk conduction 

mechanism, the proposed device shows lower OFF state current, reduced DIBL with higher 

current ratio in sub 20 nm region in comparison of the conventional junctionless FETs. 

 

2. STRUCTURE OF THE DEVICE AND SIMULATION PARAMETERS 
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Fig. 1 Schematic diagram of (a) Conventional double gate junctionless FET with uniform 

doping profile (UDP) (b) Proposed dual-gate material double gate junctionless FET with 

vertically graded profile (VGP). 
 

The schematic view of uniformly doped conventional DG junctionless FET and the proposed 

dual-gate material DG junctionless FET with vertically graded profile have been shown in 

Fig. 1. Table 1 shows the parameters used in the device simulation. The structures shown in 

fig. 1 were simulated using SILVACO TCAD tool with 20 nm gate length (LG) and silicon 

film thickness (tsi) of 10 nm. The Hafnium oxide (HfO2) with 01 nm of effective thickness 

was used as high-k dielectric (k=22) to quench the leakage current through gate electrode 

(Choi et al., 2011). The compatibility issues of high-k material with polysilicon gate electrode 

namely – pinning of Fermi-level and phonon scattering mechanism due to highly doped 

channel were avoided with application of metal as gate electrode material (Dadgour et al., 

2010; Takeuchi et al., 2004).  In proposed device, two gate materials with work function ϕ1 

and ϕ2 of value 5.36 eV and 4.86 eV respectively with a difference of 0.5 eV were used to 

achieve better carrier transport. In case of the proposed device the length ratio 0.5LG for the 

two different gate materials have been kept constant (Lou et al., 2012). As shown in Fig. 1 

(b), the entire silicon region has been divided into three parts of thickness t1, t2 and t3 with t1 + 

t2 + t3 = tsi. The values of t1 and t3 have been considered as 04 nm while for t2 02 nm thickness 

has been used. Fixed doping concentration of 1×1018 cm-3 was used in silicon film area with 

thickness t1 and t3. Whereas, for silicon film area with thickness t2 a higher doping of value 

1×1019 cm-3 has been used. A homogeneous doping concentration of 1×1019 cm-3 was taken 

for conventional DG junctionless device. The impact of high doping and band gap narrowing 

were considered with fermi and bgn models respectively. The Shockley-Read-Hall 
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recombination has been modelled with srh and the mobility dependence on transverse and 

longitudinal electric field has been considered using cvt model in the simulation (TCAD 

ATLAS User Manual, 2016). An underlap area with constant length of 10 nm has been used 

on both source side (LUS) and drain side (LUD) in the two device structures.  
 

Table I. Device simulation parameters used in the SILVACO TCAD tool 
 

Parameter 

Conventional 

DG JLFET  

with UDP 

DMG  

DG JLFET 

with VGP 

Gate length, LG  20 nm 20 nm 

Silicon film doping concentration, ND 1×1019 cm-3 
1×1018 cm-3, 1×1019 

cm-3 

Total silicon film thickness, tsi 10 nm 10 nm 

Silicon film thickness, t1  --- 04 nm 

Silicon film thickness, t2 --- 02 nm 

Silicon film thickness, t3 --- 04 nm 

Gate electrode work function, ϕ1and ϕ2  5.36 eV 5.36 eV, 4.86 eV 

Effective oxide thickness, tox 01 nm 01 nm 

Length of underlap region approaching source, (LUS) 10 nm 10 nm 

Length of underlap region approaching drain, (LUD) 10 nm 10 nm 

 

 

3. RESULTS AND DISCUSSION  

 

Based on the device simulation set-up and parametric values listed in table1 following results 

for the two structures have been observed.  

 

Fig. 2 Comparison of drain current (ID) vs. gate voltage (VGS) characteristics for single 

material gate junctionless FET with uniform doping profile and dual material gate junctionless 

FET with vertically graded profile. 
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In this section the curves represented by solid symbols depicts the results of DMG JLFET 

with vertically graded channel profile while the curves with open symbol are related to SMG 

JLFET with uniform doping profile. The drain current (ID) for conventional and proposed 

junctionless FET has been compared on linear and logarithmic scale in fig. 2. The curve 

shown in the fig. 2 has been obtained in saturation region for drain-source voltage of 1.0V. 

With the application of dual material on the gate electrode the value of vertical electric field 

on the drain-channel interface is lowered and the proposed devices shows comparable ON 

current (ION) in the range of 10-4 (A/µm). 

 

Fig. 3 Comparison of OFF current (IOFF) and current ratio (ION/IOFF) for single material gate 

junctionless FET with uniform doping profile and dual material gate junctionless FET with 

vertically graded profile. 

The effect of scaling the gate length on various performance parameters for both device have 

been presented in fig. 3. Here, it can be observed that comparatively lower IOFF have been 

shown by the DMG JLFET with graded doping profile within the range of gate length from 30 

nm to 5 nm. This has been attributed to the reduced value of doping concentration near the 

oxide-semiconductor interface which leads to lesser number of charge carriers in the device. 

Here, it can be observed, that at lower technology nodes the conventional junctionless 

FETshows the IOFF  of the order of 10-4 (A/µm), which detreorates the ION/IOFF ratio  below 

102. However, as shown in fig. 3 the proposed junctionless device reflects the ratio of ON-to-

OFF current approximately 103 for the 5 nm gate length due to its lower OFF current.   

As the gate length shrinks the interaction between drain and source region increases. This is 

due to impact of increased drain voltage which leads to barrier lowering at source-channel 

interface. The barrier lowering at source end eases the introduction of charge carrier from 

source into the channel and diminution in the threshold voltage of the device. Hence, more 

DIBL value has been observed with scaling the length of gate electrode. However, owing to 

vertically graded channel, lesser charge carriers are introduced in the proposed junctionless 

device, hence lesser value of DIBL has been observed as compared to the conventional 

junctionless FET as shown in fig. 4.  From fig. 4 it can also be noted that the proposed device 

shows comparable subthreshold slope as compared to the conventional junctionless device, 

but improves at lower technology node below 10 nm. Qualitatively, the reduction in doping 
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concentration results in to trivial drop in ON current, but the OFF current is significantly 

reduced, which causes lowering of subthreshold slope for the proposed device.  

 

 

Fig. 4 Comparison of subthreshold slope and drain induced barrier lowering for single 

material gate junctionless FET with uniform doping profile and dual material gate junctionless 

FET with vertically graded profile. 

  

4. CONCLUSIONS 

The performance of proposed dual material gate junctionless FET with vertically graded 

profile has been compared with the conventional junctionless FET. Due to vertically graded 

channel, lower numbers of charge carriers are allowed in the silicon region. Due to which the 

proposed device shows improved characteristics in terms of lower IOFF, reduced DIBL, higher 

ION/IOFF ratio and improved SS with scaling of physical gate length. It is also concluded that 

with lower IOFF and comparable ION the proposed device can be a used as a potential candidate 

to realize the circuits in low power applications.  
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Abstract 

The electrical and physical features of FinFETs have been reviewed in this research.  We studied 

the architecture of FinFETs according to their classifications, as well as the three- dimensional 

schematic of bulk FinFETs. The electrical characteristics of the FinFET  were examined by 

looking at the transfer characteristics. The effect of coulomb, phonon, and surface roughness 

scattering on charge carrier mobility in the FinFET channel has been reviewed. Finally, the impact 

of the Fin layer shape on FinFET performance has been reviewed in this review paper. 

Keywords- Electrical, bulk, threshold voltage, mobility, width, structure 

 

1. INTRODUCTION 

Problems with planar or bulk Si-CMOS technology get more complex as devices get smaller. 

Various short channel effects are observed such as subthreshold-slope, leakage current, hot 

carrier effects and drain induced barrier lowering (DIBL) in the devices, reducing their 

usefulness in industry. When the voltage of the power supply is Vdd is lowered,which aids in the 

reduction of however, the performance boost is not large due to power and hot carrier effects. 

Lower the Vt can degrade performance. 

Researchers are looking forward for  a high-k gate dielectric,  allowing for a thicker physical oxide 

to help reduce gate leakage. while maintaining appropriate channel control, but this has yet to be 

found. Other issues with Si include thermal instability, band alignment, and so on. Instead of 

polysilicon, researchers are looking for metal gate electrodes, because of the thermal instability 

issue. Metal gates, on the other hand, have yet to be discovered with adequate work functions. 

In the absence of this, polysilicon is nevertheless utilised, as its work function necessitates that 

VT should be subjected to channel doping at high level concentrations, resulting in dopant 

variants at random (at short gate lengths), as well as higher impurity and, as a result, lower 

mobility [1]. 

To maintain the electrostatic integrity of devices is becoming more  difficult  -  doping 

concentration into devices is used to maintain the device performance but reducing the channel 

lengths increase leakage current and standby  power.  Long channel length  and shallower source 

and drain junctions are higher series resistances are not desirable nowadays whereas fully depleted 

devices, particularly double gate devices have dramatically improved  electrostatic controlled  of 

gate and thus short channel effects[4]. 

Because of the two gates, FinFET transistors deliver Even without increasing  channel doping, 

planar MOSFETs have nearly twice the on current. This is advantageous for carrier mobility while 

also resulting in minimal gate leakage [5]. In order to continue on the  shrinking route,  at gate 
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lengths less than 50nm, planar MOSFETs can be replaced by double gate MOSFETs, according to 

the discussion [1]. 

 

2. RESEARCH BACKGROUND 

 

 

Fig.1. FinFET Classification with structures [10] 

 

Most of us were familiar with FinFETs as SOI MOSFETs manufactured in the end of 1990s and 

beginning of 2000s on SOI wafers. When the first double-gate transistors were revealed, they had 

been mostly shown on SOI substrates in order to solve problems with the short channel effect 

(SCE) [5, 6-10]. 

SOI FinFETs are FinFETs that are constructed on SOI wafers. These devices are suitable since no 

shallow trench isolation (STI) approach is followed as well as there is no leakage channel near the 

source/drain junction depth, known to benefit from the advantages of simple fabrication and high 

scalability. Because of their low parasitic  capacitances,  these type of SOI transistor is typically  

used in circuits with a lot of speed. It is dependent on the doping, thickness of the Si film, and bias 

circumstances, SOI devices with floating bodies, such as single-gate and double-gate devices, may 

be used, experience floating body difficulties [12]. SOI wafers a fault density that is  higher  and  

cost Bulk-Si wafers are less expensive than bulk-Si wafers. Due to the presence of a thick layer of 

buried oxide with allow the high amount of heat generated in the channel of SOI FETs cannot be 

used to power the device. Easily be dispersed to the foundation changing from traditional SOI 

FinFETs over to the planar MOSFETs necessitates not only active channel splitting [10] for  

narrow and depletion channels, but also a switch to three-terminal from four-connection (body 

floating) devices. 

As a result, four-terminal FinFETs created by directly attaching the fin body to the Silicon 

substrate would be more suited. These four-terminal FinFETs are known as body-tied FinFETs, 

or bulk FinFETs, and are produced on bulk silicon wafers When FinFETs were originally 

introduced, they were body-tied as disclosed, they had been dubbed Omega, MOSFETs due to 

the body's cross-section resembling an omega. We named the body-tied FinFET a bulk FinFET 

since it was derived the SOI FinFET and the omega FET are two types of FinFETs. Figure1 

displays SOI and bulk FinFETs cross-sectional images with the cut fin body and provides a quick 

explanation of FinFET categorization. SOI and bulk FinFET  fin bodies are floating and 
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respectively, tethered to the substrate. 

Bulk FinFETs are more required for ICs in comparison to the SOI FinFETs and the devices' 

fabrication methods are like those of traditional CMOS devices with planar (or 2-D) channels 

manufactured on bulk-Si wafers. Figure 2 is a schematic 3-D perspective of a bulk FinFET. 

Tox represents the oxide thickness for isolation. Through the body of the fin, which is attached to 

the body, the heat created in the channel can be transmitted to the body. Bulk FinFETs alleviate 

difficulties high defect density, floating body effect, and poor heat dissipation are all problems  

linked with SOI FinFETs, thanks to their architecture. Furthermore, they have almost similar 

scalability to SOI FinFETs while having superior heat dissipation properties [12]. 

 

3. RESEARCH METHOD 

To study electrical characteristics of FinFET in different region 

At the source to drain ends, the surface potential is used to express all MOSFET  features. 

Different solutions for different regions of operation are accessible in the threshold voltage 

technique 

 

Fig.2. Three dimensional FinFET Structure [11] 

 
 

1. Linear Region 

It is the area where current  grows  in  a linear  relationship with vds, for a certain situation Vg>Vt. 

To make a rough estimate, Ids, in the [15] is the linear region, where  the  effective  channel 

mobility. impurity atoms and interface related impurities is  the oxide  capacitance per unit area, W  

is fin width, and L is channel length in the (inversion) region., and v is the effective channel width.  

Vt is the voltage at which the threshold is reached. 

 

2. Saturation Region 

In this region current no gets almost constant. 

 

3. Cut-Off Region 

In this area in which there is no channel between the drain and the source, and the drain current 

decomposes exponentially. As a result of the low concentration of electrons the along  the  

channel's electric field is low, and the subthreshold current is predominantly due to carrier  

diffusion. [15] is a rough approximation of the current in the subthreshold region. 
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Փ is  work function of the gate electrode. The output qualities displayed in  Figure  3 is  referred to  

as transfer characteristics. 

The characteristics of a FinFET with a channel length of 10m, a Fin layer width of 150nm, and a 

thickness of 30nm are shown in Fig 3. Symbols denote experimental data while solids denote 

lines for simulation results of the work [16] for various gate voltages. 

 

Fig.3.Transfer Characteristics of FinFET [16] 

Charge Carriers' Effective Mobility in FinFET [18] defines the applied Effective electric field. 

The carriers' mobility is determined by a variety of scattering mechanisms in which they 

exchange momentum with the semiconductor. The scattering processes are caused by 

semiconductor crystal defects, such as lattice vibrations and ionised impurities. Surface 

roughness and interface trapped charges are examples of interface-related defects. The mobility 

of the inversion channel has been around for a long time and the focus of intense research [17].  

 

4. Result discussion 

Comparison of FinFET Performance as a Function of Fin Shape 

For many years, the electronics industry's watchword [18] has been miniaturisation. MOSFET 

scaling has allowed this to happen for decades. 

It has made a significant contribution to the semiconductor industry's growth, serving as the 

fulcrum of its unprecedented expansion in recent years. Short channel effects (SCE), and others 

have arisen as the device's feature size has shrunk. 

As a result, the industry has come to a standstill as it was with bulk devices difficult to move 

forward with Moore's expectations. 

The scaling of conventional transistors beyond 22nm was hampered by high power consumption 

and process variable effects. To continue scaling, performance boosters  like  as  innovative 

materials and non-classical device architectures are required to overcome these effects. 

FinFET transistors have evolved as innovative technologies with more short channel effects 

(SCE) control in comparison to conventional MOS transistors. 

FinFETs, which allow multi-threshold circuits with very low leakage with no extra mask and no  

area overhead. FinFETs, on the other hand, have some unwanted properties like as corner effects, 

quantum effects, tunnelling, and so on, which reduce performance by raising leakage 

current.Premature inversion is caused by the charge sharing effect between two nearby gates of 

the corners in Trigate-FinFETs. The phenomena corner effect [19] explains how this leads the 

creation of distinct channels with distinct threshold voltages.At small dimension  devices,  the 
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mobile carrier density in the corner of  a trigate FinFET is larger than in other regions, and the 

corner regions are comparable to the flat surface channel region. The corners carry a larger portion 

of the electricity, which can turn on the device. 

As the channel's dimensions shrink, the effect of the corner role on On-state current grows, and 

electrons distribution at the corners are larger than in the rest of the channel. This has a negative 

impact on performance. 

Partially Cylindrical FinFET (PC- FinFET) is a FinFET with  round corners that has been offered 

as one of the solutions [19]. With a change in fin shape from round to tapered, for desirable on and 

off state performance, the top fin size can be tuned for the same channel length [20].  The top  

width of the active fin (W top) is simulated for 1 nm, and the width of the active fin's bottom (W 

bottom) is simulated for 1 nm in this 3D device design of Trapezium shape PC FinFET. 

The bottom and Inverse trapezium shape PC FinFET, where W is 15 nm, have been exhibited to 

the top is regarded as 15 nm and W the bottom that 5 nm is taken into account. 

Fig.4. Threshold voltage characteristics with varying the Wtop [21] 

 
                                  Fig.5. Threshold voltage characteristics with varying the Wbottom [21] 

Conclusion 

The structure of several FinFETs was investigated in this study, as well as the three-dimensional 

bulk-FinFET structure. The FinFET's electrical characteristics have been examined and reviewed. 

The parameters of the output current-voltage, the transfer characteristics, and the subthreshold 

current in channel FinFET’s has been investigated  using their  characteristic curves. The mobility  

of change carriers in the FinFET channel has been investigated using various methods of  

scattering. The effect of FinFET Fin layer shape on its performance has also been investigated  in 

this review article, which examines the threshold voltage characteristics of FinFET  with different 

Fin layer width. In the future, these properties could be used to model the efficient electrical and 

mechanical features of FinFETs. 
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Abstract 

Thermal power generation plays a major role in meeting the needs of present day power demands. 

Efficient and economic controls of crucial elements like steam boiler sections need superior control 

mechanisms. This paper presents the need and application of nonlinear modeling techniques to 

estimation of boiler drum dynamics which is one of the important controls among the boiler control 

loops. The real plant data collected from boiler is used to estimate the dynamics.  Basic Hammerstein 

model frame work is modified to specify any nonlinearity present in the system measurement and the 

results are presented.  

Keywords- System Identification, Nonlinear modeling, Boiler drum, Hammerstein modeling, 

Dynamic models 

 

1. INTRODUCTION 

The steam generation process is a very complex and expensive process in thermal power generation. 

Very large amount of fuels are consumed by Boilers to produce sufficient steam energy and also 

liberates considerable amounts of harmful gases especially carbon dioxide, silicon oxides and nitrogen 

oxides. An improved boiler control loops leads to decreased excess fuel consumption, fuel cost, and 

flue gases, plant & personnel safety and extended plant life span. A well-controlled boiler must meet 

the requirements of three of its subsystems. One is maintenance of steam header or drum steam outlet 

pressure constant despite fluctuation in demand for steam according to the load variations. Second one 

is maintenance of drum water level at desired value in order to protect drum components from two 

major effects viz overheating of boiler pipes and flooding of steam pipes. Thirdly maintenance of air 

fuel ratio to achieve good combustion efficiency and also to fulfil the requirements of industrial safety 

standards. 

Among the above three, drum water level control is critical and complex [1]. In general single 

element, two element and three element controls are considered to achieve satisfactory control of 

drum water level. But under frequent and large load changes these systems may result into higher over 

shoots and undershoots demanding more sophisticated control. Proportional and integral (PI) control 

is the most traditional control strategy used in boiler control because of its ease of operation and anti-

windup action [2]. Though the PI can offer satisfactory control it is likely that more advanced control 

schemes could offer superior control performance with changing operating point [3]. 

 

2. RESEARCH BACKGROUND 

Being the complex process boiler encounters number of control problems. Out of many one major 

property is its nonlinearity. Highly nonlinear is mainly due to the changing operation conditions. This 

problem may not be considered if the boiler operates at its maximum capacity. But to improve the 

efficiency the boilers will work under two modes. Maximum capacity mode is used during the day 

where the demand for steam production is high and half capacity mode for night under deceased load. 

Despite the changes in operating punts the control system must be able to provide good control.  
 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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An important breakthrough was given by Ljung by introducing the concept of transfer function 

representation using variance error and bias [4]. Later control problem slowly paved its way to 

identify issues related to design problems viz effect of varying experimental conditions, type of 

structure and selection criteria [5] and [6]. The identification for control with model quality 

constraints started blooming since 1990. A standard input-output model was found in [7]. Bridge 

work between open loop models to closed loop can be found in [8]. Use of reduced models considered 

to be useful in control design if the model can capture the key dynamic features [9-10]. A 

consolidated summary of advancements was presented in later work. Optimality issues related to open 

loop identification are also discussed several papers. The interaction of experimental conditions and 

resulting model in control design were found in [11].Identification of nonlinear systems was in co-

existence with identification of linear systems. Attempts were made to describe nonlinear systems 

with known model structures such as Wiener, Hammerstein, and Wiener –Hammerstein models. Input 

–output models are described based on different basis viz Laguerre and Kautzsetc to obtain improved 

transfer function models [12]. A detailed survey on this can be found in later work. The idea of 

identifying models with output plus noise and input with noise gave birth to different frame works 

which includes Instrumental variables, total least squares and Maximum Likelihood [13]. A detailed 

survey on errors and these techniques can be found in subsequent papers. PEM has become the most 

wide spread parametric identification method based on the hypothetical results of Ljung 1999. But the 

main limitation of this is model selection which gives a trade-off between variance and bias. Akaike’s 

(1974) criterion for cross validation gave a solution to model validation techniques.  

 

3. BOILER CONTROLS 

The power plant is a combinational work of complex piping and machines with a strong interaction of 

control loops. The boiler control system plays a vital role in defining the overall plant efficiency. All 

key control loops are controlled by a single central command signal. In power generation the steam 

demand signal is considered as key command signal. The overall plant control is achieved by 

coordinating four major control systems as explained below. First one regulates pressure and load for 

various throttle conditions in power generation. Second is the most crucial drum level control where 

water and steam gets separated. Third one is temperature control for regulating the temperatures of 

both super heater and re heater outlets. Fourth one is combustion control to regulate the heating rate, 

excess oxygen and furnace pressure by manipulating the fuel flow and air flow. 

3.1 Control loops and Configurations 

The three different control configurations used for boilers are.  

a) boiler following mode 

b) Turbine following mode and 

c) Sliding pressure mode 

The main function of industrial boiler is to generate steam for two major requirements one is for 

electrical power generation in thermal power plants and the other for generating process heat for 

several chemical and other industries. The two main system requirements for steam generation are 

water and heat. The control loops are categorised based on these two aspects and are termed as water-

steam side and air-gas side respectively as in Fig. 1. 

Water and Steam System: Water is introduced from water side and is transformed in to high 

temperature steam through convection heat flow of water tubes. The boiler must rise temperatures 

from sub cooled temperatures to saturation temperatures in order to evaporate the water. The 

temperature of the steam is raised above the saturation temperatures to generate super-heated (dry) 

steam. Maintaining chemical balance in all the above said stages is an important task of associated 

control system. 
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Fig 1: Mechanism of steam boiler 

 

Air and Gas System: The main purpose of combustion chamber is to generate required heat energy 

by burning of fuel. The resultant combustion chamber gases are sent to various parts of the boiler like 

economiser, pre heater and super heater to extract the heat carried away by them. The combustion 

gases and other resultant products need to be pre-processed before they are releasing them in to the 

atmosphere. Maintaining the desired standards of these effluents as per the recommendations of the 

pollution monitoring board is of prime importance in view of public and planet health. The control 

loops on air-gas side will control the flow of air and fuel to achieve controlled combustion. 

3.2 Boiler Drum Level Measurement 

Some of the conventional drum level measurement techniques are gauge glass, electronic probe level 

sensor, wet leg system etc. Gauge glass is used for direct indication of water level. Installation of 

gauge glass is essential to meet two key industrial standards. One is each fired boiler must have gauge 

glass as per ASME (American Society of Mechanical engineers) and the second one is for all boilers 

operating above 400PSI. 

 

 
Fig 2: Scheme of water level measurement 

 

Electronic probe level sensor consists of an array of probes that can sense the presence of water level 

electrically. Along with monitoring this provides control contact required for automatic control. Wet 

leg system is known for its precise measurement. In this wet leg system a separate column is filled 

with the same process liquid (preferably) to maintain low pressure impulse line. Hence it is called wet 

leg system. A differential pressure transmitter is used to measure the level. The schematic of the drum 

level measurement is given in Fig. 2. 
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The drum level is usually maintained below the geometric centre of the water drum. Maintaining low 

drum level is of much concern compared to high level. It causes direct effect on boiler tubes and 

significant drum level tripping or alarming conditions such as mal operation of feed control auto, mal 

operation of feed pump scoop, mal operation of feed control or regulating valve etc. The whole 

natural recirculation system gets disturbed when drum level falls below the lower limit and the 

cooling of the tubes does not take effectively. Hence bandwidth of feed water loop must be controlled 

and dynamic simulation is helpful especially at start up and low load conditions [14]. 

 

3.3 Application of Nonlinear Modeling Techniques 

A system N is said to be linear if it obeys scaling and superposition properties. If the response y(t) for 

a given input u(t) with a constant “c”  is represented as shown below: 

 

𝑐. 𝑦(𝑡) = 𝑵(𝒄. 𝒖(𝒕)                                                                                                                     (1) 

 

Then it is said that the system obey scaling property. If the system response with two pairs of inputs   

and corresponding two pairs of outputs is represented as in Eqn. 2 

 

𝑵(𝑢1(𝑡) + 𝑢2(𝑡)) = 𝑦1(𝑡) + 𝑦2(𝑡)                                                                                                (2) 

 

Then it is said that the system obey superposition property. The nonlinear system does not satisfy 

the requirements of the above properties. Non-linear model identification techniques are useful when 

linear model identification techniques are not able to capture out the dynamic characteristics of the 

physical system. The decentralized drum boiler model is identified using non-linear system 

identification techniques. Some of the techniques are Wiener model, Hammerstein model, Wiener-

Hammerstein model, Nonlinear ARMAX etc. The first three models will describe the nonlinear 

systems in to two different parts. Non linearity is explained by a static element and the system 

dynamics are explained by a linear model. This   makes the method simple and is used in different 

applications. As the system to be identified is separated in to two blocks as linear and non-linear, the 

obtained models are also termed as block oriented models [15]. The basic Hammerstein model [16] 

comprises a nonlinear static element followed by a linear dynamic model. That means the models 

receives the input through a nonlinear filter element. In case of wiener method the above arrangement 

of blocks is reversed resulting in to a nonlinear model which receives input through a linear dynamic 

model. Hence the above two methods are complementary to each other. The combination of above 

two models is called as Hammerstein and Wiener model which is generally used for modeling 

different nonlinear systems. The Hammerstein model consists of nonlinear block followed by linear as 

described in the following Fig.3. 

 

 
 

Fig 3: Frame work of Hammerstein model 

 

 

Where u(t) is considered as white Gaussian noise, The above system is described the  

following Eqn. 3 through 9. 
 

𝑥(𝑡) = 𝑓(𝑢(𝑡))                                                                                                                                             (3) 
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𝑦(𝑡) = xn(t) + v(t)                                                                                                                                      (4) 

𝑥𝑛(𝑡) = 𝐺(𝑞−1)𝑥(𝑡)                                                                                                                                    (5) 

=
𝐴(𝑞−1)

𝐵(𝑞−1)
𝑥(𝑡)                                                                                                                                                  (6) 

Where A(q-1) and B(q-1) are polynomials of shift operator q-1. 

 
(𝑞−1)𝑥(𝑡) = 𝑥(𝑡 − 1)                                                                                                                                  (7) 

𝐴 = 1 + 𝑎1𝑞−1 + 𝑎2𝑞−2 + ⋯ + 𝑎𝑛𝑞−𝑛                                                                                                  (8) 

𝐵 = 1 + 𝑏1𝑞−1 + 𝑏2𝑞−2 + ⋯ + 𝑏𝑛𝑞−𝑛                                                                                                  (9) 

 

4. Case study of Modified Hammerstein system  

The Hammerstein model is modified by adding intermediate nonlinear element to represent 

disturbance nonlinearity as shown in Fig. 4. Here the drum dynamics are represented by two stages. 

The first and second stage of this model represents the input nonlinearity and the nonlinear drum 

dynamics due to geometry and shrinks swell effect. Where the variables are given as in Eqn. 10 – 16. 

 

 
 

Fig 4: Modified frame work of Hammerstein model with Additional nonlinear element 

 

𝑥1(𝑡) = 𝑓1(𝑢1(𝑡))                                                                                                                                      (10) 

𝑦1(𝑡) = x1n(t) + v1(t)                                                                                                                              (11) 

𝑥1𝑛(𝑡) = 𝐺1(𝑞−1)𝑥1(𝑡)                                                                                                                             (12) 

=
𝐶1(𝑞−1)

𝐷1(𝑞−1)
𝑥1(𝑡)                                                                                                                                            (13) 

Where C1 (q-1) and D1 (q-1) are polynomials of shift operator q-1 

(𝑞−1)𝑥1(𝑡) = 𝑥1(𝑡 − 1)                                                                                                                            (14) 

𝐶1 = 1 + 𝑐1𝑞−1 + 𝑐2𝑞−2 + ⋯ + 𝑐𝑛𝑞−𝑛                                                                                                (15) 
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𝐷 = 1 + 𝑑1𝑞−1 + 𝑑2𝑞−2 + ⋯ + 𝑑𝑛𝑞−𝑛                                                                                               (16) 

4.1 Estimation of Hammerstein Model 

 

Drum level model is identified with Hammerstein model using feed water flow rate as stimulus signal 

as shown in following (block diagram) Fig. 5.  The plant data of various process variables at different 

time intervals is uploaded to LabVIEW platform as shown in Table 1. Ideal values of Hammerstein 

variables are shown in Table 2. 

 

Fig 5: Block diagram for estimating Hammerstein model using real plant data 
 

 

Table 1: Courtesy of uploaded boiler data set-1 on labview platform 

 

 
The order of the parameters is selected based on the following observations. Hammerstein models are 

estimated with varying parameters and the resultant responses are compared for deciding the 

appropriate order of Beta, A coefficients and B coefficients. 
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Table 2: Ideal Values of Hammerstein Variables 

 

              Beta Coefficients               A Coefficients               B Coefficients 

1 1 1 

3 0.5 0.5 

2 -0.4 0.4 

 -0.26 2 

 -0.03  

 

5. Result discussion and Conclusions 
It is evident that models observed Fig 6: b, c & d  are showing good agreement obtained with orders 

(3, 5, 5), (3, 8, 8) and (3, 10, 10) as shown in with the ideal response compared with the Fig 6: a. The 

order of the model is selected based on the estimation results obtained from different ordered models 

as presented below. However the simulated responses indicates that improvements can be brought by 

selecting proper orders of the model and the selection of models can be obtained by using advanced 

algorithms. 

 

 
 

(a)                                                             (b) 

 

 
 

                                   (c)                                                               (d) 

 

Fig 6:  Responses of Hammerstein model with different model orders 
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Abstract 

As today’s world is suffering from pandemic situation, to avoid touch of contact between person to 

person as getting infected from the virus in hospitals, industries and in other public area. A 

tablet/capsule strips cutting and distribution machine is made. The purpose of this machine is to easy 

the work; reduce the man power for cutting and distribution of medicine and to reduce the chance of 

person getting infected from the virus. This paper presents a brief review of tablet/capsule strips 

cutting machines, which are used for cutting the tablet/capsule strips and distribute it to the patients 

without any other human being contact with the capsule. Thus this will reduce the chance of getting 

infected from any virus. Also the machine keeps track record of the patients and details, which makes 

easier work for doctor to diagnosis the patient and give perfect medicine. 

Keywords: Blades, Rotary Knife, Motor drive, Controller, Barcode scanner. 

1. Introduction: 

In a pandemic situation like covid-19 as it is an airborne disease. For such condition there is a chance 

of spreading the disease from pharmacy, or in hospitals through nurse who are taking care of the 

patient. To avoid such spreading of disease, a cutting and dispensary machine is developed which take 

the input from the customer and serve the required medicine to them without any physical contact of 

any person, the medicine directly receive to the customer. A cutting and dispensary machine is similar 

to vending machine. As in a vending machine, the internal communication is typically based on the 

MDB standard, supported by National Automatic Merchandising Association (NAMA).As a costumer 

do the payment, the machine releasing it & allow product to falls in an open compartment at the 

bottom, or into a cup[1].  

Similarly, this capsule cutting and dispensary machine will act. A customer need to scan his ID card, 

select the medicine and quantity and press enter. The machine will cut the selected medicine as per 

requirement of the customer and accordingly by dropping it down the customer will receive the 

medicine. For cutting operation there are two type of cutting mechanism. One is continuous flow: In 
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many of the cutting machine the continuous flow of cutting blade over the material to be cut is 

applied. When blade is in constant contact with the material to be cut is called as continuous flow of 

cutting. This operation is performed under the condition that the horizontal material of the linear 

cutting speed is ≥ 0. The circular cutters which are used for continuous flow can be rotate in forward 

direction or in reverse direction. In forward motion of cutter disk synchronous with the movement of 

the material to be cut. The reverse motion of cutter disk is anti-synchronous with the feed direction 

[2]. For example, cutting the logs of sheet material the circular blades with continuous flow are used. 

In this process the logs can roll down on the conveyor and the circular blade is at the steady state and 

rotates continuously in forward direction flow. Here due to continuous contact of the blade & the log 

the logs are cut down into desired size of pieces [3]. A rotary knife which includes a rotatable annular 

blade using the continuous flow gives the great efficiency [4]. 

Second cutting mechanism is interrupted (impulse) flow: In the impulse flow mechanism of cutting 

machine the cutting blades comes out of the contact of the cutting material by using different 

mechanism like cutting blade rotating cycle using motors. In this process the cutting point is 

interrupted, the edge of the blade does not touch the cutting material part. In the interrupted cutting 

flow, the force on the blade drops to zero when the blade is detached from the cutting material and 

increase again when it comes to contact with it [2]. For example, in the interrupted flow in many 

machines by using the line contact cutting mechanism the material is cut by moving the blade up and 

downwards applying a certain force for cutting. In such way of cutting the guides are provided so that 

the cutter blades not to dislocate while cutting [5, 6] 

2. Methodology and Working mechanism: 

2.1 Methodology: 

This machine is mainly designed for Mahindra & Mahindra Company. The purpose of the 

machine is to cut the tablet cover & distribute it to the employees, also keeps the track record of 

the employees taking the medicines. This will save the time & manpower of the company & also 

gives a record of employees those who are not following the Covid rules made by the 

organization.  

2.1.1 First approach is towards the cutting mechanism.  

1. Firstly focusing on the cutters so that in one stroke only all the medicines in a stripe should be 

cut at a time. 

2. For this purpose, as per our literature review analysis, the vegetable cutting machine concept, 

modifying it according to our use and this help us for the cutting mechanism which we 

required here [7]. 

3. The researcher’s mostly used the rotary cutters for cutting mechanism [8, 17].  

4. Researcher's most uses point of contact application for cutting the materials as less force need 

to applied for cutting operations[9, 13, 18]. 

5. In most of the papers motors are used to drive the rotary cutters [8, 17]. 
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6. In some papers we find the conveyors are used to move the material in forward direction and 

a cutting force is applied on the material to cut it using cutter blade [10]. 

7. Mostly continuous cutting is used– with the constant contact between cutting edge and cut 

material [20, 21].  

8. Using Rotary cutters high quality of cut is obtained without deformation of blade [8, 16]. 

9. In some of papers the cutter moves up and down like a scissor [11]. 

2.1.2 Second approach is towards the distribution machine. 

1. For the distribution of the capsule to the employees. Mainly focusing on the mechanism 

which will gives us one medicine as output when the employee scans their ID card. 

2. For that we are using the vending machine concept, hope this will work and get the output 

[12, 14, 15]. 

Lastly,  worked on the controller which will track the record by using programming system that will 

stores the record of each and every employee on daily basics. Thus, we can track those employees 

who are not following the covid rules.  

2.2 Working of Design –1 for Mahindra and Mahindra: 

This design is designed for Mahindra and Mahindra for Vitamin C tablet cutting. Here the cutting 

machine is designed as per the vegetable cutting machine concept, modifying it according to our use 

and this positively works for the cutting mechanism which is required here. Machine is designed for 

Vitamin C Tablets and can used for other tablets of same dimensions [7].  

This is manually operated machine; one person is required to operate the machine. There is blade on 

the bottom side on which the tablet stripe is kept manually. Then, the operator needs to apply near 

about 3N of force for cutting the medicine stripe. In single push only the stripe gets cut into the 

number of medicines available in the stripe [1]. As the Vitamin C single stripe contain 15 tabulates in 

it. So in single stroke it cuts 15 tablets. The cut tablets are collected in the bottom tray. By using this 

machine time required for cutting the stripe is reduced.   

Design of Cutting Machine: 

 

                         Fig. 01 CAD Model and Fabricated Design model of cutting machine. 
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2.3 Working of Design – 2 for Mahindra and Mahindra: 

This design is designed for Mahindra and Mahindra for three types of tablet, Vitamin C, Vitamin 

B and Calcium tablet. Here the cutting machine is designed similar as Geneva paper cutting 

mechanism machine concept, modifying it according to our use and this positively works for the 

cutting mechanism which is required here. Machine is designed for Vitamin C, Vitamin B and for 

calcium Tablets, it can also used for other tablets of same dimensions. Force required for cutting 

tablet cover material is 3N. (Referred from modeling the forces of cutting with scissors research 

paper)[1] The machine works similar to the Geneva paper cutting mechanism. The motor is 

applied to the driver wheel which rotates the driven wheel, also at the same time the driven wheel 

allows the cutting blade to move up and down in one rotation of the wheel [11, 19]. The power 

required to rotate the wheel is 0.025hp. The driven wheel allows the rod attached to it to rotate it. 

This rod goes and engages with the Geneva wheel and allows it to rotate 1/4th of rotation which 

allows the conveyor to rotate & displays 31 mm of distance. Hence in one rotation three tablets 

are cut and collect in the container. This machine is semi automated; only one person is required 

to operate the machine. The person need to ON and OFF the machine and also need to feel the 

boxes of medicine with medicine stripe, and then there is no need of involvement of operator. 

Thus how the machine works. 

   

                                                          Fig.02 Capsule cutting machine design. 

2.4 Working of Design- 3 for Hospitals: 

This is an automated machine designed for Hospitals. This keeps track record of the patients and 

full details of their disease and treatment. By scanning their ID card the details will be displayed. 

By entering the quantity required of medicines, it will be cut and received by the patients. Without 

any contact of person the medicine will be received by the patients. This will reduced 99% 

chances of spreading virus. 
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      2.4.1 Medicines for Experiment: 

 Pantoprazole Tablet IP 40mg. (4.5x10.7 cm)  

 Supinita-SR (4.7x11.9 cm)  

 Fortuite Plus (4.2x10.3 cm)  

 Pantoprazole & Levosulpiride Capsule (7.4x12.0 cm)  

 Prebiotic & Probiotic Capsule (7.6x13.1 cm)  

 Y2P Adenosylcobalamin Tablet (8.4x13.6 cm)  

 Alfluenza Favipiravir Tablet 200mg (8.8x19.2 cm)  

The above medicines are considered for the experiment.  

 

Chart 01. Flow process chart of cutting machine. 

2.4.2 Working Procedure of machine: 

The capsules cover cutting & distribution machine contain a barcode scanner which will scan the ID 

card and gives the input to the system. The details of the patient will be displayed on the screen. The 

input need to given to machine, i.e. name of medicine and the quantity required. This input will be 

send to the controller which will activate the motors and allow the machine to act accordingly. The 

motor will move the cutter blade in x, y and z axis according to the requirement. After adjusting the 

position the cutter blade is allow to move in downward direction, thus the medicine get cut and it get 

drop down a bottom container and received by the patient. Thus due to use of such machine there is 

99% of chance to prevent the other persons from getting infected by the virus. Thus this will reduce 

the infection and save the other person from getting infected. This machine also keeps the record of 

each person, so it is very easy to check the detail of each person anywhere about its medical history. 

This will also make easy for doctors to give them treatment. Thus, this machine is very helpful in 

pandemic situations.  
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                                     Fig. 03 CAD model of capsule cutting and distribution machine. 

 

3. Performance Parameters: 

3.1 Parameters for Design –1: 

Parameters Consider for Designing the Cutting Machine:  

Machine is designed for Vitamin C Tablets and can used for other tablets of same dimensions. 

Machine is designed as per the dimensions of Vitamin C tablet.Force required for cutting tablet cover 

material is 3N. (Referred from modeling the forces of cutting with scissors research paper) [1] 

3.2 Parameters for Design - 2: 

Parameters Consider for Designing the Cutting Machine:  

Force required for cutting tablet cover material is 3N. (Referred from modeling the forces of cutting 

with scissors research paper) [1] 

Torque required for rotating the shaft is calculated as, 

Torque= radius x force 

Torque= 100 x 3 

Torque= 300 N-mm = 3.0 N-m  

Power required to rotate the shaft = 2 π N T/60 

Power = 2 π x 60 x 3.0/60 

Power = 18.84 watt 

Power = 0.025 hp   

Similarly for driving the belt drive force required is nearly equal or less than cutting force. So, we 

assume the power required to drive the belt drive as 0.025 hp 

Hence total power required is 0.05 hp. By considering the F.O.S motor of 0.1hp is taken.  
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3.2.1 Calculations 

3.2.1.1 Conveyor belt: 

For displacement of 31mm (i.e. size of one medicine), then the diameter of rod will be: 

¼ 2πr = 31, r = 19.73 =20 mm, d = 2r = 40 mm 

Length of belt will be, 

L =2c + 2πr, where c is the between the centre of two rollers. 

L = 2 * 195 + 2π * 20,  

L = 515.6 = 516 mm 

 

 

                                                 Fig. 04 Conveyor rod design for cutting machine. 

3.2.1.2 Geneva mechanism calculation: 

a: Geneva crank radius = 50mm, n: Geneva wheel slot quantity = 4 

p: Geneva crank pin diameter = 5mm, t: allowed clearance = 2mm, c: centre distance 

c = a/sin(180/n), c = 50/ sin(180/4), c = 70.71 = 71mm, Hence the centre distance is 71 mm. 

b = Geneva wheel radius = √𝑐2 − 𝑎2, b = √712 − 502, b = 50.40 = 50 mm 

s = slot centre length = (a+b)-c, s = (50+50)-71 

s = 29 mm, Hence the slot centre length is 29 mm, w = slot width = p+t 

w = 5+2 = 7 mm, Hence slot width is 7 mm, y = stop arc radius = a -(p*1.5) 

y = 50-(5*1.5), y = 42.5 mm, Hence stop arc radius is 42.5 mm. 
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                                  Fig. 05 Geneva Wheel design for cutting machine. 

3.2.1.3 Belt Drive calculation: 

Diameter of driving wheel = 60mm, Diameter of driven wheel = 40mm 

Distance between two wheel, c = 193mm, Length of belt drive L = 2c + 𝜋 (D + d)/2 + (D − d)2/4c  

L = 2*193 + 𝜋
60+40

2
+

(60−40)2

4
∗ 193, L = 537.60 =538 mm, Hence length of belt drive is 538mm. 

 

  

                                  Fig. 06 Drive and Driven Wheel design for cutting machine. 

4. Analysis: 

Analysis of design is done in ansys software. Each linkage are analysed and found the result 

obtained is safe. 
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4.1 Design Analysis of Upper Link: 

 

4.2 Design Analysis of Base Link:- 
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Result: 

1. The maximum deformation may occur due to load on bar is 1.1063e002 mm. 

2. As the deformation occur is very less, Hence the design is safe. 

4.3 Safety Factor: 

 

 As the minimum & maximum safety factor is 15, the Result of safety factor shows that our entire 

bars are safe. 

4.3 Structural Load Analysis: 

 

5. Conclusion:  

The capsule cutting and dispensary machine is used to cut the capsule cover and distribute it to 

the customers, patients or employees in offices as in pandemic situation daily need of distribution 
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of Vitamin C, Multi-Vitamin, and Vitamin D Capsules. To avoid getting infected from any virus 

this machine is developed. As if one person is there for cutting and distribution of tablet, if that 

person get infected then the other persons also get infected from it and hence there is an 

increasement in disease. To avoid such situation non human contact cutting and distribution 

machine is made. This machine is very helpful in such pandemic situation. Also this machine 

keeps a track record of person’s history, which also make very easy for doctor to diagnosis the 

patient and give the treatment. Hence this machine will avoid spreading of disease, as there is no 

physical contact. The maximum deformation may occur due to load on bar is 1.1063e002 mm. As 

the deformation occur is very less, Hence the design is safe. As the minimum & maximum safety 

factor is 15, the Result of safety factor shows that our entire bars are safe. Hence the design is 

safe. 
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Abstract 

The growth of residents in the city is continuously increasing rapidly due to which steer in Municipal solid 

waste happen around the world. The ability to manage this refusal is of paramount importance especially 

in Asian countries such as Bangladesh, China, Indonesia and Iraq. Prime influence is always given to the 

Treatment and disposal of Organic and Inorganic solid waste to a safe zone without having a considerable 

effect on the environment. In this paper, an overview of the different treatment and disposal of rigid waste 

materials have been discussed to give an overall perspective and to conclude which Treatment and disposal 

method would be the most appropriate method to tackle this burgeoning problem. 

Keywords: Anaerobic Digestion, Gasification, Integrated Waste Management, Pyrolysis and Solid 

State Fermentation. 

1.Introduction 

The population in the urban area is drastically increased which lead to a need to a need for Municipal Solid 

Waste Management (MSWM). (1) It is one of the primary things that is necessary for Developing Countries 

(DC) such as Bangladesh, China, Indonesia and Iraq to cope up with the problem of managing the waste 

that is been generated daily. In MSWM the important step to control the amount of GHG emission is by 

opting for proper treatment and disposal of MSW. The evaluation method of GHG emission for Incineration 

(I) and Landfilling (LF) will be detailed in Table 1. (2) Safe Disposal of MSW is regarded as a major 

concern in DC (3) The treatment (T) and disposal (D) methods practised in developed countries are far 

better than developing countries this enables researches to search for a reliable T and D in DC. Some 

advanced technologies were used to treat Organic Solid Waste (OSW) materials include An-Aerobic 

Digestion (AAD), Composting ©, Gasification (G), Pyrolysis (P) and Recycling ®. The leftover waste after 

this treatment needs to be disposed of using Open Dumping (OD) or Sanitary Landfill (SL). (4,5) In the 

case of China, the viable solution to deal with the aforementioned scenario is by using Integrated Waste 

Management (IWM). (6) IWM is the integration of recycling and composting together for inorganic and 

organic waste respectively. For effectively implementing IWM initial drying is necessary to reduce the 

waste in Indonesia. (7) In Iran, the way to deal with the T & D is to opt for a combination of WTE plants 

along with subsequent recovery using landfill. (8) In this paper, the T & D of MSW for DC has been 

discussed. To come to a conclusion on which approach would be the most efficient method to be 

implemented in each DC to achieve better performance. 
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2.MSW Treatment in DC 

2.1. Composting 

It is one of the biological approach used to decompose the OSW under bearable aerobic condition. This 

OSW is converted into a useful material called humus which can be used in countless applications. (9) 

Before the composting process is implemented separation of food leftovers should be done manually. (10) 

Emotional opposition of farmers towards implementing the process of composting. (11) Another 

burgeoning problem is not only due to their fruitless profit-making ability but also their failure to attract 

commercial businesses. These are the reasons why C is not a T methodology used prominently in china. (6) 

Contrary to china Indonesia has many discussions in favour of C as a satisfactory resource retrieval choice 

for the DC. Its excellence includes: (i.) Effortless Technology, (ii.) amenable operation to local 

circumstances, (iii.) Creation of a beneficial by-product and (iv.) suitable reject composition. The 

disadvantage associated with the C activity includes hindering their horizons in merchandising and 

standardizing in extensive utilisation. (9) In Iraq construction of a C plant was completed with a size of 500 

Mega grams per day during the Year 1975. It failed to operate after 60 days due to mechanical breakdown. 

Efforts were made to make the C plant to make it work but their try went in vain. (12)  

2.2. Anaerobic Digestion (AAD) 

It is a distinctive procedure where diverse micro-organisms can decompose OSW in an oxygen lacking 

environment to manufacture biogas (BG). (13) In the countryside of Bangladesh, the production of biogas 

is executed with a combination of cow dung (CD) and Chicken excreta (CE) as a feed or raw material. (14) 

About 70% of the BG generated from AAD uses cattle as a feedstock and only a minimal amount of BG 

can be produced from other resources such as Poultry Feedstock (PF) & Rice Straw Bedding (RSB). (15) 

To make BG an economically viable option there should be a continuous supply of raw materials with low 

cost. (16) In Indonesia, the implementation of AAD is accomplished using the thermophilic domain. This 

kind of execution not only permits miniature retention times but also allows elevated loading duty. (9) 

2.3. Incineration 

It is one of the processes which has been widely under practice in almost all DC. It provides a way of 

disposing of OSW in the presence of oxygen at higher temperatures. Its important use is to decrease the 

quantity of OSW which can be achieved by having an equal amount of mass in both residue and the inert 

composition of OSW. (9) The swift expansion of I in china is due to the following reasons from government 

sectors subsidizing and encouraging the use of I, Private organisations showing interest towards investing 

more in I. I not only can reduce the volume of leftover to SL but also convert WTE. (6)  

The estimation procedure for GHG (Carbon-dioxide, Methane and Nitrogen oxide) emission for I as per 

IPCC reports in Table1. (17) I of MSW has innumerable merits such as reduction in bulk quantities, drop-

in mass and recovery of Energy. (18, 19) In china for Effective clean-up of gas in Large, I consist of a flue 

gas framework which includes a Baghouse, a Cyclone and an activated carbon adsorption unit. (20) Higher 

wetness of around 63 weight percentage present in the OSW has raised a lot of doubts in Indonesia whether 

it would be possible to earn some profit by using I. (9) 
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2.4. Pyrolysis  

It is a thermochemical activity for treating OSW in an oxygen-free environment. (21,22) It is defined as the 

thermal decomposition of OSW in an oxygen-free environment to produce useful products such as Bio-oil 

(BO), Pyrolytic Gas (PG) and Char(CH). (23) Increased dampness might lead to an appreciable shrink in 

the performance of the P technique. (9) Pyrolysis process has been executed using rice husk as a raw 

material to get a yield of CH of 5%, BO of 40% and about 25% of PG using a Fluidized Bed Reactor at a 

temperature of 896 ℉. If there is higher availability of oxygen content in liquid product, then a simultaneous 

increase in the presence of aromatic organic-based compounds. (24) By increasing the temperature to 932 

℉, changing the feed as a devdaru seed and reactor as a Fixed Bed Reactor the amount of liquid output 

increased to 51 wt%. (21) By decreasing the temperature to 662℉, changing the feed as the Plastic solid 

waste and reactor as electrically warmed up reactor the production of BO increased to 66 wt%. (25) 

2.5. Gasification 

It is a heating process that turns Cellulose into solid and a gaseous product namely char and synthetic gas 

respectively. This treatment is implemented at a temperature above 1292 ℉ with a controlled supply of 

smoke and oxygen. (26) In Bangladesh, the G is considered to be the efficient way to distribute energy 

production from OSW. (26) Infrastructure Company Limited in Bangladesh uses rice husk as energy for 

generating power. (27) Integration of a gasifier along with Dual Fuel IC Engine by gasification of 1 tonne 

of rice husk will mass-produce 33.6 KW. Bearing in mind annually if the plant functions for 50 weeks for 

an overall period of 500 weeks which lead to electricity generation of approximately 40 GWh and 

simultaneously reducing the emission of GHG of around 12 KT. (28) 

2.6. Solid State Fermentation (SSF) 

It is a new technique employed to stabilize the organic constituent of MSW which leads to a generation of 

clean organic compost with some reasonable amount of biogas for further usage in other industries. The 

total residence time required for SSF range between 2 to 3 weeks. (9) SSF can be fulfilled with an inflated 

rate has been illustrated by the Dranco operation at 1942 cubic foot. (29)  

2.7. Recycling ® 

It is considered as one of the important proportion of the effectual, beneficial and systematic approach of 

dealing with MSW in most of the non-rural areas around the globe. (30) Recovery of useful energy from 

hidden resources is made possible and it also acts as an alternative technique for managing bulk quantities 

of MSW. (30) Informal Way of Recycling (IWOR) inorganic solid waste has become an ordinary action in 

DC. IWOR not only decreases the capacity of MSW to be disposed of but also develop job openings for 

poverty-stricken humans in the city area. (31,32) The scavengers play a pivotal part in the recycling 

operation of refuse. (33) Replacement of cement partially with rice husk while manufacturing of concrete 

will not modify their toughness. (34) Hypo-sludge generated from the paper mill can not only be used as 

supportive material in cement but also be used in pottery. (36) Improving the binding property of asphalt 

binder in the discipline of transportation is achievable by reusing Poly Vinyl Chloride (PVC) and Polythene 

(PT). To achieve elastic footpath creation in a high-temperature area the composition of asphalt can be 

about 10% of PE refuse, 7.5% of PVC modifiers and higher constituents of Carbon and Hydrogen. (37) 

Upgrading the firmness of soil for land expansion is feasible by using the by-product of a steel 

manufacturing company for conditioning the soil. (38,39) 
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3.Disposal of MSW 

3.1. Open Dumping 

It is one of the disposal frameworks that is widely practised in urban areas. (40) The unconstrained way of 

dumping MSW cannot only provoke an unfavourable effect on the wellbeing of people but also can have a 

disastrous effect on the environment. (41) 

3.2. Sanitary Landfill 

The MSW which cannot be recycled in a plant or reused for other applications then those materials need to 

be stored in a safe location. (42) The safe location insists us to construct an SL that prevents hazardous 

gases to enter the atmosphere. (14,43,44) Approximately about 81.4 percentage of disposal of china is done 

safely via SL. If the old SL sites are replaced with new ones the possibility of reduction in air pollution 

might occur by implementing the SL technical standards. (6) The estimation of GHG emission for SL is 

discussed based on IPCC reports in Table 1. In Iran the only technique used to dispose of waste was SL. 

SL was executed using another approach called trenching the length range was between 1315 – 1640 ft, the 

width was around 66-82 ft and the depth was approximately 33-49 ft in Kahrizak SL. (12) 

Table1: Evaluation of GHG emission using IPCC for I and SL (2,45,46,17) 

S.NO. Treatment Carbon-dioxide Methane Nitrogen Oxide 

 

1. Incineration MSW * (£𝑋 𝑊𝐹𝑋 ∗ 𝐷𝑀𝑋 ∗
𝐶𝐹𝑋 ∗ 𝐹𝐶𝐹𝑋 ∗ 𝑂𝐹𝑋) * (44/12) 

- 50g 

2. Sanitary Landfill  - MSW*MCF*DOC

*DOCF*F* 

(16/12)*(1-R) 

- 

MSW – Municipal Solid waste. 

£𝑋 – Summation of many variables. 

𝑊𝐹𝑋 – Weight Factor 

𝐷𝑀𝑋 – Dry Matter 

𝐶𝐹𝑋 – Carbon Fraction 

𝐹𝐶𝐹𝑋 – Fossil Carbon Fraction 

𝑂𝐹𝑋 – Oxidation Factor 

MCF – Correction factor of methane 

DOC - % of Degradable carbon 

DOCF - % of Decomposed Degradable carbon 

R – Methane that was recovered. 

Bold portion – Component X and Normal portion – MSW  
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4. Analysis and Discussion 

Table 2: Summary of the Treatment Techniques practised in DC 

S.NO. Treatment Bangladesh China Indonesia Iraq 

1. Composting ∗ ∗ √ ∗ 

2. Anaerobic Digestion √ ∗ ∗ ∗ 

3. Incineration √ √ ∗ √ 

4. Pyrolysis  √ ∗ ∗ ∗ 

5. Gasification √ ∗ ∗ ∗ 

6. Solid-State Fermentation ∗ ∗ √ ∗ 

7. Recycling √ ∗ ∗ ∗ 

√ - Represents DC use this technique due to some advantages. 

∗ - Represents DC don’t use these techniques because of their demerits. 

 

Table 3: Summary of the Disposal approaches practised in DC 

S.NO. Treatment Bangladesh China Indonesia Iraq 

1. Open Dumping √ ∗ ∗ ∗ 

2. Sanitary Landfill √ √ √ √ 

√ - Represents DC use this technique due to some advantages. 

∗ - Represents DC don’t use these techniques because of their demerits. 

 

5. Conclusion  

After reviewing all the DC such as Bangladesh, China, Indonesia and Iraq towards T and D of MSW the 

way to tackle them using the aforementioned process to convert refuse into useful energy. The initial step 

is to separate MSW into OSW and ISW. So that thermal and biological treatments can be employed on 

OSW for generating products such as Bio-oil, char, pyrolytic gas, Electricity and Biogas. The purification 

of the generated products needs to be done so that commercial usage of these might be possible in the future 

days to come. Recycling of ISW is done to ensure proper utilization of them to be used in many other 

applications. Finally, if we didn't use OSW and ISW then the last resort is to opt for SL and OD which 

needs to be reduced to a minimal level to avoid toxic gases from entering the open atmosphere which might 

lead to ozone layer depletion in the future days to come. 
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Abstract 

Ultra-High Performance Concrete (UHPC) is a cutting-edge concrete technology with better properties 

such as high compressive and tensile strength, ductility, and durability as compared to Normal Concrete 

(NC). The aim of this study is to compare the compressive strength, flexural strength and bond strength 

of NC and UHPC. The results showed that compressive, flexural, and bond strength values of UHPC 

were 3, 1.5 and 1.6 times higher than NC respectively. In addition, flexural strength of these two 

concretes is more than 4.5 MPa, as per IRC 44-2007, so these are suitable for pavement construction. 

Moreover, by increasing fly ash content in UHPC, there was increment in compressive strength values. 

Keywords- UHPC, NC, Compressive Test, Flexure Test, Durability, Ductility, Bond Strength 

1. INTRODUCTION 

Despite the fact that normal concrete is the most widely used building material, it still has significant 

drawbacks, such as brittleness and poor flexural strength. The concrete that has been used for the 

construction of the rigid pavement slabs i.e Normal Concrete (NC) is no doubt very good for 

construction of rigid pavements, but in the long run, this type of concrete exhibits a lot of problems. 

The problems are encountered in the form of low compressive and tensile strength, less resistance to 

cracking, low abrasion resistance etc. In order to overcome these problems different concretes like 

Roller compacted concrete, fiber reinforced concrete, engineered cementitious composites, UHPC etc. 

have been investigated in this study. Out of these concretes, UHPC is a special kind of concrete having 

more than 120 MPa compressive strength  and more than 7MPa flexural strength [1]. UHPC is more 

costly than normal concrete due to usage of more cement content, but production of UHPC can be made 

economical by partially replacing Ordinary Portland Cement with Supplementary Cementitious 

Materials (SCMs) like fly ash, silica fume, ground granulated blast furnace slag (GGBS) etc. These 

SCM’s are the industrial waste products so their re-utilization will also help in over-coming the problem 

of disposal. These SCM’s when added in proper proportions while designing the mix increase the 

properties like compressive strength, durability, workability etc. In addition, flexural strength of 

concrete is increased by introduction of fibres in it. There are various fibres available like steel fibres, 

PVC fibres, PPE fibres, PVA fibres etc. 

Being the most popular manmade material in the world, concrete is the basic building material that will 

continue to be in demand far into the future. It is estimated that the world concrete production is about 

6 billion cubic meters per year with China currently consuming about 40% of the world’s concrete 

production[2]. UHPC enhanced with fibre can be viewed as a mix of three concrete technologies: self-

mailto:dadir.ce.19@nitj.ac.in
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compacting concrete (SCC), fibre reinforced concrete (FRC), and high-performance concrete (HPC) 

[1]Moreover, if we consider the bond strength of dowel bars with that of both types of concretes, in that 

case also UHPC outperforms NC. As the embedment length is increased, the bar's bond strength 

improves. UHPC surpasses typical high strength concrete in terms of bond strength and bonded length 

for reinforcing bar incorporated in the concrete. The binding strength rises as the thickness of the side 

cover grows.[3]. The steel fibres which we add in UHPC are also responsible for a better bond strength. 

UHPC with diverse mineral admixtures (FA, GGBA, and LP) is created using the modified Andreasen 

& Andersen particle packing model. After comparing the embedded CO2 emissions of the designed 

UHPC with those of other UHPCs, it is shown that the proposed methodology allows for the 

manufacturing of environmentally friendly concrete with a minimal environmental effect.[4] 

The UHPC without coarser aggregates has an abrasion mass loss of about half that of the UHPC with 

coarser aggregates. According to these findings, the highly densified matrix and microstructure of 

UHPC has a greater abrasion resistance than the coarser aggregates examined in this study. When 

compared to regular or high-strength aggregates, UHPC with aggregates alone produces remarkable 

results with no visible mass loss.[5]. 

Now, steel fibres play a very important role in improving all the properties of UHPC. As the steel fibre 

content in UHPC grew, so did its compressive and flexural strengths. When compared to a reference 

mixture made without any fibre, the introduction of 1%–3% straight steel fibres raised compressive and 

flexural strengths by 8%–32 percent and 22 percent–72 percent, respectively. Steel fibre content of 2% 

was shown to be optimal, with an increase to 3% having minimal influence on strength and 

toughness[6].Also, the type of steel fibre also affects the bond strength and other factors. There are 

usually three types of steel fibres used: Straight fibres, Crimped fibres and Hooked fibres. Among these 

fibres , hooked steel fibres give us good results  in terms of flexural strength and compressive strength. 

The inclination of these fibres also affects some properties. At inclination angles of 30° or 45°, all of 

the straight and deformed steel fibres in UHPC demonstrated the best average bond strength, but their 

slip capabilities rose constantly as the inclination angle was increased to 60°. The tensile strength of 

UHPC increased when the number of fibres at the localised crack surface increased, regardless of fibre 

geometry[7]. 

In this paper, it is focused on comparative study of the mechanical properties like compressive strength, 

flexural strength and bond strength of UHPC and NC. Compressive strength has been tested with 

cylindrical and cube specimens of sizes ‘100mm× 300mm' and ‘150mm×150mm×150mm', 

respectively. Flexural strength has been tested with beam specimens of 500mm×100mm×100mm, and 

bond strength been tested with cylindrical specimens 100mm×300mm size cylindrical specimens with 

plain bars of 25 mm diameter and length 16 inches being inserted from both sides of circular faces of 

the specimen and embedded upto 6 inches from both the side. 

2. MATERIALS AND   METHODOLOGY 

The research presented in this paper aims at comparing the compressive strengths and flexural strengths 

of normal concrete (NC) and ultra-high performance concrete (UHPC). For NC, two trials were 

conducted. In first trial, M-40 mix design is prepared as per IRC-15 (2011) and the water/cement ratio 

adopted as per design is 0.32. Cement is also replaced by fly ash (SCM) by a percentage of 20%. The 

chemical admixture used was a superplasticiser with the brand name TamCem VMA. The same 

admixture with a dosage of 1 % by the mass of cementitious material (cement+ fly ash) was added 

while mixing of this concrete so as to maintain proper workability and slump value. Similarly, the 

second trial mix was prepared for M-40 characteristic strength. But in this trial, 10% of cement was 

replaced by silica fume (SCM). The dosage of the same superplasticiser was taken as 0.6% by the mass 

of cementitious material (cement + silica fume). Cubes and cylinders were casted and compressive 

strength test was performed over them. Similarly, beams were also casted for the flexural test. Now 

coming towards the UHPC, also two trials were prepared .In first trial, the cementitious materials were 

cement fly ash and silica fume, 30% cement was replaced with silica fume and fly ash( (10% S.F+20% 
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F.A). Crimped Steel fibres were used with a dosage of 0.125% and the dosage of superplasticiser 

(TamCem VMA) as 1% by mass of cementitious material. The slump value came to be 280 mm 

.Similarly, in second trial, only the proportion of  fly ash was changed and rest of the composition was 

same(10% S.F +30% F.A). In this case, the slump value came to be 270 mm. Finally, cubes of size 

150mm x 150mm and cylinders of diameter 100mm and height 300mm were casted and tested for 

compressive strength test. For flexure test, beams of size 500mm x 100mm x 100mm were casted and 

tested. The test results of both the types of concretes were analysed. 

2.1 Materials 

Cement : The cement used was OPC grade 43. The specific gravity of cement came to be 3.15 as 

calculated by Le-Chatelier’s flask. All the basic tests which are performed on cement were in agreement. 

Fly Ash : Class H fly ash was used for these materials. The specific gravity test was also conducted 

using Le-Chateliers’ flask whose value came to be 2.12 which is desirable. 

Silica Fume : The specific gravity of silica fume again calculated using Le-Chateliers’ flask came to 

be 2.25 which is in agreement with the recommended values. 

Fine Aggregate : Using Pycnometer method, the specific gravity of fine aggregate was found to be 

2.657. The Fineness Modulus was also calculated as 3.97. 

Coarse Aggregate : As per the sieve analysis, the maximum nominal size of the coarse aggregate was 

found to be 9.5 mm . The specific gravity was calculated as 2.61. Aggregate Impact test and Los Angeles 

Abrasion test were done and their values were within the safe limits .Similarly, the flakiness and 

elongation index tests were also performed on the coarse aggregates. The fineness modulus value was 

calculated as 7.67. The water absorption value was also under permissible limits. Surface texture of 

these aggregates was also good. 

Steel Fibres : Crimped steel fibres were used for making ultra- high performance concrete. The 

diameter of these fibres was 0.5 mm and length as 40 mm. So, L/d ratio comes to be 80. For UHPC , 

0.125% steel fibres were added to the mix. These fibres increase the tensile strength as well as 

compressive strength of the concrete. 

Water : The water used during mixing of these concretes had a pH in the range of 6.5-7.5 . 

Superplasticizer : The super-plasticizer used here was under the brand name of TamCem VMA. 

 In Fig-1(a), there is a graph showing the variation of sieve size along x-axis and cumulative %age 

passing along y-axis for both fine aggregates as well as coarse aggregates. 

            
Fig-1 : a) Coarse aggregate  and Fine Aggregate                  b) Fine Aggregate and( CA+FA)50-50 

 

0

20

40

60

80

100

120

3
/4

"

8
0

/1
2

7
"

1
/2

"

3
/8

"

#4 #8

#1
6

#3
0

#5
0

#1
0

0

#2
0

0

P
an

CA FA

0

20

40

60

80

100

120

3
/4

"

8
0

/1
2

7
"

1
/2

"

3
/8

"

#4 #8

#1
6

#3
0

#5
0

#1
0

0

#2
0

0

P
an

FA retained 5050



 
 

310 | P a g e  
 

Similarly, a graph in Fig-1(b) shows a variation between sieve size and cumulative %age retained for 

fine aggregates as well as combined aggregates (coarse + fine) in 1:1 ratio. 

2.2 Experimental Program 
A series of tests were performed on the concrete specimens .All types of tests that were performed are 

discussed as below: 

2.2.1 Test Set up: The test set-up included a compression testing machine , flexure testing machine and 

UTM for pull-out test. 

2.2.1.1 Compressive strength Test 

The compressive strength tests of both the types of concretes were done in the form of   samples of 

cubes and cylinders. 

                                                               

                                                                                                                   

                                                  

 

                                 

 

 

 

 

 

 

 

 

 

2.2.1.2 Flexure Test  

The flexure test of rectangular prisms of size 500mm x100mm x 100mm was done on the 4-point bend 

test machine as the nominal size of coarse aggregate is 9.5 mm (< 20 mm). The samples of both the 

concretes were water cured for 28 days and after that testing took place From this test, the load at which 

first flexure crack is reported  in the beam specimen is noted with the help of  computerised set up which 

automatically records  the value of load.                         

 

 

 

 

 

        

                 Fig-2 :  Failure of specimens of NC                        

 

     

               Fig-3 :   Failure of specimens of UHPC 
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Fig-4: Flexure test of UHPC 

                                                                                                                                                                                                                                       

After that, the distance of the crack from the nearest support ,a (in cm) is calculated. Since, all the values 

of a are > 13.3 cm,                                             

So , Modulus of Rupture is given by  

 fₐ = 3Pa/ bd ² , where                                                                  

P= Load value in kN                                                                                

 

 

 

 

 

 

 

 

Fig-5 ; Flexure test of NC 

a= distance from nearest support in cm                                                         

b= width of beam specimen                                                                

 d=depth of beam specimen                                                                                                        

                                                                                                                                                                                                                                              

2.2.1.3 Pull-out Test 

Pull-out test was performed over the cylindrical samples of both the concretes. Plain bars of 25mm 

diameter were inserted while casting of these concretes and pull-out test was performed in UTM. Pull-

out test is performed to calculate the values of bond strength between concrete and steel bar. These 

samples are actually analogous to the dowel bars embedded in pavement slab. The length of these bars 

are 16 inches each from both sides having diameter 25mm . The diameter of the concrete portion is 

100mm and length is 300mm maintaining an l/d ratio of 3.0.                                                                                                                                                           

The formula for calculating bond strength is given as:             
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Fig-6 (a) Samples of UHPC for Pull-out test 

              τₐᵥ = P/πdL , where                                                         

P= Load that pulls out the steel bar  

L=Length of embedment of steel bar 

d= diameter of the bar 

By performing pull-out tests in UTM, the corresponding load values for four samples were obtained , 

two  each  of   normal concrete and two each of UHPC .By using the above formula, the bond strength 

values were calculated and they were plotted in the Fig-10. 

                                                                                                              (b) Sample of NC for Pull-out test                                                                                                                                      

3. RESULT AND DISCUSSION 

In this section, compressive strength, flexural strength and bond strength results are discussed below. 

3.1 Compressive Strength Test Results 

After performing the compressive strength tests, the results of cylindrical and cubical specimens were 

found. The results obtained were highly satisfactory. Below are the test results for Normal Concrete-1 

and UHPC-1 for cylindrical specimens:       

                                                  
Fig- 7: (a) Test results for cylinders (T-1)                                          (b) Test results for cubes (T-1) 

The target mean strength as per mix design was 48.25 MPa for Normal Concrete-1 and as per test results 

the average strength came to be 53.033 MPa as shown in Fig-7(a), which is highly satisfactory. 

Similarly, cube test results were also satisfactory. Fig-7 (b) shows the variation of 28-day cube strength 

of the samples of Normal Concrete (NC-1) and UHPC-1. The test data clearly shows immensive 

compressive strength of UHPC as compared to NC .In this case, the average strength was 53.29MPa 
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for NC-1.The average % age increase in compressive strength in case of cylindrical specimens was 

reported as  211.95%   and in case of cubical specimens as 195.36% .      . 

Similarly, for the trial-2 mixes of both NC and UHPC following test data was calculated in the form of 

graph:                                                                                   

                                                                                              :

 

                                                  Fig-8: Cube test results for T-2 mixes 

 

From cube test results of UHPC-2 and NC-2, it is clearly shown in Fig-8, that UHPC shows higher 

compressive behaviour than NC . the average percentage increase in compressive strength in case of 

UHPC-2 was reported as 213.72% .            

 

3.2 Flexure Test Results 

Four beam specimens containing two beams of Trial-1 and two beams of Trial-2 of each concrete were 

tested .So, in total, 8 beam specimens were tested for 4-point bend test, whose results can be shown in 

the Fig-9. The average % age increase in the values of Modulus of Rupture in case of UHPC was 

reported as 44.04 %.                                                                                                                                                         

                                                                       

 

                                  Fig-9 : Modulus of Rupture values of samples subjected to Flexure Test 
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3.3 Bond Strength Results 

UHPC showed an average % age increase in the values of    bond strength as compared to NC by 55.03 

%. These are very positive results as far as bonding between steel bar and concrete is concerned. So, in 

the field, at the transverse joint, the dowel bars will show good bond strength if UHPC is used as 

concrete for construction of rigid pavement slab.               

                                                                                                                                                                                                                                                                                                                   

 

                                    Fig-10 : Bond Strength values of NC and UHPC samples  

 

3.4 Discussion 

Based on the compressive strength, flexural strength and bond strength tests performed on NC and 

UHPC, UHPC performance was excellent in mechanical properties. Moreover, the bond strength 

between concrete and plain bars in UHPC is far more better than normal concrete which means the 

stresses at dowel bars are more effectively resisted by UHPC used as concrete in rigid pavement slab. 

Steel fibres have a strong mechanical interlocking force. The cylinders and cubes of the concrete matrix 

remained undamaged, in case of UHPC, whereas  after failure, normal strength concrete crumbled into 

large chunks.[8]. The base modulus was discovered to have a major impact on dowel-joint behaviour, 

and a stiffer base condition might greatly increase dowel-joint performance.[9].  

 

4. CONCLUSIONS 

After performing various tests, following conclusions can be drawn: 

1) The compressive strength of UHPC achieved greater than 160MPa for both the trial samples of 

UHPC, in case of normal concrete the compressive strength is 48-57 MPa. The percentage increase for 

UHPC-1 and UHPC-2 samples in terms of compressive strength came to be 203.655 % and 213.72 % 

respectively. 

2) After performing 4-point bending tests on beam specimens of both types of concretes, the flexural 

strength of UHPC is higher than normal concrete. In addition, these two concretes have flexural strength 

values greater than 4.5MPa. So, these two concretes are suitable for pavement construction. Moreover, 

the UHPC samples showed a percentage increase of 44.04 % in flexural strength. 

3) Pull-out test data showed that the bond strength between plain bars and concrete came to be more in 

case of UHPC as compared to NC. The increment in bond strength in terms of percentage came to be 

55.03 %. 
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4) It was concluded that in case of UHPC, by increasing the fly ash content, compressive strength of 

the samples increased by 4.92 %. However, there were negligible changes in flexural strength. 
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Abstract 

Honeycomb sandwich panel structures have been widely investigated due to their high impact 

resistance and comparatively high strength to weight ratio. It is also well known for its excellent 

capacity for energy absorption. This research work numerically investigates the air-blast resistance 

behaviours of fully filled and cylindrical filled crushable aluminium foam in the square, hexagonal 

and circular honeycomb cores with 1mm Kevlar/epoxy composite laminate plates accommodated on 

4mm metal face-sheets using the Finite Element Method (FEM). The modelled hybrid sandwich 

panels are subjected to 10kg TNT air-blast loading at a 150mm stand-off distance. The obtained 

results show that circular honeycomb sandwich panel has better blast resistance than square and 

hexagonal honeycomb sandwich panels in the case of fully foam-filled honeycomb. However, in a 

cylindrical foam-filled honeycomb sandwich panel, the hexagonal honeycomb hybrid sandwich panel 

has a high blast resistance property compared to the other two structures due to its higher packing 

factor. 

Keywords- Blast, Deflection, Foam, Honeycomb, Kevlar/Epoxy, Sandwich, TNT. 

 

1. INTRODUCTION 

A sandwich panel is generally utilised in practical applications where the specific strength is valuable, 

like a shield for buildings and vehicles subjected to dynamic air-blast loading. It is also used in 

aerospace industries, automotive and naval industries (Li et al. 2021; Rolfe et al. 2020; Yuan and 

Batra 2019; Sun et al. 2018;). In recent years, problems like terrorist attacks pose a significant threat 

to human life and infrastructure. The requirement to defend explosive devices like landmines, which 

causes extensive damage to armoured vehicles and buildings, prompts a considerable interest for 

researchers to create a protective layer against blast (Al-Rifaie et al. 2021; Lv, Li, and Dong 2021). 

The advantage of the sandwich panel is its lower back face-sheet deflection than the deflection of a 

solid plate of equivalent mass and material experience under the same blast load (Dharmasena et al. 

2008). It absorbs a huge amount of energy liberated from the blast by crushing the core plastically. 

Highly specific materials and processing technologies have been developed in the laboratories for this 

purpose. Composite materials are made from two or more constituent materials. These constituent 

materials possess significantly different physical or chemical properties. The Kevlar epoxy composite 

provided excellent strength to weight ratio (Bandaru et al. 2016a, 2016b, 2016c; Bandaru et al. 2017). 

Honeycomb core sandwich structures can be strengthened by taking honeycomb core filled with 

various materials of less relative density and high compression properties and by layering with 

different composite panels. 

 

2. RESEARCH BACKGROUND 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
mailto:2017035@iiitdmj.ac.in
mailto:2017067@iiitdmj.ac.in
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The Sandwich panels have been highly investigated in recent years to improve their mechanical and 

energy absorption properties. It has been proven that sandwich panels of the same relative density and 

material property sustain larger blast loads than the corresponding monolithic plates (Qiu, Deshpande, 

and Fleck 2004; Wang, Liu, and Hui 2017). Zhu and Lu (2007) reviewed the blast response of the 

sandwich structure and discussed the blast wave effect on structures. The structures may undergo 

transverse shear failure, large in-elastic deformation, rupture (Zhu and Lu 2007). Alloy like super 

austenitic steel and Al were used to make sandwich structures and evaluate their blast resistance 

capacity by Li et al. (2014). Dharmasena et al. (2008) reported the core failure modes and energy 

absorption under different impulse for metallic square honeycomb sandwich structure. They perform 

both experimental and numerical air-blast tests at three different explosive charges for a fixed stand-

off distance. They observed good agreement between these tests (Dharmasena et al. 2008). The 

sandwich panel consists of circular tubes filled with honeycomb, which is a simple and economic 

structure for a blast wave shield. After accommodated with circular tubes in the honeycomb core, 

significant reductions in back face deflection were noted; further reduction in the deflection of the 

back face was observed with the increasing of stand-off distance. (Liu, Wang, and Hui 2018). Li et al. 

(2021) have investigated the deformation, and failure modes of crushable Al foam core used sandwich 

plates and noted that the total energy absorption capacity of the sandwich structure increases with 

both increase in the explosive mass and a decrease in the stand-off distance. A predominant role is 

played by the Al foam core to absorb the energy during blast load (Li et al. 2021). 

A honeycomb panel with foam filled and composite accommodated face sheets is a newer concept in 

the research field as it is comparatively less explored by previous researchers. So in this paper, the 

blast resistance property of a finite element (FE) modelled Al-foam filled honeycomb core with 

Kevlar/epoxy composite accommodated face sheets hybrid sandwich panels are numerically 

investigated using ABAQUS/Explicit. Kevlar/epoxy composite was used due to its bullet-proof 

characteristics (Kaw 2006). The FE modelled hybrid sandwich panels are numerically subjected to 

Conventional Weapons (ConWep)air blast dynamic loading at 10kg TNT for a stand-off distance of 

15cm after validating the experimental results predicted by Dharmasena et al. (2008).  

 

3. FINITE ELEMENT MODELLING  

Dharmasena et al. (2008) have investigated air-blast resistance of high-ductility stainless steel square 

honeycomb sandwich panel. Air-blast load is applied at the centre point of the sandwich structure 

having 6% relative density. Dimensions of the sandwich panel are 610mm x 610mm, with the 

thickness of faceplates and core height are 5mm and 51mm, respectively. The wall thickness is 0.76 

mm(Dharmasena et al. 2008). 1-3kg TNT explosives charges are used for a 100mm constant stand-off 

distance to perform the air blast experiment. In the present study to simulate the Dharmasena et al. 

(2008) experimental results of faceplate deflections at 1kg and 2kg TNT, a numerical analysis has 

done using ABAQUS/Explicit finite element calculations. All dimensions of the modelled square 

honeycomb sandwich structure are the same as Dharmasena et al. (2008) fabricated sandwich panels. 

Because of the symmetry of the structure with respect to both the X-Z and Z-Y plane, only a quarter 

part of the sandwich panel needs to be modelled to avoid complexity in numerical analysis. Through 

X-Z and Y-Z plane, a fixing boundary condition is applied. The other two faces in the direction of the 

thickness of the sandwich panel are defined with the X-SYMM and Y-SYMM boundary conditions 

individually. 

The numerically predicted results at 1kg and 2kg TNT blast load are firstly validated to find the best 

performance of the honeycomb sandwich panels. After that, the FE modelling of crushable Al-foam 

filled square, hexagonal and circular honeycomb core with 1mm Kevlar/epoxy laminate 

accommodated with 4mm steel face sheets hybrid sandwich structures are also used to investigate the 

effect of fully foam-filled & cylindrical foam-filled different metallic honeycomb cores on the blast 

resistance at 10kg TNT with 150mm stand-off distance. Fig. 1 shows the quarter models of the square, 

hexagonal, and circular honeycomb core used hybrid sandwich structures. All FE modelled sandwich 

panels (length = width = 305mm) have 51mm honeycomb core height and wall thickness of 0.76mm. 
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The thickness of each face sheet is 5mm, but in the case of the hybrid sandwich panel, it is composed 

of 1mm Kevlar/epoxy laminate [0/45/90]s accommodated with a 4mm steel plate. The composite 

laminates were used exterior to the faces of the sandwich panel. The AL6XN steel with the exact 

composition of the material used by Dharmasena et al. (2008) has been assigned to the metallic 

honeycomb core and faceplates. The AL6XN steel properties with Johnson-Cook model parameters 

are listed in Table 1. The Johnson-Cook model used to predict the damage occur due to coalescence 

of voids & nucleation growth in ductile metals, which is subjected to elevated temperature (Rodean et 

al. 2019). The Johnson-cook model is one among the preferable models to describe plastic 

deformations. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig 1: The quarter model of (a) Fully Foam Filled Square Honeycomb (FFSH), (b) Fully Foam Filled 

Hexagonal Honeycomb (FFHH), (c) Fully Foam Filled Circular Honeycomb (FFCH), (d) Cylindrical 

Foam Filled Square Honeycomb (CFSH), (e) Cylindrical Foam Filled Hexagonal Honeycomb 

(CFHH), and (f) Cylindrical Foam Filled Circular Honeycomb (CFCH) hybrid sandwich panel 

Table 1: Mechanical& physical properties with Johnson-Cook model parameter of AL6XN steel for 

numerical modelling (Kumar and Patel 2020; Nahshon et al. 2007; Soleimani et al. 2016). 

E  

(GPa) 

υ 

 

ρ  

(kg/m3) 

A  

(MPa) 

B  

(MPa) 

n 

 

m 

 

Ttr 

(K) 

Tm 

(K) 

C 

 

έ0 

(s-1) 

Cp 

(J/kg-K) 

161 0.35 7850 400 1500 0.4 1.2 293 1800 0.045 0.001 452 

Table 2: Mechanical Properties of Kevlar/Epoxy composite (Dubey and Prajwal 2013; Kumar et al. 

2010; Tham, Tan, and Lee 2008) 

E11 (MPa) E22 (MPa) E33 (MPa) υ12 υ23 υ31 G12 (MPa) ρ (kg/m3) 

17989 17989 1948 0.080 0.698 0.0756 1857.01 1650 

Table 3:Hashin-damage parameters for Kevlar/Epoxy composite(Dubey and Prajwal 2013) 

Xt (MPa) Xc (MPa) Yt(MPa) Yc(MPa) St (MPa) Sc(MPa) 

1520 1590 45 252 105 105 
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Table 4:Hardening curve properties of crushable Al-foam (Novak et al. 2019) 

Pl. Strain [-] 0 0.03 0.12 0.15 0.25 0.42 0.51 0.60 0.9 1.07 1.8 

Stress [MPa] 11 11.9 15.35 16.12 18.39 20.93 23.05 25.18 29.70 69.82 2100 

 

In hybrid sandwich panels, all the AL6XN steel honeycomb cores & faceplates are assigned material 

properties as listed in Table 1. The Kevlar/epoxy composite laminate assigned with engineering 

constants and Hashin-Damage parameters are listed in Tables 2 and 3. The Hashin damage model is 

performed to determine the failure modes of both fibre and matrix in tension and compression (Patel, 

Ahmad and Mahajan 2014, 2016, 2018;  Patel and Ahmad 2017, Patel and Soares 2018). The Hashin 

criterion uses the advantage of analysing the damage of composite structures with complex 

geometries(Chaht, Mokhtari, and Benzaama 2019). The fracture energies in both longitudinal and 

transverse direction at both tensile and compressive loading for Hashin-damage evolution are 

calculated using equation (1).The crushable Al-foam assigned density = 681 kg/m3, Young’s Modulus 

= 5023.8 MPa, Poisson’s ratio = 0.11. The parameters for crushable foam are compression yield stress 

ratio = 1.53 and hydrostatic yield stress ratio = 0.45(Novak et al. 2019). The hardening curve 

definitions of the used foam are presented in Table 4. 

 𝐺𝑓 =
𝜎𝑓 × 𝜀𝑓 × 𝑙𝑐

2
 (1) 

Where; Gf is fracture energy in J/m2, σf is failure stress in N/m2, εfis failure strain, and lc is the 

characteristic length in meter.   

Each 3D deformable metallic solid faceplate (both the top and the bottom) and crushable Al-foams are 

assigned an 8-node linear brick element. The metallic honeycomb cores and Kevlar/epoxy composite 

laminates are meshed by a 4-node doubly curved thin or thick shell with reduced integration with 

hourglass control and finite membrane strains (S4R). Simpson’s thickness integration rule applied at 

five-point thickness integration for each shell element. All the contacted surfaces were tied with a 

surface to surface discretisation method. All FE models of the sandwich structure are subjected to 

ConWep air-blast load for the time period of 0.0015 seconds to evaluate their dynamic response due 

to air blast loading. To validate both front and back faceplate deflection experimental results reported 

by Dharmasena et al. (2008) at 1 kg and 2 kg TNT explosive for a 10 cm distance from the centre 

point of the front faceplate of the square honeycomb sandwich structure (corner point of symmetry 

boundary conditions used in the quarter model) are applied. Then each FE modelled foam filled 

honeycomb hybrid sandwich structure is subjected to 10kgTNT air blast loading for 150mm stand-off 

distance, and after each dynamic air blast loading, the deflections of both the front and back faceplates 

are plotted to compare their behaviour under blast loading. 

 

4. RESULTS AND DISCUSSION 

 
Fig 2: Comparison of experimental and simulation results for square honeycomb sandwich structure 

(a) for front faceplate deflection, (b) for back faceplate deflection 
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The experimental results from literature (Dharmasena et al. 2008) are firstly validated for deflections 

of both front and back faces with present numerical simulation results of the square honeycomb 

sandwich structure as shown in Fig. 2. Fig. 2(a) shows the validation of front face plate deflections at 

1kg and 2kg TNT air blast loading, and Fig. 2(b) shows the validation of back faceplate deflections 

for the same loading conditions. Following the similar procedure followed for the square honeycomb 

core without foam, the FE models of the foam-filled square, hexagonal and circular honeycomb core 

with kevlar/epoxy six-ply composite laminate are simulated with an air-blast load of 10kg TNT at a 

150mm stand-off distance to analyse the influence of the different type of honeycomb structure and 

foam shape on the deflections of both front and back faceplates. Figs. 3 and 4 show the deflection 

pattern of fully foam-filled honeycomb hybrid sandwiches and cylindrical foam-filled honeycomb 

hybrid sandwich structures, respectively, at 10kg TNT air blast loading for a 150mm stand-off 

distance. From Figs. 3(a)-(b) and Figs. 4(a)-(b), it could be observed that the back face deflections are 

lesser than the front face deflection for all cases. This is due to the energy absorbed by foam filled 

honeycomb cores. It can also be analysed that the square honeycomb hybrid sandwich panels have 

low blast resistance property as compared to the hexagonal & circular honeycomb hybrid sandwich 

panels for both fully filled & cylindrical foam filled honeycomb cores cases. The accommodation of 

1mm Kevlar/epoxy laminate with a 4mm steel face reduced the structure's weight and improved the 

strength and stiffness of the structure compared to the 5mm steel face. 

 
 

Fig 3:Deflection vs distance graph at 10kg TNT air blast loading for 150mm stand-off distance for (a) 

front faceplate, (b) back faceplate of fully foam-filled honeycomb sandwich structures 

 

Fig 4: Deflection vs distance graph at 10kg TNT air blast loading for 150mm stand-off distance for (a) 

front faceplate, (b) back faceplate of cylindrical foam-filled honeycomb sandwich structures 
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From Figs. 3(a) and (b), it can be noted that the blast resistance property in the case of a fully foam-

filled honeycomb sandwich is higher for the FFCH hybrid sandwich panel followed by FFHH and 

FFSH hybrid sandwich panels for same core height, same wall thickness and similar loading 

conditions. The front face deflections of the FFCH and FFHH hybrid sandwich panels are 30.2% and 

27.5%, respectively, lower than the front face deflection of the FFSH hybrid sandwich panel. 

Similarly, in the case of back face deflections, the FFCH hybrid sandwich shows 29%, and the FFHH 

hybrid sandwich shows 22.44% lower deflection than the FFSH hybrid sandwich panel. Wang et al. 

(2020) also observed that the circular honeycomb shows higher impact resistance than square and 

hexagonal honeycomb structures (Wang et al. 2020). 

From Figs. 4(a) and (b) reported that the blast resistance property of cylindrical foam filled 

honeycomb sandwich panels. This property is higher for the CFHH hybrid sandwich panel followed 

by CFCH and CFSH hybrid sandwich panels for the same core height, same wall thickness with 

similar loading conditions. This is due to the higher packing factor or fewer voids available for CFHH 

compared to the CFCH and CFSH; this can also be observed from Fig. 5. The front face deflections of 

the CFHH and CFCH hybrid sandwich panels are 33% and 22.4%, respectively, lower than the front 

face deflection of the CFSH hybrid sandwich panel. Similarly, for back face deflections cases, the 

CFHH hybrid sandwich shows 34.5%, and the CFCH hybrid sandwich shows 19.9% lower deflection 

compared to the CFSH hybrid sandwich panel. CFCH sandwich has higher blast resistance as 

compared to CFSH sandwich panel. This is because the filled foam has a higher no. of contact points 

with the CFCH sandwich panel's honeycomb compared to the CFSH sandwich panel. 

   
(a) (b) (c) 

Fig 5: Representation of voids in cylindrical foam filled (a) square, (b) hexagonal, (c) circular 

honeycomb core 

 

Fig 6: Energy dissipates by hybrid sandwich panels during blast loading in the case of (a) fully foam-

filled honeycomb, and (b) cylindrical foam-filled honeycomb 

From the energy graphs drawn in Fig. 6, it can be observed that the energy absorption varies both with 

honeycomb core structures and the foam filling mode of the cellular structure. Comparing all three 

honeycomb cores filled with cylindrical Al-foam, the CFHH hybrid sandwich is undergoing the 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

50

100

150

200

250

300

350

In
te

rn
a
l 

E
n

e
rg

y
 (

M
J)

Time (milliseconds)

 FFSH  FFCH  FFHH

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

100

200

300

400

500

600

In
te

rn
al

 E
n
er

g
y
 (

M
J)

Time (milliseconds)

 CFSH  CFCH  CFHH



 
 

322 | P a g e  
 

lowest internal energy dissipation structure due to less deflection. The CFSH sandwich panel presents 

1.89 times lower energy absorption capacity than the CFHH sandwich panel. Among the three fully 

filled configurations (FFSH, FFHH and FFCH), the FFCH sandwich panel is the lowest internal 

energy dissipation sandwich panel. FFSH sandwich panel has 2.24 times less energy absorption 

capacity as compared to FFCHsandwich panel. Among the six configurations of hybrid sandwich 

panels, the fully foam-filled circular honeycomb sandwich shows the best energy absorption capacity 

with the least plastic damage when subjected to blast loading. 

 

5. CONCLUSIONS 

The quarter FE models of six different configurations of honeycomb sandwich panel are subjected to 

ConWep air-blast load at 10kg TNT for 150mm stand-off distance, and from this numerical 

investigation following points are concluded that the FFCH hybrid sandwich panel has higher blast 

resistance than the FFHH and FFSH hybrid sandwich panels. The CFHH hybrid sandwich panel has 

improved blast resistance compared to the CFCH and CFSH hybrid sandwich panels. A fully-filled 

foam honeycomb sandwich shows good blast resistance for the same loading condition compared to 

cylindrical foam-filled sandwich panels. Backface deflections of FFCH and FFHH hybrid sandwich 

panels are 29% and 22.44%, respectively lower than the back face deflection of FFSH hybrid 

sandwich panel. Backface deflections of CFCH and CFHH hybrid sandwich panels are 19.9% and 

34.5%, respectively, lower than the back face deflection of the CFSH hybrid sandwich panel.FFCH 

hybrid sandwich panel represent the highest energy absorption capacity among all numerical 

configurations during air-blast loading. So, the FFCH hybrid sandwich panel can be considered the 

best candidate for deflection limited applications. 
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Abstract 

The work mainly focuses on S-N curve of epoxy granite which is an emerging material 

alternative to traditional materials in machine tool application. Machine tool structural 

components like bed, base, column etc. are subjected to cyclic loads due to various cutting 

operations at varying conditions. It was observed that, no work was reported in view of S-N 

curve of epoxy granite. In this work, S-N curve is estimated for epoxy granite based on 

certain assumptions. The estimated S-N curve for epoxy granite contains 10% epoxy resin by 

weight. Finite element analysis was performed in Ansys software to obtain maximum stress 

under cyclic loading. The advantage of estimated S-N curve is that it can predicate the life of 

component without conducting number of tests and in simple approach. Thus, this work can 

provide an approach for assessment of durability of epoxy granite component subjected to 

cyclic loads with minimum efforts. 

Keywords- Epoxy Granite, Fatigue, S-N curve 

1. INTRODUCTION 

Cyclic loading can generate fatigue in the material of component. The fatigue life of a 

component depends on the stress levels and the number of cycles. The productivity of 

machine tool is most significant as there is demand of high speed machining. Due to this 

there is chance of failure of machine tool component due to fatigue. Epoxy granite is 

emerging material alternative to traditional materials in machine tool application. Machine 

tool structural components like bed, base, column etc. are subjected to cyclic loads which 

may cause fatigue. Therefore it is necessary to study epoxy granite under cyclic loads which 

results to failure of component due to fatigue. 

To determine the potential of this material under cyclic loading needs to perform series of 

fatigue tests on number of specimens. These tests give the magnitude of alternating stress and 

the number of stress cycle. These tests generate lot of information and require its handling.  

2. RESEARCH BACKGROUND 

Epoxy granite also known as polymer concrete or mineral casting which is a homogeneous 

mixture of aggregates of granite and epoxy resin. Epoxy granite is a complex composite 

material in terms of orientation of aggregates which is random similar to plain concrete. It 

was observed that fatigue mechanism for plain concrete is not well defined (Dr. Raquib, 

2013). During literature review, it was observed that, no study was reported in the direction 

of fatigue of epoxy granite and its mechanism.  

It was observed that S-N curve for epoxy granite does not exist. In this study, the S-N curves 

are estimated for epoxy granite under tensile and compressive fatigue based on certain 

assumptions. The epoxy granite contains aggregate of granite 0.5-3 mm, 3-5 mm, 5-8 mm 

and 10 % epoxy resin which was cured for 24 hours at room temperature (Deepak Ubale, 

2013). 
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3. ESTIMATION OF S-N CURVE  

3.1  Tensile fatigue 

3.1.1 Estimation of Endurance limit 

Endurance limit for component (50 x 50 x 300 mm) of epoxy granite is estimated based on 

certain assumptions (V.B. Bhandari, 2011) as follow. 

Surface finish factor (Ka)- Though surface of epoxy granite is finished but there is possibility 

of surface with small pits due to casting of component. These pits act as surface irregularities. 

So Ka is low and taken as 0.5. 

Size factor (Kb)-  This factor depends upon size of component in terms of diameter or depth . 

For 50 mm depth, Kb is 0.85. 

Reliability factor (Kc)- As epoxy granite is brittle so it shows poor performance in tensile 

loading. So reliability is taken as 50%. Therefore, Kc is 1. 

Modifying factor(Kd)- Theoretical stress concentration factor (Kt)- D/d = 1 as component is 

not stepped  and r/d= 0 as there is no fillet radius. Therefore from graph, Kt = 3. 

Notch Sensitivity (q) is taken as 1 for fully sensitive to notch. 

Fatigue stress concentration factor (Kf) is given by,  

Kf = 1+q (Kt-1) = 3 

Kd =1/ Kf = 0.33 

It is assumed that endurance limit (S'e) of standard specimen of rotating beam fatigue testing 

for epoxy granite is,  

S'e = 0.3 x Sut 

Where, Sut is ultimate tensile strength of epoxy granite. Direct tensile strength of epoxy 

granite is not precise hence split tensile strength have to considered. Split tensile strength of 

epoxy granite containing 10% epoxy resin is 12 MPa (Deepak Ubale, 2013). 

S'e = 3.6 MPa 

Endurance limit of component (Se), 

Se= Ka.Kb.Kc.Kd.S'e = 0.5049 MPa 

3.1.2 S-N Curve  
In the design of the component which is subjected to cyclic loads, the S-N curve is essential. 

This gives the number of cycles (N) at particular stress amplitude(S).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1: Initial S-N curve 
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Fig. 1 shows initial S-N curve on log-log paper for epoxy granite which is based on 

assumption that fatigue resistance is assumed as half of the ultimate tensile strength. So 

ordinate of point A is taken as 0.5Sut. 

Now, consider similar triangle AEF and ADB, 

EF/DB= AE/AD 

After solving, we get 

log S = (0.7782-0.3583 log N)............. (1) 

Eq.1 gives the relation between S and N. For various stress amplitude, number of cycles can 

determined. This will generate final S-N curve shown by fig.2. 

 
Fig 2: Final S-N curve of tensile fatigue 

3.1.2 Finite Element Analysis 

Specimen of 50x50x300 mm was modelled in Solidworks software. A tensile cyclic load 

(varies from 0 to P) is applied on one end and other is fixed. For analysis, Ansys Workbench 

2021 R1 Academic software is used. 

 

 

Fig 3: Results of tensile fatigue 

A Fig. 3 show result of analysis when component is loaded under cyclic tensile load of 10000 

N. The results are as follows. 

Life(N)- Min. 19.919, Max. 1xE6  

Equivalent Alternating Stress(S)- Min. 4.983xE5, Max. 5.5625xE6 
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3.2.1 Compressive fatigue 

Specimen of diameter 75 and length 150 mm as per ASTM standard C39 was prepared for 

static compression test. It was observed that static compressive strength (fc) for epoxy granite 

of 10% epoxy resin is 90 MPa. To study compressive fatigue of epoxy granite, it is assumed 

that its compressive fatigue is similar to plain concrete. Compressive fatigue equation for 

plain concrete is, 

log  N = ((1-(σmax/fc))/((1-R)*β)) ..........(2) 

S = -0.0617 log N + 1   ..........................(3) 

Where, 

N is number of cycle, 

S is stress level, 

σmax is maximum stress in fatigue test, 

β is material parameter varies between 0.064 and 0.080. β is assumed as 0.0685(Botao Huang 

et al., 2016), 

R is constant equal to 0.1. 

For various values of σmax , number of cycles are calculated from Eq.2 and Stress level from 

Eq. 3. 

 
Fig 4: S-N curve of compressive fatigue 

 

3.2.2 Finite Element Analysis 

Specimen of diameter 75 mm and length 150 mm was modelled in Soldworks software. A 

compressive load (varies from 0 to P) is applied on one end and other is fixed. For analysis, 

Ansys Workbench 2021 R1 Academic software is used. 

 

 

Fig. 5: Results of compressive fatigue 



 
 

329 | P a g e  
 

A Fig. 5 show result of component is loaded by cyclic compressive load of 20000 N. The 

results are as follows. 

Life(N)- Min. 1.5857xE5, Max. 7.2467xE15  

Equivalent Alternating Stress(S)- Min. 1.6451xE5, Max. 6.1146xE7 

 

4. Conclusion 

The estimated S-N curves for both tensile fatigue and compressive fatigue can predicate the 

life of component without conducting number of tests and in simple approach. Thus, this 

work can provide an approach for assessment of durability of epoxy granite component 

subjected to cyclic loads with minimum efforts. The mechanism of fatigue in terms of crack 

initiation and its propagation will be the future scope for fatigue study.  
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Abstract:  

We have been working on utilization of industrial waste as a substitute in place of traditional concrete 

constituents for the development of country in general and particularly to avoid the environmental 

impact due to burning of many substances to form ordinary Portland cement. So, we have been 

introducing geopolymer binder for acquiring eco-friendly effects on our surroundings. This geopolymer 

binder is proposed to replace the OPC in full or somewhere in a partial way. The studies and research 

conducted and recorded in this paper have a main thrust on the utilization of copper slag as a partial 

replacement of fine aggregate. This involves utilization of NaOH of 13 mol concentration and Na2SiO3 

alkalis to work as activators on binding materials showing desirable results in compressive strength of 

geopolymer concrete when the ratio of alkaline activator to fly ash was adopted at 0.35 for all mixes 

under oven curing @ 60℃ during research. The required tests were conducted for compressive strength, 

split tensile and flexural strength one by one on each specimen. Findings:  The compressive strength 

increased with the increase in ratio of copper slag. The copper slag has been found a proper replacement 

for fine aggregate at a percentage of 55% for achieving the desired results on compressive strength of 

geopolymer concrete. 

Keywords: Geopolymer concrete, Copper slag, Fly-ash, Sodium Silicate, Sodium Hydroxide. 

 

1. Introduction 

Concrete is said to be a mixture obtained by placing in position with its ingredients like cement, 

aggregate and sand and a specific quantity of water as per required grade and position of site. Itis 

provided in different mixes and mixes are decided on the basis of design. Concrete has been used for 

more than a century by all classes of people. The use of concrete has gained appreciation since its 

practical inception. We need our concrete to qualify certain conditions like workability, strength and 

durability. Worthwhile to mention that the after effects of conventional concrete have not been taken 

into consideration by a majority of construction agencies and Engineering faculty as well. The main 

impact on the environment has been altogether ignored. The use of cement concrete forms the 

considerable percentage of construction material worldwide. The use of concrete has enormous effects 

on environment and the emission of CO2 has been adding to the environmental greenhouse effect. The 

new concept in construction industry needs to be given due consideration by introducing geopolymer 

concrete that has an eco-friendly property while bringing it into use in construction industry. World 

cement consumption has a rise of 2.80% in the year 2019. [Global Cement ReportTM, 13th Edition by 

Tradership Publications Ltd. UK]. With this increase in production and consumption of cement, the 

increase in CO2 has also been experienced by the environment, performing the green-house effect in 

the atmosphere comprising of a total of 7 to 7.25% of the total consumption of cement worldwide. The 

consumption of cement and its compounds like concrete, mortars and other forms of cementitious 

consequences give rise to the temperature uplift, consumption of energy by way of the exothermic 

nature of water cement mixture and creation of pollution in the environment by way of emission of 

CO2. A waste product namely fly ash, received from thermal power plants, rich in alumino silicates is 
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proposed to be used in geopolymer concrete. As recorded the utilization of Fly ash in geopolymer 

concrete is only 17 to 20% out of its total annual production of 780 million tonnes. [1, 2] Out of the 

total production of Fly ash, a quantity of 220 million tonnes is produced alone in India every year.[3]. 

A quantity of 35–50 % fly ash is used in India for production of cement and the rest is disposed of in 

dumping yards for reclamation of low-lying land chunks. Dumping yards render the cultivable land 

barren by way of nutrient deficiency in Fly ash. In addition, land owners too have to be paid a 

compensation for their production losses. The main difference in OPC and Fly ash remains in particle 

size. The higher size of particles in Fly ash does not work as a binder but works as a filler constituent. 

The lesser the particle size the greater is the binding action. The particle size of cementing material 

should be less than 45 μm. Suggested by Davodavits [4,5], the Fly ash rich in alumina and silica in 

presence of alkaline activators is recommended. As a matter of fact, when Fly ash contacts with alkaline 

solutions forms alumino-silicates to form the polymer with high strength bonds. These polymers are 

called geopolymers. [4–6]. The studies revealed that geopolymer is produced by a process of 

polymerization of either of the substances like fly ash which contains aluminosilicates, slags, husks or 

ashes from wood burning, which create (by a process of activation under the utilization of alkaline 

solutions) calcium rich ingredients ready to be used in Geopolymer concretes. So far, the efficiency of 

Geopolymer concrete is concerned, it is intensely accepted to be a borrower rather than self-reliant on 

the activating agents used while producing it [1]. A Geopolymer can be obtained only under quick and 

unique chemical reactions between silica and alumina for formation of strong bonds between the 

particles of the ingredients. The bond formation between the polymerised ingredient particles provides 

compressive strength optimistically, so, we come to understand that a Geopolymer integrating Ordinary 

Portland Cement has developed two main characters: (i) formation of Calcium Silica Hydrate and (ii) 

polymerization of Silica and Aluminous substances can provide considerable compressive strength in 

Geopolymer concrete in presence of any high alkaline content made available for creation of the 

Geopolymer Concrete. Therefore, the main constituents of Geopolymer are silica and alumina, which 

can be obtained from industrial waste. Research and investigation have proved that sodium-alumino-

silicate and calcio-silicate play a vital role in hydration of the industrial bye-products [2]. In comparison 

to other industrial bye-product, the fly ash has been found to provide more durability than others as per 

investigations conducted, whereas, the slag based Geopolymer is quicker in attaining strength than fly 

ash based Geopolymer [3].  

 

2. Experimental Work 

2.1.  Materials  

As a prime material Fly ash received from the thermal plants (burning coal for producing energy to run 

thermal power plants), left behind, fly ash as a waste product has been proposed to be used in 

geopolymer concrete, with Sodium Hydroxide NaOH (95% purity) and Sodium Silicate Na2SiO3, used 

as alkaline activators in proper proportions. In addition to above, river sand, Copper slag and crushed 

stone aggregate of 20 mm size with 45% down gauge of 12.5 mm size (as a coarse aggregate) was also 

used.  

 

2.2 Quantitative and Qualitative approach to   Mix design of Geopolymer  

The quality of geopolymer concrete is dependent upon the particle size of fly ash, preparation of design 

mix and other polymer constituents for which tests have been conducted and a few points as mentioned 

below are taken in to consideration. 

2.3 Geopolymer concrete constituents: - 
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Geopolymer constituents play a vital role in the workability and compressive strength. The main 

constituents are elaborated as under: 

(a) Fly Ash: 

The quality, quantity and fineness of fly ash has direct influence on the Strength of geopolymer 

concrete. The property of fineness has direct impact on the workability and strength of geopolymer 

concrete in the initial hours of its casting before any kind of curing activity. The main thrust at this stage 

was given to the quality of fly ash. The quality of fly ash added to the simple proportions of geopolymer 

was too kept in to consideration. The proposed fly ash for preparation of geopolymer is obtained from 

thermal power plants where it is treated as a useless expenditure refuse. 

  

Chemical composition Percentage (%) 

Aluminium Oxide 32.00 

Magnesium Oxide 0.92 

Iron Oxide 9.07 

Sodium Oxide 0.30 

Potassium Oxide  0.60 

Calcium Oxide 3.00 

Silicate 51.00 

Sulphur Trioxide 0.27 

Titanium Dioxide 1.77 

Phosphorus pentoxide 0.45 

Loss on ignition 1.42 

Specific gravity = 2.17 

Table:1 Chemical Composition of fly-ash  

 

(b) Copper slag: 

Copper slag is a waste product that can be obtained from factories where copper is manufactured. The 

disposal of copper slag involves many activities. This involves transportation from factory to the 

dumping yards, purchase or to lease in the land where it is proposed to be dumped, its levelling, dressing 

and keeping it in a way to have friendly effects on the surrounding environment. So, it is proposed to 

use this industrial bye-product as a constituent in the geopolymer concrete to replace the fine aggregate 

(sand) partially or fully. The idea must be taken in to consideration where such industries are working 

and this waste product is easily available, however, it can be recommended to be used in conventional 

concrete in place of sand that we extract from river beds and the disadvantages of extraction have been 

already discussed. Research and investigations have revealed that the geopolymer concrete is durable 

in life, economic in cost, thrust resistant and is workable in operation. 

(c) Alkali Activators: 

The activators used in this experiment are NaOH and Na2SiO3. Both activators are required to be mixed 

in proper proportions, as it has been found, that a single activator cannot make it to the satisfactory 

effect. For this reason, some erstwhile research works have been studied and found experimentally that 

the activators used should be duo to arrive at the required results. At laboratory, both NaOH and 

Na2SiO3 are mixed to their proper proportions and the activation process of fly-ash-based polymer 

concrete is found to be at a satisfying level of workability and strength. The higher the concentration of 

alkaline activators, the increase in compressive strength is obtained on testing the sample, however, the 
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consistency of the mix might be too taken care of to be kept at a desirable neck and neck form. The 

increased quantity of NaOH may affect the result values of compressive strength to increase but 

simultaneously it can increase the crushing character of geopolymer concrete which is undesirable. This 

process may require to increasing amount of water for a consistent geopolymer concrete mix. On the 

other hand, the water applied in excess has effect on alkaline activators and finally the reduction in 

compressive strength of the geopolymer concrete. 

 
Figure 1: Sodium hydroxide   Figure 2: Sodium silicate 

(d) Water: 

For desired workability, extra water is required with ultimate reduction in NaOH concentration solution, 

that is why the concentration of NaOH is kept @ 13 mol. Water does not play any role in geopolymer 

concrete, but only to make the concrete workable. However, it bleeds out during polymerisation after 

concrete is cast nor does it add to increase or decrease the strength. Less water is required in case 

fineness of polymer constituents is admissible. So, during the practical execution of the experiment on 

geopolymer concrete, it is ensured that a minimum quantity of water might be used for grafting desirable 

workability. So, this whole process as has been explored on the level of workability, fineness of fly ash 

and batching of fine and coarse aggregate [7]. 

(e) Aggregates: 

 Aggregates have no binding property as to what quality it might be used except to work as volumetric 

agents in the concrete occupying as much as 70-85% space in concrete. In conventional concrete the 

void ratio in concrete might be more as compared to geopolymer concrete, but it has been taken care of 

while conducting the experiment that a minimum void ratio may be ensured and the constituent material 

mixed very pre-cautiously. In this process the sophisticated grading of fine as well as coarse aggregates 

has been done.  The aggregates proposed are crushed stone aggregate with 55% with 20 mm size and 

45% with 12.5 mm size. [8].  

(f) Heating for geopolymer concrete: 

A few steps were taken that are necessary like temperature and time for applying heat has an important 

effect on activation and hardening of geopolymer concrete. In the laboratory the cubes of 150x150x150 

mm were filled with geopolymer concrete for 24 hours and then placed in an oven @ a temperature of 

60oC for further 24 hours. The heating was done uniformly and after the required time period the cubes 

were kept @ switch off mode for cooling so as to come at par with the room temperature. The test for 

compressive strength was conducted on 7th day, 14th day and 28th day. It was found that the compressive 

strength of concrete increased as per the efficiency of oven and the time, the cubes were kept in [7]. 
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(g) Water-to-geopolymer binder ratio:  

 A ratio of water already presents in alkaline solution (& the extra water if required to the material) 

required for polymerization. It has been proposed that the water to binder ratio may be taken in to 

consideration on the grounds of solid material suggested to be used in geopolymer concrete [9]. Being 

weary in nature, the calcium containing the water in its solution gives us the value of its concentration. 

As the water in the mixture is used beyond the solution concentration, the compressive strength lessens 

to a considerable limit. The water @ a proportion of 0.25 gives the higher compressive strength than 

that proposed @ a proportion of 0.40, minimizing the compressive strength in the geopolymer concrete. 

Further it was too observed that the solution rendered to be segregating at the higher content of water 

in the said solution. After having multiple trails conducted, a mid-way solution water-geopolymer-

binder @ 0.35 ratio was fixed, with better results in comparison to earlier trails. 

(h) Solution to fly ash ratio:  

Fly ash used as a primary constituent in geopolymer concrete has a consequential relativity with the 

alkaline activators. The activators used in this experiment are NaOH and Na2SiO3 used @ a proportion 

of 0.35, and the test results received were satisfactory mentioned at the respective places. Earlier trails 

also were performed with other proportions did not give the results as desired. 

 

3. Design Mix for M25 Grade concrete: - 

On preliminary data considered to conduct research on the design mix of M25 grade concrete, the 

following steps were taken up in hand:  

1.Characteristic compressive strength of Geopolymer Concrete fck = 25 MPa.  

2.Oven curing at 60°C for 24 hrs. and tested after 7 days,14th day & 28th day conducted. 

3.Workability in terms of flow @ 25–50 % (Degree of workability—Medium).  

4. Fineness of fly ash in terms of specific surface observed to be 430 m2 /kg  

5. Alkaline activators used were Na2SiO3 and NaOH.  

(a) Concentration of Sodium hydroxide in terms of molarity: 13 M  

(b) Concentration of Sodium silicate solution with 50.727 % solid content was used. 

6. Solution-to-fly ash ratio by mass worked out as 0.35 

7. Sodium silicate-to-sodium hydroxide ratio by mass taken 2.5 

 2.1. Design Steps  

1. Target mean strength fck = 25x1.65x5 = 31.60 MPa for std. deviation of 5. 

2. Selection of quantity of fly ash: 

The quantity of fly ash required was 403 kg/m3 for the target mean strength of 31.60 MPa at solution-

to-fly ash ratio of 0.35 and for 430 m2 /kg fineness of fly ash.  

Density of fly ash was calculated @ 403 kg/m3 

3.Calculation of quantity of Alkaline activators: 

Solution to fly ash ratio = 0.35 

So, the Density of Alkaline activators = 0.35 x 403 = 141.05 kg/m3 

 Density of NaOH = 40.30 kg/m3 

 Density of Na2SiO3 = 100.75 kg/ m3 

Mass Ratio of Alkaline activators = Na2SiO3/ NaOH = 100.75/40.3 = 2.5 (approx.) 

 

4.Calculation of solid content in Alkaline solution 

Solid content in Na2SiO3 solution = (50.32/100) x100.75 = 50.727 kg/ m3 

Solid content in NaOH solution     = (31.6/100) x40.3       = 12.73 kg/ m3 
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Total quantity of solid solution      = 50.727 + 12.73          = 63.46 kg/ m3 

 

5.Selection of water content 

For medium workable concrete and fineness of fly ash @ 430 m2/kg 

Quantity of water = 120 kg/ m3 

Adjustment of water content to – 1.5% (Net 98.5%) 

(Sand conforming to grade- I)—IS 383, Table- 3 

Required qnty. of water = 120 x (100-1.5) = 120x 98.5 = 118.20 kg/m3 

Qnty of water in alkaline solution = 141.05 – 63.46 = 77.59 kg/ m3 

6.Calculation of additional quantity of water  

= {Total qnty of water} – {water present in alkaline solution}                                   

 = 118.20 – 77.62 = 40.59 kg/ m3 

Wet density of geopolymer concrete  

= 2592 kg/ m3 for fineness of fly ash as 430 m2/ kg 

7.Calculation of fine aggregate and coarse aggregate 

Total aggregate content (fine aggregate includes river sand & copper slag of 

= {wet density of GPC}– {Qnty of FA + qnty of alkaline solutions + extra water, if any} = {2528 – 

(403+141.07+40.59)} = 1943.34 kg/m3 

Fine-to-total aggregate content adopted @ 35% for fineness modulus of 3.35 for river sand. 

Sand Quantity 

 = (Fine-to-total aggregate)– (total aggregate in% age) x (Total of all-in-aggregate)  

= (35/100) x 143.34 = 680.17 kg/ m3 (Density of CS works out 58.83 kg/ m3 less than river sand). 

Coarse aggregate 

 = {Total quantity of all-in-aggregate} – {quantity of sand} 

= 1943.34 – 680.17 = 1263.26 kg/ m3 

Quantity of material required for 1 cum of Geopolymer concrete. 

  Preparation, Casting & Curing 

First a measured quantity of course aggregate, fine aggregate and Fly ash were taken and mixed 

thoroughly for some minutes. Simultaneously, the moulds were prepared, greased. Alkaline activators 

NaOH and Na2SiO3 (premixed) were added to the ready mixed Fly ash aggregate mix which was 

prepared before one day of casting. The whole mixture was mixed in a concrete mixer to form a 

consistent concrete material. This consistent mixture was loaded into moulds of different size and shape 

(Cube, cylinder, Beam) and the moulds were filled with wet concrete properly and then levelled. The 

filled moulds were kept in oven at 60oC for 24 hours. This process continued to on day duration and 

then the required tests were conducted and following results received. 

 

4.  Results and Discussion  

It was observed at the time of conducting this experiment, the specific gravity of copper slag (3.895) 

was found more than the specific gravity of sand (2.495). The copper slag seemed physically black in 

colour with greyish flakes and shiny star like particles without any geometrical shape and without any 

definite or uniform particle size. It was further found that the water absorption capacity of copper slag 

amounted to less than 0.25%, but as we know it works out to be less than the water absorption of sand 

amounting to 0.99%. On the analysis of copper slag and its properties, the tests were conducted at 7th, 

14th and 28th day for compressive strength, split tensile strength and flexural strength and the results 

have been calculated in Table :2, Fig :3, in Table :3, Fig :4 & Table :4, Fig:5 respectively. 
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Mix 

Name 

Mix Description  Compressive Strength 

(MPa) 

 

  7 days 14 Days 28 Day s 

M1 65% S + 35% CS 20.80 28.80 32.00 

M2 55% S + 45% CS 22.70 31.50 35.00 

M3 45% S + 55% CS 19.50 27.00 30.00 

S: Sand; CS: Copper Slag 

 Table:2 Compressive strength of geopolymer concrete 

 

 
Figure 3: Compressive Strength of Geopolymer Concrete 

 

Mix 

Name 

Mix Description  Split tensile Strength 

(MPa) 

 

  7 days 14 Days 28 Day s 

M1 65% S + 35% CS 2.60 3.55 4.40 

M2 55% S + 45% CS 2.78 3.91 4.57 

M3 45% S + 55% CS 2.42 3.30 4.23 

Table:3 Split Tensile Strength of Geopolymer Concrete  

 
 

   Figure 4: Split tensile strength of Geopolymer Concrete 
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Mix 

Name 

Mix Description  Flexural Strength (MPa)  

  7 days 14 Days 28 Day s 

M1 65% S + 35% CS 3.92 5.30 6.60 

M2 55% S + 45% CS 4.10 5.92 6.81 

M3 45% S + 55% CS 3.67 5.12 6.38 

 

  Table:4 Flexural Strength of Geopolymer Concrete 

 

                 
   Figure 5: Flexural Strength of Geopolymer Concrete  

4.1. Mix Proportion 

 

Constituents 

 

Binder Fine Aggregate Coarse 

Aggregate Fly Ash Sand Copper Slag 

M1 100% 65% 35% 100% 

M2 100% 55% 45% 100% 

M3 100% 45% 55% 100% 

     Table 5: Mix Proportion 

 

4.2. Quantities of the Constituents 

Mix Activator/ 

Binder 

ratio 

 

Sodium 

Hydroxide 

NaOH 

 

Sodium 

silicate 

Na2SiO3 

Fly ash 

 

Sand Copper 

slag 

Coarse 

aggregate 

M1 0.35 40.30 100.75 403 442.11 238.06 1263.26 

M2 0.35 40.30 100.75 403 374.09 306.07 1263.26 

M3 0.35 40.30 100.75 403 306.07 374.09 1263.26 

    Table 6: Quantities of material in kg/m3 
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5. Conclusion: 

The compressive strength has been increased 9.375% by varying copper slag from 35% to 45% but it 

decreased 14.285% by varying copper slag from 45% to 55% on 28th day. The tensile strength has been 

increased 3.86% by varying copper slag from 35% to 45% but it decreased 7.44% by varying copper 

slag from 45% to 55% on 28th day. The flexural strength has been increased 3.18% by varying copper 

slag from 35% to 45% but it decreased 6.31% by varying copper slag from 45% to 55% on 28th day. 

Tests conducted on three samples with different ratios of fine aggregate revealed that the maximum 

compressive strength of geopolymer was achieved with the partial modification of river sand with 

copper slag @ 45% and the rest of 55% of fine aggregate used was river sand with desirable properties 
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Abstract 

According to the 2001 Census, 52 million people relocated from rural to urban areas out of a total 

population of 1.02 billion people. As a result, the 2011 figure of 78 million represents a 51 percent 

increase. The percentage of people who moved from rural to urban areas increased from 5.06 percent 

in 2001 to 6.5 percent in 2011.  

The purpose of this study is to determine the reasons for migration from rural communities in the 

Allahabad district (India) known as soirai and the study's goal is to devise a strategy for sustainably 

resolving the problem using advanced technology known as GIS (Geographical Information System). 

According to a survey of locals, there are lacks of utilities such as poor road connectivity and 

electricity, which makes life difficult for them and makes them desire to relocate to urban regions. 

This study demonstrates that by incorporating GIS into our project, we can solve the problem of 

migration in a very effective and long-term manner. GIS supplied satellite images, as well as data 

analysis and visualization capabilities, to make planning easier. 

Keywords- Migration, Sustainable development, GIS 

 

1. INTRODUCTION 

Processes of migration have existed at all periods and in all parts of the earth. While the search for 

better living conditions and not yet or only sparsely occupied living regions was the primary 

triggering factor in the past, migration patterns have changed dramatically since industrialization. 

Migration is the major factor in economic development and has major implications for urbanization, 

slums, and social change (Rao, 1981). The urban population of India analysis 

and estimates has indicated a rapid increase in recent years (Amin and Singh, 2012). Internal 

migration, often known as rural-urban migration, refers to mobility within a country it refers to the 

influx of individuals from the countryside, or rural areas, into urban regions. The use of remotely 

sensed data allowed researchers to monitor changes in land cover in less time, at a lower cost, and 

with more precision (Grazing, 1989). The high growth rate of population urbanization is also 

increasing because more people are migrating toward urban areas and this causes the expansion of 

towns and cities are referred to as urban growth. Understanding land use/land cover requires timely 

and precise change detection (LULC). It aids in the comprehension of the linkages and interactions 

that exist between human and natural events, as changes in one will have an effect on the other 

(Sharma, Pandey and Nathawat, 2012). They are taking up an increasing amount of land, owing to a 

lack of housing options in the city, forcing newcomers to relocate to shanty towns, which are growing 

in size and quantity. This not only adds to the burden on urban areas but also leads to rural 

depopulation. The selection hypothesis assumes that Migrants are not chosen at random at the point of 

origin; rather, they are a handpicked population with varying fertility views. and behaviour than non-

immigrant (Manner, 2003). Migrants are not needed to register in India, either at the point of origin or 

at the point of arrival (Bhagat, 2008). People who were able to boost rural productivity and contribute 

to the growth of the rural economy end up poor in urban areas because many cities are unable to 

absorb the large influx of new residents in a timely way. Now is the time to focus on preventing 

migration by providing the facilities that local people are looking for as they migrate to metropolitan 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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areas to meet their fundamental requirements. So, in this work, the problem that is causing people to 

move to metropolitan areas has been identified, and a plan has been developed to fix those problems 

in a sustainable manner using GIS. GIS is a computer-based information system that employs digital 

representation and analysis of geographic elements contained in surface and ground events that occur 

on them. The definition of digital presentations is the transformation of an analog form (continuous 

line) into a digital form (Băneş et al., 2010). It is important to consider sustainable development 

during the development process because we rely on rural areas for the majority of our resources; if 

those resources are used to develop rural areas, it will have a negative impact on the rural economy; 

therefore, what will be the benefit of rural area development? The development of an area using the 

traditional method is not so effective because there is no way to visualize the current situation very 

precisely. Geographical information systems will help a lot in finding the best way of sustainable 

development because they contain tools to visualize the current situation and provide the best solution 

by imputing some current parameters. 

Data required: Population, number of houses, area, and satellite image (Arc GIS online) 

 

2. RESEARCH BACKGROUND 

According to the study, the majority of rural migrants landed in cities owing to social considerations, 

and male migration in India is more economically motivated than female migration (Jabir Hasan 

Khan  Shamshad, 2011). It does not mean that rural-urban migration should be controlled. A static 

society cannot compete and develop in this modern and dynamic world without the movement of 

some people from one region to another according to the needs of various regions and societies (Jabir 

Hasan Khan  Shamshad, 2011). GIS database is a computer-based representation of the real world. 

The tools for arranging information regarding geographically specified features are provided by GIS 

software A GIS-based village information system could be an approach for providing decision 

assistance at the village or grass-roots level (Veerabhadrudu, 2013). The ground truth applied to the 

satellite was used to analyse the land use of the research area. It's easy to forget about digital things 

when it comes to images that aren't more accurate than maps created from, which must be taken into 

account when collecting data info that is correct in the field. Incorrect data can rise to larger problems, 

which can lead to a malfunctioning system and if there's a flaw, it's not in the methodology or 

approaches; everything began with field research (Khare and Thakur, 2016). Permanent and 

sustainable growth is widely regarded as a theoretical foundation and a practical clue for developing 

global, national, regional, and local plans, programs, strategies, and development policies 

(Adamowicz and Zwolinska-Ligaj, 2020).  

 

3. RESEARCH METHODS 

3.1 Planning 

The study of the area begins with a survey of the local people to determine what problems they are 

facing in the village that are causing them to migrate to urban areas. After gathering feedback from 

the village residents, it was determined that two factors are forcing them to leave the village: poor 

road connectivity to urban areas and a lack of electricity in the village.  

Because construction in rural areas is not as regular and funds available for village construction are 

also limited, the road link should be sturdy and long-lasting to suit the current circumstances while 

also addressing future needs GIS can assist in resolving this issue since it allows us to visualize the 

village’s entire current road network using satellite pictures. We can visualize the village’s entire 

current road network using satellite pictures provided by GIS. The satellite image will show the road 

that runs through the settlement and merging with urban areas and connects to other local roads and 

that particular path should be long-lasting to serve both the present and the future. That road should be 

built using an all-weather road construction approach. The rest of the small roads that connect to that 
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road should be built using available construction funds, but one road that connects all of the minor 

roads should be built using an all-weather construction method. Bad road connections and poor road 

pavement quality can be solved with this strategy, and one road will be available for a long period to 

serve urban connection. Bad road connections and poor road pavement quality can be solved with this 

strategy, and one road will be available for a long period to serve urban connection. The lack of 

electricity supply in the village is the second difficulty, and this problem can now be remedied in such 

a way that it does not damage the community's ecology while also meeting the demand for electricity 

supply We use GIS to discover the best suited renewable energy accessible in the village here as well. 

Policymakers and planning bodies can more easily evaluate where renewable energy should be 

installed using GIS technology and mapping. This is because GIS enables an in-depth examination of 

wind and solar potential. After conducting a study into the availability of renewable energy in the 

village, we discovered that there are only two renewable energy sources available: solar energy and 

wind energy. Because there is no large body of water in the village, hydropower cannot be generated; 

therefore, only solar energy and wind energy can be used for power generation Now, the goal is to 

locate the best renewable energy that is more efficient in generating electricity, and we've used data 

from solar irradiance and wind energy power provided by SOLARGIS and VORTEX FDC (web 

services) to do so. 

3.2 Methodology 
1. ArcGIS online should be used to create a satellite image of the study area, and with these 

satellite photos enabling area visualisation, it is now much easier to locate the road that runs through 

the heart of the town and connects to the hamlet's smaller roads. 

 
 

 

 

2. Now, using the Arc GIS distance measurement tool, the length of that particular Road is 

determined. 

3. Now according to that length find the cost of construction of all-weather type roads 

4. Now, utilizing GIS online services, the best renewable source of energy accessible in the 

village is determined for electricity generation SOLARGIS web service data is used to determine 

solar irradiance, while vortex FDC data is used to determine wind energy. 

5. Solar radiation can yield 3.343 kWh per m² per day in this location when a solar panel is used. 

The average household consumes 6 kWh per day, so a solar panel covering 2 m² is required for each 

(b) (a) 

Figure 1: (a) satellite image of study area; (b) Heart road of village 
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residence. Because there are 325 houses in this town, power is required in the amount of 1950 kWh 

and a total area of 590 m2. 

Table 1: Solar Energy Data available from SOLARGIS for Village 

PVOUT csi  (kWh/m2) 

Global Horizontal Irradiation Yearly Average 4.868 

Direct normal Irradiation Yearly Average 3.343 

Diffuse Horizontal Irradiation Yearly Average 2.533 

 

6. Check to see if there is any wind energy available in that area. Wind energy data from any 

GIS web service provider can be used for this check to see if there is any wind energy available in that 

area. Wind energy data from any GIS web service provider can be used for this. Vortex FDC data is 

used in this study. Vortex data is showing 4.1m/s of wind speed in that area which does not has ability 

to generate good amount of energy. 

7. There are two types of energy available in the village, but solar energy is the most efficient, 

so solar power installation should be chosen for power generation in this location. 

8. In our scenario, solar energy generates more electricity than wind energy. So, the cost of solar 

panels will be calculated, and the sum will be added to the cost of road network construction, and the 

project will continue forward to create local routes that connect villagers to the new all-weather type 

roads. And, according to the fund's recommendations, these routes should be developed. 

 

4. Application of Research Methods 

The principal use of this strategy is in rural infrastructure design which decreases construction time, 

cost and ultimately saves resources. Using this strategy, we can expand employment in the village and 

provide work to the locals by including them in the renewable energy-producing process. Due to the 

incorporation of GIS in this work, the efficacy of work will enhance in a significant manner and the 

chances of making mistakes will narrow down hence resulting in better infrastructure planning and 

planner can use it for getting effective planning process. 

 

5. Conclusions 

The goal of halting rural migration to urban areas can be achieved if the problems that they face in the 

village can be resolved. The research area in this project has difficulty with a poor road network and a 

lack of energy. The goal is to equip them with a strong road network and reliable electricity supply in 

a long-term manner, with GIS playing a critical part in this planning. The satellite image of the area 

offered by GIS made the planning process simple and effective. It saved resources that would have 

been spent by visiting the site regularly to make plans. With the use of a satellite image, a road that 

runs through the heart of the town and connects local village pathways can be seen. The goal after 

locating that road is to find the finest renewable energy source accessible. Solar irradiance 

data comes from SOLARGIS (web service), and wind energy data comes from VOTEX FDC 

(web service). Now that the data has been observed and analysed, it has been discovered that 

solar energy has a greater ability to create electricity in the hamlet. The establishment of a 

solar power plant in the village will meet the demand for electricity while also employing the 

locals, potentially reducing migration to urban areas. The problem of a poor road network can 

also be solved very effectively using GIS. GIS is quite useful in offering the best solution to 

any problem in a long-term manner.  
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Abstract 
A high voltage gain differential type low noise amplifier [LNA] is presented in this paper. The circuit 

design part is completed by using UMC 0.18μm CMOS Technology. The proposed LNA design 

operates at 3.3-GHz frequency. The proposed architecture shows the inductive degenerated type LNA 

topology using cascoded CMOS topology. Analysis and simulation of the circuit is performed using 

Cadence environment. The proposed LNA design in this paper provides better isolation, usable gain 

with improved linearity and also provides good stability. The post layout simulation of the proposed 

LNA circuit design demonstrates a gain of 25.68 dB, input return loss (S11) is -19.52 dB, reverse 

isolation (S12) is -41.28 dB, S21 equals to 25.68 dB and S22 equals to -16.17 dB. It also yields a 

Noise Figure of 3.4 dB. The required power supply for proper circuit operation is 1.8V. 

 

Keywords- LNA, Noise Figure, Cascade topology. 

 

1. INTRODUCTION 

With the fast-growing lifestyle, electronic devices have become indispensable in our daily lives. As a 

result, Mobile Technology advancement becomes more powerful and important due to its towering 

demand. Various types of wireless systems used in our daily lives destine several wireless 

applications. Typically, every type of application required its own Radio Frequency signal processing 

block that is front and back end for different baseband functionality. To complete these types of 

requirements, the LNA is the most sensitive part of the transmission system for amplification of the 

lowest frequency signal present at the output of the antenna and it also minimizes the noise present in 

the signal as possible [15].  

Every electronic device like smart-phones, tablets, laptops, etc. support various communication 

standards like Bluetooth, Global System for Mobile, Global Positioning System, Long Term 

Evolution(4G), WLAN, etc. Unchangeable connection for networks within close range receive the 

best benefits and apps like sharing the highest quality data at midnight or multiple recipients with less 

time at work place and home applications [10].  

The growth and advancement of scaling in CMOS technologies portray mine factual performance 

which incorporates better Ft, fmax, with low NFmin, providing an edge over various technologies for 

designing better performance LNA at a comparatively low cost [10].  

After antenna, the first signal processing block in the receiver circuit is low noise amplifier. LNA 

designing absorbing very low power with better performance in the field of reflections, in case of 

noise figure, gain and also linearity, power gain to overcome the noise of consequential stages and 

overall cost of the circuit are the most important parameters. The specific impedance at the input 

source should be 50 W for better performance of LNA design. The main idea behind designing the 

circuit is to maintain better power gain and low noise for further use in receiver circuitry. 

 

2.  TOPOLOGY SELECTION 

This design of LNA consists of various parameters like linearity, power, noise, stability, gain, input-

output collation and dynamic boundary. The one-sided input topology occupies small area and it is 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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highly capable of consuming less power. In this paper, we have designed a differential-ended input 

topology which consumes more power as compared to single-ended but provides better control over 

improving the noise and linear execution of the LNA. The differential input type LNA has benefits 

over another type of topologies; it quashes the harmonics of even order and thus improving the 

linearity of the given circuit [5]. Surplus, in differential mode architecture, the dynamic boundary of 

the circuit is also augmented. For the LNA designing, all the advantages of differential mode topology 

mentioned above are accountable for selecting this approach over other topologies [5].  

 

 2.1 Inductor degenerated topology 

                                                 
                                Figure 1: Inductively degenerated common source amplifier 
 

 

To overcome the problem of noise figure degradation, one of the new topologies developed is known as 

inductive degenerated LNA [5]. A real part of input impedance can be easily controlled by using inductive 

degenerated type topology of LNA design without considering the original resistor noise in the LNA circuit. The 

passive components are used to overcome the effect of cascading and at the output and input side, there is no 

direct coupling, and also improve the input and output isolation [5].  

Figure 2 represents the traditional inductive degenerated topology which is mostly used in LNA design. All the 

parasitic capacitances can be ignored by using inductive degenerated topology, which is shown in figure I but 

we must include the gate to source capacitances of N1 and N2 MOSFET. 

 

                                                 
                                       Figure 2: Traditional Inductor degenerated topology for LNA 

 

For the above circuit, the input impedance is can be given by [1]:  
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                                                             𝑍𝑖𝑛 = 𝑠𝐿 + 𝑠𝐶𝑔𝑠 + 𝐺𝑚𝐶𝑔𝑠                                                        (1) 

 

The above equation comprises the resistive parts and it is proportional to that of inductor and inductor 

L2 which ensures that, at the point of resonance frequency the impedance at the input side of the 

source is purely resistive. The above equation is identical to a series RLC circuit. 

 
 

2.2 Circuit design of differential LNA 

 

 

 

    
 

                                                        Figure 2: Differential Amplifier 

 

Cascoded CMOS topology uses in the differential input inductive degenerated type amplifier uses. 

The cascoding of N3 MOSFET and N4 MOSFET helps in minimizing the interconnection between 

tuned input and tuned output range.  

Before signals are presented in the next part of the receiver circuitry, a low-frequency amplifier is a 

device used to amplify the small and feeble signals [1]. It is very helpful in increasing the 

performances of gain and reverse isolation and input return losses.  

The components used in the circuit with optimized values helps in achieving better performance. N1, 

N2 are the very important transistors while N3, N4 transistors are used as a cascoded. 

 

 

3. PROPOSED DIFFERENTIAL LNA DESIGN 

Figure 4 represents the presents the circuit design of the LNA. A low noise amplifier amalgamates the 

stability of the circuit, low noise figure and practicable gain without any oscillations. We can take the 

best possible values of width of the main N1 and N2 MOS transistors with the help of the power-

constrained technique. The equation for optimized width is given by  

 

                                                               𝑊𝑜𝑝𝑡 ≅
1

3𝑤𝑐𝑜𝑥𝐿𝑅𝑠
                                                              (2) 
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                                         Figure 4: Proposed Low Noise Amplifier (LNA) design 

 

Here, Wopt is the best possible width for N1 MOS, L is the total and influential channel length, oxide 

capacitance is given by Cox and input side source resistance is given by Rs, which is commonly equal 

to 50 Ω. The capacitance between source and gate Cgs of transistor N1 can find out by using the 

optimized width calculated from the above formula. The capacitance value can be calculated as shown 

in equation below:- 

 

                                                        Cgs ≅  
2WoptCoxL

3
                                                        (3) 

 

 
Table 1: Component values of LNA 

 
Circuit Parameter Values 

N1, N2, N3, N4 50µm 

N5, N6 25µm 

Fingers 1 

Multiplier 1 

 

 
The best possible width, Wopt used in LNA is 400μm. Since the circuit is symmetrical, the N1, N2, 

N3 and N4 transistors must be matched. Transistor N5 and N6 form a current mirror circuit with the 

N1 and N6 transistor respectively and they are used for biasing. For providing proper biasing current 

the width of biasing transistor N5 is coordinated to the 0.1 of the main transistors. 
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 4  POST-LAYOUT SIMULATION RESULTS 

 
 

                                         Figure 5: layout design of the above circuit  

 

The figure above shows the layout of the above LNA circuit. The proposed LNA is built on UMC 

180nm CMOS RF technology. The parameter estimate is performed to obtain power gain, total input 

return loss, output return loss and NF. Below figure indicate the post-layout simulation results of 

above LNA circuit with the help of S-parameter measurement. 

Below figure shows the measuring parameter of the LNA Variant with the help of post layout 

simulation. The average power gain is above 13 dB around 1 GHz and 8 GHz while the lowest gain 

occurs at 3.8 GHz of 12.8 dB. The reason that the measured bandwidth is lower than one 

measurement may be due to the inductor and transistor modelling defects that produce additional 

distortion effects in the next phase. Fig. 10 shows the measurement results, original and unchanged. In 

the optimized estimation, an additional parasitic power of 30 fF is applied to the node; a changed 

value and a wire loss of 2 dB are considered. Estimates are closer to the one that is altered by looking 

for the above-averaged, as the frequency increases. 

   
 

       Figure 6: Input returns loss (S11) plot                       Figure 7: Reverse Isolation (S12) plot 
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               Figure 8: power gain (S21) plot                       Figure 9: output reflection loss (S22) plot 

 

 

                                   
 

                                                        Figure 10: NF and NFmin plot 

 

 

 

Table-2  

Performance summary and comparison 
 
Source  Technology  Frequency  S11(dB)  S12(dB)  S21(dB)  S22(dB)  NF(dB)  

This 

work  

180nm  3.3GHz  -19.52  -41.28  25.68  -16.17  3.4  

[7]  ADS tool  5.8GHz  -18.9  -22.1  19.5  -20.0  1.2  

[9]  90nm  30GHz  -36  -29  14.9  -25  2.2  

[8]  .35um  2-4.5  10  -  17.20  -  2.9  

 

5. Conclusions 

By using cascode topology, the high voltage and power gain low noise amplifier has been 

successfully implemented with the help of UMC 180nm technology. It can be seen that the simulated 

test results provide approximately the same amount as needed [6]. The 3.3 GHz Low noise amplifier 

can contribute to the receiver's front-end section at various frequencies. The electrical gain of the 
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above design is 25.68 dB too high compared to the other results shown in TABLE-I. If we want to 

maximize LNA voltage gain, we can also add a greater number of stages [6]. The proposed LNA 

circuit improves the linearity and sensitivity of the receiver system and it is usefully for wireless 

applications [2]. 
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Abstract 

India is developing at a rapid pace. Energy requirement has increased many folds in recent decades 
and will continue in same direction. A major share of energy is used in domestic sector to maintain 
comfortable indoor climate for the occupants. Energy demand in a building can significantly be 
reduced by 1/3rd by proper planning and material use considering local climate. This paper aims to 
understand the fenestration design in cold climatic zone of India considering Dehradun as case study 
area. The main objective of this study is to understand the impact of fenestration composition on heat 
loss through building envelope. This paper discuses Five fenestration options in the building design 
against the conventional system of 220 mm thick brick wall. It has been observed that the 
conventional wall system discussed above doesn’t perform optimally compared to others. This paper 
further discusses the use of other fenestration composition which can be utilized to save heating 
demand to reduce energy consumption in long run.  
 

Keywords-: Cold climatic zone; heating load ;building fenestration; energy consumption; 

energy load 

 

1. INTRODUCTION ABOUT CURRENT BUILDING SCENARIO 

According to the report of Central Electricity Authority in 2020, Domestic sector accounts for a 24.01 

% of total energy consumption of year 2019-20. Out of this more than 50% is used in maintaining 

comfortable indoor environment by lighting and HVAC systems. This figure not only indicate the lion 

share of energy demands but also considerable area where country can target to reduce carbon 

footprint by minimizing the energy demand and shifting toward passive design strategies and efficient 

building design to reduce the need of electricity in first place according to different climatic zone. 

Major part of India comes under tropical climatic condition where the main emphasis of the designer 

always lies on reducing the heat gain in the building and much of the research has been done in this 

direction. The smaller but significant part of India comes under cold climatic zone where the 

emphasis has is given in reducing heat losses and increasing solar gain to maintain a comfortable 

environment. Unlike other colder countries India still lags behinds in usage of proper heating systems 

in buildings. Here we mainly relay on wood burning and personal means of heat generation like 

“Anghiti” to feel warm.  With appropriate building and fenestration design the heating load of the 

building in this region can significantly be reduced to match the current technology at disposal. 

However, for small building likes offices and residential buildings people still relay on conventional 

building composition having 220 mm thick brick wall with 13mm plaster and framed structure 

irrespective of the location of the site. Site specific requirement including climate are seldomly 

considered for small development. Globalization has paved way to fast construction but also started a 

trend where any building can be placed on anywhere on globe irrespective of climatic consideration 

and indoor thermal comfort can easily be achieved by installing appropriate HVAC system. This in 

long run not only increases the operational cost but also consumes natural resources and   have 

adverse impact on the environment. This paper aims to evaluate the performance of conventional 

building fenestration i.e. 220 mm brick wall with 13 mm dense plaster with other five options namely; 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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Brick Cavity with air gap & light Plaster, Brick cavity with air gap, insulation & light Plaster, Brick 

work single leaf construction with insulation and perlite plaster, Lightweight concrete block air gap & 

plasterboard and Brick air h/w concrete block & full mineral insulation & l/w plaster in Dehradun 

having cold climate. The performance is evaluated in term of total heating load required by the 

building by employing different fenestration composition.  

 

2. CLIMATIC CLASSIFICATION  
Indian sub-continent is divided into five major climatic zones according Bureau of Indian standards  
(Standards, 2015).   For this study Dehradun is selected in cold climate to study the impact of 
fenestration variation on heating load calculation. ASHARE 62.1, residential building is considered.  
Table 1. Indicates five climatic zones and their characteristics.  

 

Table 1.  Bureau of Indian Standards (2015) Climate Classification (Standards, 2015) 

 

Sl 

no. 

Climatic Zone Mean Monthly maximum 

Temperature (°C) 

Mean Monthly Relative 

Humidity Percentage (%) 

1 Hot- Dry  Above 30 Below 55 

2 Warm- humid  Above 30 Above 55 

Above 25 Above 75 

3 Temperate Between 25-30 Below 75 

4 Cold  Below 25 All values 

5 Composite  Each climatic zone does not have same climate for the whole year; it has a 

particular season for more than six months and may experience other 

seasons for the remaining period. A climatic zone that does not have any 

season for more than six months may be called as composite zone. 

 

3. EXPERIMENT 
This experiment is design to evaluate the performance of different fenestration composition on total 
heating load requirement of the building in cold climatic zone of India with a case study on Dehradun. 
Table 2 indicates the specifications of six fenestration compositions and their U-value for stimulation.  
Option no. 1 indicates the conventional wall design having 220 mm of brick wall with 13 mm plaster. 
Design builder 4.5.0.183 software is used to evaluate the performance on an office block of size 10M 
X10 M with height of 3.5 M, flat roof, with 30 % glazing. Winter design external temperature are 
used to evaluate the heating load. 
 
It is assumed that the building is free standing on the ground devoid of any other constraints like 
neighboring building or annexure. As the results are stimulation based the performance of the building 
may vary in actual setting.  No solar and internal gains are considered in the building to reduce the 
impact of any other factors in heating load calculation. To evaluate the impact of building fenestration 
on heat loss and heating load requirement other factors like roofing, glazing, occupancy, etc are kept 
same. 
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Table 2. Fenestration options used in stimulation for calculating cooling loads  

Option 
No. 

Fenestration 
Design 

Layers Cross Section U- Value(W/M2-K) 
Without Bridge 

1 Brick work 

single leaf 

construction 
dense plaster  

Two layer: : Brick 

layer of 220 mm 

thickness and light 
weight plaster of 

13 mm 

 

2.184 

2 Brick Cavity 

with air gap & 

light Plaster  

Four layers: 105 

mm brick 

layer+10 mm air 
gap + 105 mm 

brick layer +13 

mm plaster 

 

1.562 

3 Brick cavity 

with air gap, 

insulation & 

light Plaster 

Five layers: 105 

mm brick 

layer+10 mm air 

gap + 25 mm MW 

Stone Wool +105 

mm brick layer 
+13 mm plaster  

 

0.736 

4 Brick work 

single leaf 

construction 
with insulation 

and perlite 

plaster 

Three layers : 220 

mm brick work  

+25 PUR 
polyurethane 

board+ 10 mm 

perlite plaster 

 

0.724 
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5 Lightweight 

concrete block 
air gap & 

plasterboard 

 

Four layers : 200 

mm Concrete 
block  + 25mm air 

gap+1 mm steel+ 

10 mm gypsum 
board. 

 

0.708 

6 Brick air h/w 

concrete block 

& full mineral 
insulation & l/w 

plaster 

 

Four layers: 105 

mm brick work + 

50mm MW stone 
wool+100 mm 

concrete block+ 

13 mm plaster 

 

0.570 

4. FINDINGS 

In colder climate the building fenestration should be characterized by high thermal resistivity and 
mass (whole building design guide , n.d.). Thick wall helps in lowering the heat losses. Building 
design should aim towards minimizing the infiltration and exfiltration losses which can further reduce 
the indoor temperature and may require more energy to reach comfortable indoor temperature. 
Building envelop should be designed, based on the concept of share walls, and compact planning to 
reduce the surface area of the building. Designing for Hot dry climate and cold climate are similar 
where we aim for minimum heat transfer. In hot dry we aim to minimize heat transfer from outside to 
inside, whereas in cold climate we try to minimize the same in direction from inside to outside. One 
major difference is utilization of sun in colder climate to increase the thermal comfort by providing 
southern windows to trap infrared rays to increase the indoor temperature where in hot dry climate 
sun is avoided at every cost to prevent heat gain. Table 3 indicates six fenestration options and their 
impact on heating load requirement to maintain a comfortable temperature. Here it is observed that 
conventional fenestration design with 220 mm thick brick wall with 13 mm dense plaster perform 
worse in heat gains from the wall and negative sign indicates heat loss which further reduces the 
indoor temperature. Second option where we have brick wall with air cavity with light plaster perform 
marginally better as compared to conventional method. When we introduce the insulation material 
with air gap the performance significantly improves with reduce heat loss through fenestration. 
Option four and five result in similar finding. The major impact is observed when we combined brick, 
concrete and mineral insulation together to create fenestration. The total impact of these changes in a 
building resulted in reduced heating requirement in the building. This invariably will result in reduced 
heating energy consumption, associated operating cost and CO2 emission from the building and 
reduced size of the HVAC system to maintain comfortable indoor temperature. 
 

 

Table 3. Fenestration Performance with Respect to Heating Load In Cold Climate: Dehradun with Indoor 

Comfort Temperature  
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S. N Fenestration Design 
Design Capacity 

(KW) 

Design Capacity 

(W/m2) 

Steady-

State Heat 

Loss (kW) 

Wall Gains 

(kW) 

1 Brick work single leaf construction 
dense plaster  

6.69 73.646 5.36 -2.721 

2 Brick Cavity with air gap & light 

Plaster 

5.93 66.3502 4.74 -2.106 

3 Brick cavity with air gap, insulation 

& light Plaster 

4.77 53.3855 3.82 -1.116 

4 Brick work single leaf construction 
with insulation and perlite plaster 

4.77 52.9124 3.81 -1.095 

5 Lightweight concrete block air gap 
& plasterboard 

 

4.77 52.9124 3.8 -1.095 

6 Brick air h/w concrete block & full 
mineral insulation & l/w plaster 

 

4.5 50.2914 3.6 - 0.883 

 

5. CONCLUSION 
This study indicates that option 6: Brick air h/w concrete block & full mineral insulation & l/w plaster 
performs best as compared to other options specially against convention 220 mm thick brick wall and 
can be used in design to reduce heating energy requirement in the building. Other options also 
indicate a significant reduction in energy demand for maintain a comfortable indoor climate. This 
result suggests that a single design cannot be constructed everywhere if we are looking for energy 
efficiency in building design. This further indicates that by switching to different fenestration 
compositions total heating load of the building can significantly be reduced eventually resulting in 
low energy consumption.  Though selection of appropriate fenestration composition should be done 
after conducting cost benefit analysis with respect to comfort desired. The energy requirement in the 
building can further be reduced by following passive design techniques like large windows on 
southern façade in northern hemisphere to increase the heat gain and use of solarium and tromb wall 
to increase the absorption of sun infrared rays to maintain comfortable indoor temperature. In future 
the impact of glazing can also be further studied with alternative roofing materials to create an energy 
efficient design solution for Indian cold climatic zone. 
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Microbial Peroxide Producing Cells are a type of bio-electrochemical systems which help in the 

in-situ production of H2O2. Dye decolorization was done using MPPC system. Dyes are coloring 

materials which are used in many industries like textile, food and automobile industries however, 

they cause pollution in waterbodies. A dual chamber MPPC was constructed for the dye 

decolorization. The H2O2 was produced with concentration as high as 95 mM on the 6th day of 

operation with an Open Circuit Voltage (OCV) of 342 mV, the mean current density of 0.09711 

mA/m2, and mean power density of 11.4668 mW/m2. Three dyes, i.e., crystal violet, methylene 

blue and Azo-dye Eriochrome Black-T were used for decolorization in the catholyte. The dyes 

used for decolorization experiments were Crystal Violet, Methylene Blue and Eriochrome Black 

– T. UV-Visible spectrophotometric assay showed a peak of 590 nm and 664 nm for Crystal 

Violet and Methylene Blue which reduced in intensity because of the breakage of the aromatic 

bonds of the phenolic rings of the dyes. For Eriochrome Black – T, FTIR spectrophotometry was 

done and the breakage of azo-group (-N=N-) was confirmed in the analysis which led to the 

degradation of the dye and its decolorization. 

Keywords: Azo dye, Bio-electrochemical Systems, Microbial peroxide producing cells, 

Hydrogen Peroxide 

Abbrivations: Wastewater treatment plants (WWTPs), Anthraquinone-Oxidation (AO), 

Microbial-electrochemical System (MECS), Microbial Peroxide Producing Cells (MPPC), 

Anode Respiring Bacteria (ARB) 

 

1. INTRODUCTION 

Hydrogen Peroxide (H2O2) is industrially one of the important products. It is used in industries 

like textile industries, wastewater treatment plants (WWTPs) and dye decolorization (Campos-

Martin, Blanco-Brieva and Fierro, 2006; De la Cruz et al., 2012; Yang, Zhou and Cicek, 2014). 
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It is also important for disinfection. Currently, 95% of the H2O2 in the world is produced by 

Anthraquinone-Oxidation (AO) method, which is hazardous, toxic and carcinogenic in nature 

(Young et al., 2017). It is a versatile and eco-friendly chemical which breaks down to water and 

oxygen upon contact with atmosphere. It has several applications which include rocket fuel, 

degradation of organic chemicals(O and Tio, 2015), bleaching of cotton products(Raja et al., 

2017; Indi and Wasif, 2018), sewage water treatment, etc. It is also a reactive oxygen species 

(ROS) generated in our blood stream which may lead to cellular apoptosis(Ivanov et al., 2019). 

Microbial Peroxide Producing Cells (MPPCs) are the types of Microbial Electro-Chemical 

Systems (MECS) that help in the production of H2O2 using biological means. (Young et al., 

2017) Anode Respiring Bacteria (ARBs) consume the anolyte and release electrons, which they 

transfer to the electrodes either via mediators or nanowires and are transferred to the cathode, 

which along with the protons transferred via salt bridge synthesize of H2O2. At the cathode, the 

Oxygen Reduction Reaction (ORR) takes place in either 4 or 2 electron step. 

In 4-electron step, the reaction is as follows 

O2 + 4e− + 4H+ → 2H2O (E˚`= +0.81 VSHE) 

Whereas, in case of 2-electron step, the reaction is as follows 

O2 + 2e− + 2H+ →H2O2 (E˚`= +0.28 VSHE) 

In 2-electron step, if the setup is run for a prolonged time, then the reaction yields water. 

H2O2 + 2e− + 2H+ → 2H2O (E˚`= +0.28 VSHE) 

As shown in the above reactions, the voltage of the MPPC for the production of H2O2 in a 2-

electron step ORR the voltage should be in the range of 200-500 mV VS SHE. However, the 

reaction can happen in the voltage range of 150 mV as demonstrated in our previous experiments 

as well(Sharma, Mukhopadhyay and Gupta, 2018). In case of the two electron step ORR, the 

reaction requires 2 molar electrons and 2 molar H+ ions to form H2O2 in the cathode media. 

However, after sometimes, H2O2 produced in-situ in MPPC systems, tend to decay after 

sometime as it is thermodynamically unstable and releases oxygen and water as a by-product. 
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However, this reaction can be utilized, as discussed below for advance oxidation processes 

(AOP) in which the H2O2 or other ROS react with a compound to break them to simpler forms 

which are environmentally friendly and less harmful. 

One of the important applications for H2O2 is dye decolorization (Zhang et al., 2018) by the 

AOP, which helps in generation of H2O2, which in turn decolorize the dye by oxidative cleavage 

of the ROS with the functional group of the dyes. They are an important class of pollutants with 

high color intensity and persist in the environment for a very long time. The two components of 

the dyes are chromophore, which helps in the formation of color and is an electron recipient in 

any reaction of dye and auxochromes which are electron donors to the chromophore and help in 

improving the color of dye by improving its solubility and adhesion of the color to the 

fiber(Hasanpour and Hatami, 2020). They have a large structural diversity, and can be classified 

as acidic dyes, basic dyes (crystal violet), mordant dyes, disperse dyes, direct dyes, solvent dyes, 

vat dyes etc. (Benkhaya, Harfi and Harfi, 2017) 

Some of the applications of the given electrochemical systems include in fuel cells (Sharma et 

al., 2014; Navanietha Krishnaraj and Pal, 2017; Pal and Sharma, 2018), fermentation 

technologies(Ethier et al., 2011), hydrogen production(Carmalin Sophia et al., 2016), etc. 

The objective of the current research is to assemble a MPPC system for the in-situ production of 

H2O2 in the cathode chamber and its subsequent application in the degradation and 

decolorization of the dyes Crystal Violet, Methylene Blue and Eriochrome Black – T. 

2. MATERIALS AND METHODS 

2.1. Construction of MPPC and Operations 

A dual chamber MPPC was constructed as shown in Fig. 1. The total volume of each anode and 

cathode chambers were 50 mL. The working volume of anode was 40 mL and the working 

volume of cathode was 30 mL, respectively. Anode volume was kept higher compared to 

cathode because, in case of anode media, the conductivity of the MPPC system increases with 

the increase in the anode media volume(Khogare et al., 2016) The initial pH of the anolyte media 

was 7. The anode electrode was a two-dimensional carbon cloth of 10 cm * 10 cm and a yarn 
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size of 0.2 cm. The anolyte contained (for a solution of 40 mL) 2% glucose, 0.2 % yeast extract 

and 0.2 % peptone. It was inoculated with 1% inoculum of Shewanella putrefaciens. Both anode 

and cathode were connected via a salt bridge made of 3% agar and 6 M NaCl. The catholyte 

consisted of 50 mM Na2SO4 at pH 3. The cell was kept in room temperature and the voltage was 

measured in open circuit mode. The MPPC was run for 16 days to analyze the electrochemical 

activity and the concentration of H2O2 in the cathloyte. 

2.2. H2O2 Analysis 

H2O2 standards were prepared from 30% (w/v) H2O2 stock solution (9.79 M). For 

spectrophotometric readings, the standards were made ranging from 5 mM – 100 mM. The 

spectrophotometric data were taken at 240 nm (Sharma, Mukhopadhyay and Gupta, 2018). For 

H2O2 estimation in the MPPC, the spectrophotometric assay was conducted and compared to the 

standards for estimation of its quantity. The measurement of H2O2 concentration was done in real 

time, by taking the catholyte sample in the quartz cuvette and then taking the absorbance directly 

at 240 nm. 

2.3. Preparation of catholyte for the Dye Decolorization 

The catholyte solution had three different dyes, i.e., Crystal Violet, Methylene Blue and 

Eriochrome Black T. The catholyte was prepared by mixing aqueous solution of 50 mM Na2SO4 

and 0.0025% FeCl3 in order to induce Fenton reaction. 100 mgL-1 solutions of each dye were 

prepared. 5 mL of each dye solution was added to the catholyte in separate MPPC. The cathode 

volume was 50 mL. pH was maintained to 3 for each system using 1N H2SO4. 

Once established, a fresh setup of same configuration of MPPC was used for the dye 

decolorization. 

The control in the experiments were the 100 mg L-1 dyes in 50 mM Na2SO4 with 0.0025% FeCl3 

solutions which were not connected to the anode of the MPPC system. 

 

 



 
 

360 | P a g e  
 

2.4. Measurements and Calculations 

The OCV was measured using a digital multimeter. Resistors of 33 KΩ and 100 KΩ were used 

to measure the voltage. This was used to measure current with the help of Ohm’s Law, which 

states that under a constant resistance in a given circuit, voltage is directly proportional to the 

current of the circuit. The current density and power density were normalized to the surface area 

of the anode electrode. 

2.5. Analysis for the Decolorization of Dyes 

The spectral data of crystal violet and methylene blue were taken in the range of 450 nm – 700 

nm using a UV-Vis absorption spectrophotometer, model Specord 210 Plus (Analytik-jena AG, 

Germany). The FTIR for Phenol Red and Eriochrome Black-T were taken by drying the samples 

in glass slides and taking in the range of 400-4000 cm-1 using a Bruker Alpha FTIR 

Spectrophotometer. 

3. RESULTS 

3.1. Voltametric Output 

The Voltammetric Output has been depicted in Table 1. The OCV on the first day was 239 mV. 

It consistently increased until the seventh day of operation in which the OCV was 342 mV, after 

which it started to decrease and reduced to 157.6 mV by the 16th day of operation. This reduction 

in the OCV can possibly be due to the death of the microbes. The voltage exhibited a similar 

pattern when measured with resistance of 33 KΩ and 100 KΩ. Its value was lowest for 33 KΩ 

but increased again in the presence of the 100 KΩ resistance. According to the Ohm’s law, the 

voltage increases as the current increases in a fixed resistance. However, when we use variable 

resistance in a fuel cell system, to measure the current density and power density, the voltage 

increases when the variable resistance of the fuel cell increases. The tests were run for 16 days. 

The peak current and power density was on the 6th day of operation, the mean current density 

was about 0.09711 mA/m2, and the mean power density was about 11.4668 mW/m2. 
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The OCV was 239 V on the first day of operation and its peak value was 342 V on the 6th day of 

operation as shown in Table 1. However, the voltage started to decline after the 6th day and was 

lowest at the 13th day at 155 V but had stabilized and remained almost constant until the 16th day. 

The possible reason was that the system was operated in batch cycle. This was consistent with 

the findings of other researchers (Modi, Singh and Verma, 2017) who showed that they had 

attained an OCV of 0.65V after 25h of operation but it reduced to ~0.22V after ~136h of 

operation (i.e., approx. 6 days of operation). They attributed it to the consumption of the anolyte 

and after adding the fresh anolyte in the solution, the system attained the constant voltage value 

of 0.65V OCV. A decline in the power density was reported due to leaching of the 

electrodes(Rossi et al., 2017). However, after treatment of both the anode and cathode electrode, 

there was partial restoration of the system. In our systems, on treating the electrodes with 90% 

ethanol and providing fresh anolyte, the system had recovery of the OCV to the original levels. 

Similar reports were observed for the power density of the system. When the system was 

replenished with the acetate media, the power density was restored to the original levels (Zhu et 

al., 2011). 

The current and power density had shown direct correlation with the OCV, i.e., with the increase 

in OCV there was an increase in the current and power density as shown in Table 1. The highest 

mean current density and the power density were approximately 0.147 mA/m2 and 23.10 mW/m2 

on the 6th day of operation. The starting values were 0.106 mA/m2 and 11.817 mW/m2, 

respectively. However, it had started to decline after 6th day of operation. A major factor was the 

clogging of the electrodes due to the depletion of the anolyte (Fan, Hu and Liu, 2007). 

3.2. SEM Image Analysis for the formation of Biofilm on the Anode Electrode 

The carbon fibers were cut in smaller fragments. SEM imaging at 10,000 X magnification and 

images were obtained (Fig. 2 (a, b, c)). As shown in the figure, the microorganism Shewanella 

putrefaciens had the ability to make a biofilm. The microscopic images were taken 24 hrs after 

the incubation of the anode culture. Since, this is a batch mode of operation, a layer of biofilm 

was formed with a thick layer of Extracellular Polymeric Substances (EPS) covering the carbon 

fiber electrodes. They help in bacterial adhesion to the surface of the carbon electrodes. 
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Fig. 2 shows the formation of biofilm on the carbon electrodes. The carbon fiber has a high 

surface area-to-volume ratio, which led to excellent microbial adhesion. The images also show a 

presence of EPS on the electrodes which as stated above, help in the adhesion of the bacteria to 

the anode electrode. Previously, redox properties of EPS produced by electroactive Shewanella 

oneidensis and Pseudomonas putida  were explored (Li et al., 2016). EPS helps in biofilm 

formation and increases the surface adhesion between the electrode and the anode for the 

electron transfer from bacterial cell to anode. 

3.3. H2O2 Production and Estimation 

As shown in Fig. 3, the concentration of H2O2 in the MPPC increased and reaches the maximum 

amount of around 95 mM, but, it witnessed a steep decline in the concentration at the 7th day of 

operation. 

The H2O2 concentration increased with increase in the voltage of the MPPC. Table 1 and Fig. 3 

show the voltammetric output and the H2O2 concentration of the MPPC. The starting OCV was 

239 mV and reached a maximum of 342 mV on the 6th day as shown in table 1. There was an 

increase in the OCV from day 1 to day 5 from 0.23V to 0.329 V with gradual increase in the 

concentration of H2O2. Further increase in OCV greater than 0.342 V, H2O2 concentration 

reduced sharply. 

The highest amount of H2O2 was 95±5 mM on the 6th day of MPPC operation. A slightly higher 

OCV led to an increase in the current density, which led to increase in the H2O2 concentration 

(Chen et al., 2015). This can be correlated with Table 1, which shows an increase in the OCV led 

to an increase in power density, which led to an increase in H2O2 concentration. The absorption 

maxima and current density were highest at the 6th day of operation. However, there was a 

significant decrease in the concentration of H2O2 after that. One of the main reasons was due to 

the difference in the OCV. The possible reason for such a rapid decrease in the H2O2 

concentration was possibly due to auto-decay (Young et al., 2017). This maybe because H2O2 is 

an unstable compound. It easily dissociates into O2 and H2O. 

Na2SO4 exhibited a stable production of H2O2 for a hydraulic retention time (HRT) of six days. It 

is also very conductive(Fu et al., 2010). 
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3.4. Decolorization of Dyes via the MPPC 

Three different dyes, i.e., Crystal Violet, Methylene Blue and Eriochrome Black-T, each of 

concentration of 100 mgL-1
, were used in the MPPC. The MPPC system was setup for the 

production of H2O2 in the catholyte leading to a generation of peroxide radicles which helped in 

the degradation of the dye which subsequently led to the dye decolorization. This phenomenon 

has been described in further details below. Fig. 4 shows the MPPC containing Crystal Violet, 

Methylene Blue and Eriochrome Black - T in the catholyte and their decolorization. 

There was no decolorization observed on the first day of operation however, the disappearance 

of the color started from the 2nd day. The degree of decolorization in the MPPC was observed at 

room temperature. There was a significant difference in the intensity of decolorization of 

different dyes. The UV-Absorption spectra showed a reduction in color suggesting that the bonds 

of the dyes were destroyed. 

Figs. 5 and 6 depicts the UV-Visible spectra of decolorization of Crystal Violet and Methylene 

Blue. The absorption maxima of crystal violet and methylene blue were at 590 nm and 664 nm, 

respectively. In both the cases, the pattern spectrum was nearly identical to the control, however, 

there was a significant reduction in the peak intensity in the subsequent days. The absorption was 

minimum in the 5th day. For crystal violet and methylene blue, there was no visible reduction in 

color intensity in the control system. The color had disappeared significantly within the 5th day 

of operation for the working system. 

For the MPPC with crystal violet in the catholyte, the concentration of H2O2 after 24 hrs of 

incubation was 75±5 mM, which reduced to a concentration of 5±0.2 mM at the end of the 4th 

day. However, it increased to around 90±5 mM on the 5th day of operation. Similar results were 

obtained for methylene blue. Initial concentration of H2O2 was 85±5 mM. However, the 

concentration reduced on the 4th day to 48±5 mM, which then increased to 90±5 mM 

concentration on the 5th day. The initial concentration of H2O2 was being reduced because it was 

being consumed by the dye in the catholyte, which led to the reduction in its peak intensity. 

However, on the 5th day, the concentration of H2O2 increased as the color of the dye had reduced 

significantly as seen in the spectrum. 
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The absorption maxima for crystal violet was reported at 590 nm (Cheriaa et al., 2012) when the  

decolorization assay was done using bacterial consortium. The reduction in the peak was due to 

the decolorization of the dye. Others (Ronchi and Abaas, 2012) have reported the absorption 

maximum at 585 nm. They stated that the peak intensity was directly proportional to the amount 

of dye and reduced with the subsequent decolorization of dye. The peak was reported at 590 nm 

and its reduction was reported to be due to decolorization (Noimark et al., 2013; Sun et al., 

2015). 

Zhang(Zhang et al., 2001) did a UV irradiation with the help of a UV-bulb and in the presence of 

TiO2 and were able to remove methylene blue completely from the solution in 120 min. The 

maximum absorption of the dye in UV-Visible spectrophotometric assay was found to be 664 nm 

which is close to the absorption spectra found in our experiments. Others also found the 

maximum absorption in the similar range of 660 nm(Lachheb et al., 2002) and 665 nm with 

pseudo-first order kinetics(Height et al., 2006). 

Fig. 7 shows FTIR spectra of the decolorization of the azo-dye, Eriochrome Black-T. The 

characteristic peaks were in the range of 1200-1300 cm-1. It had a peak intensity at 1269.44 cm-1. 

Another peak in this region was observed in 1097.64 cm-1, which had disappeared in the working 

solution. Various peaks were observed in the regions below 1000 cm-1 and they either 

disappeared in the working solutions or their peak intensities were reduced. The figure depicts a 

significant reduction in the various characteristic peaks or their shift to different wavenumber. 

The FTIR absorption spectra falls between 400-1300 cm-1. The Azo-group was shown to have an 

absorption maxima range of 1200-1300 cm-1 for C-N modes of Azo-groups(‘Vibrational 

assignments of 2-hydroxy-5-(phenyldiazenyl) benzaldehyde oxime’, 2018). The maximum 

absorption that came in this range was 1269.44 cm-1 for the control and it reduced and shifted to 

1290.64 cm-1 in the working solution. A peak was observed in 1097.64 cm-1 within the range of 

1000-1300 cm-1, which may contain functional groups like C-O-C, C-OH, S=O and P=O groups 

(Yuen et al., 2005), with possible elements and compounds may be sulfur, phosphorous, ether, 

alcohols and sugars. After decolorization, there was a disappearance of the peaks in that region. 

Various peaks were observed in the region of 400-1000 cm-1, which indicated the presence of 
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groups like –PO, =CH, =NH and aromatic groups, thus the possible compounds were alkenes, 

aromatic compounds and aliphatic amines (Yuen et al., 2005). After decolorization of the dye, 

the peaks either disappeared or their intensity reduced significantly. Other reported transmission 

peaks are in the region of 1186 cm-1, 509 cm-1 and 675 cm-1 (Ahmaruzzaman, Ahmed and 

Begum, 2015). According to the cited articles, the first two regions are due to the phosphate and 

alkyne groups, while the third region indicates the presence of hydroxyl and amine group. The 

peaks had reduced significantly after its adsorption on the surface of the adsorbate. 

The concentration of H2O2 increased steadily for 5 days and reached a maximum concentration 

of approximately 80 mM at an HRT of 5 days (120 hrs) which was responsible for the 

decolorization of dyes in the catholyte in the given time period. After a time period of 5 days, we 

observed a decline in the concentration of H2O2. The reason for the decline in the concentration 

of H2O2 after increase in its concentration for 5 days is that there was an excess accumulation of 

electrons and protons in the cathode in the 2 * 2 electron step ORR which led to the formation of 

water. 

Other methods of dye decolorization include the usage of semiconductors like TiO2 (Zhang et al., 

2001; Lachheb et al., 2002; Mamba, Mbianda and Mishra, 2015). The main working principle of 

titania is that it is a semi-conductor with doping. The holes and electrons must be excited to the 

conduction band. Once, the electrons and protons are knocked out, they can be used to decolorize 

the dye by degrading the aromatic rings and various functional groups. A major limitation of this 

is that it cannot released in the presence of visible light and hence, must be bombarded with UV-

light, which is carcinogenic, toxic and requires energy. This was solved by coating the titania 

with materials like SWCNTs, and MWCNTs, which helped in the operation of the titania for dye 

decolorizarion in visible region (Mamba, Mbianda and Mishra, 2015). Other methods include the 

use of zeolites (Nezamzadeh-Ejhieh and Khorsandi, 2010) and Ag-ZnO catalysts (Height et al., 

2006). However, zeolites require modification by coating with carbon based materials and they 

need to be activated with the help in the improving the efficiency of the dye decolorization. In 

comparison, the MPPC system that we constructed for dye decolorization consumes less energy 

to decolorize the dyes with the help of H2O2 generated in-situ. It also requires less energy 
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compared to semi-conductors like titania which either require UV-light to decolorize dye or 

requires addition of materials which help in the absorption of visible light for the same purpose. 

The MPPC also does not require complex zeolite based catalysts or Ag-ZnO based catalysts 

which are expensive in nature. Compared to that, MPPC system is cost-effective as the materials 

required are of low cost and the production of electricity happens in-situ. The other main 

advantage of the MPPC system is that in approximately 80 mM H2O2 which was able to 

decolorize dye solutions completely. MPPC based dye decolorization can be an alternative in 

wastewater treatment at industrial locations. 

In the given experiment, the decolorization of the dye was demonstrated successfully. The 

decolorization of the dye happens because of its degradation which takes place due to the 

breakdown of certain bonds.(Falade et al., 2017) The dissociation of groups like phenols, 

amides, sulphites, etc. are responsible for the degradation of the dyes which reduce the color 

intensity and hence it leads to decolorization of the dyes(Sun et al., 2015; Kumar and Pandey, 

2017; Pal and Sharma, 2018). These degradation of the dye lead to decolorization and reduces 

the toxicity of the wastewater containing dyes which can make them safe for discharge in 

waterbodies. 

4. CONCLUSIONS 

The present study has demonstrated microbial peroxide producing cell as an excellent setup for 

eco-friendly means for the simultaneous production of H2O2 and of dye decolorization. The 

maximum reported H2O2 concentration was 95±5 mM. The concentration was much higher than 

that obtained by Anthraquinone Oxidation Process. This method is eco-friendly, safe and cheaper 

compared to conventional methods for the purpose of production of H2O2. 

Various voltammetric and spectrophotometric analyses have shown that the electrochemical 

reaction has caused significant decolorization of the dyes of interest. Methylene Blue, Crystal 

Violet and Eriochrome Black-T had shown significant level of decolorization within the given 

period.  
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There are other methods for the decolorization of dye, some of which include usage of TiO2, 

PMMA, Zeolites and perlite based adsorbate. For instance, TiO2 can decolorize dye only when 

exposed to high intensity of UV-Radiation. This is hazardous and toxic in nature. In addition, 

artificial bombardment of UV-rays is an energy intensive process. Perlite is an adsorbate. 

However, the main disadvantage is the downstream processing. Compared to all the methods, the 

MPPC is a much superior system. A main advantage is that the cost of setup is low and the 

production of H2O2 is high. A high degree of decolorization was obtained on during the run-time 

of the MPPC. 
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Figure Captions: 

 

Fig. 1 A typical MPPC setup for H2O2 production 

  

(a)                                                                                   (b) 

 

(c) 
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Fig. 2 All the three images show the biofilm formation in the carbon fiber. In (a) and (c), there is 

a highly reflective coating, which shows a presence of EPS as the system was running on a batch 

mode of operation 

 

Fig. 3 Spectrophotometric measurements of H2O2 when Carbon Cloth was used as Anode 

Electrode and Steel Mesh was used as a Cathode Electrode and Sodium Sulphate was used in 

Catholyte Solution 

         

(a)                                                                              (b) 
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(c) 

Fig. 4 MPPC setup for (a) Crystal Violet (b) Methylene Blue (c) Erichrome Black T from left to 

right, the cell system in the right is the working solution, where the color has reduced 

significantly and degradation has taken place and to the left is the control system where no 

significant degradation has taken place. In case of a, b and c, the left on the left are control setup, 

i.e., the MPPC system with no inoculation in the anode and the ones on the right are the working 

setup, i.e. the anode is inoculated with microbial culture. The tubes containing dyes have denser 

color compared to the tubes with the anodic media as shown in the figure. 
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Fig. 5 UV-Visible spectra for the decolorization of Crystal Violet in the MPPC system 

 

Fig. 6 UV-Visible spectra for the decolorization of Methylene Blue in the MPPC system 
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Fig. 7 FTIR Spectrophotometric Data of Eriochrome Black-T over a period of six-days of 

operation using the MPPC, The Blue Line Represents the Control whereas, the red line 

represents the working system 

Table Captions: 

Day OCV(mV )a V100k(mV)b V33k(mV)c p100 (mW)d p33 (mW)e pav (mW)f p/A(mWm-2)g 

1 239 150.2 90.3 225.6004 247.0936 236.347 11.81735 

2 282 192 117 368.64 414.8182 391.7291 19.58645 

3 330 210 128 441 496.4848 468.7424 23.43712 
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Table 1.Voltametric Output of the MPPC Run in a Time Period of 16 Days 

 

a Open Circuit Voltage 

b Voltage at 100 kΩ 

c Voltage at 33 kΩ 

d Power at 100 kΩ 

e Power at 33 kΩ 

f Mean Power 

p = Power 

g Surface Power Density 

4 323 194 119 376.36 429.1212 402.7406 20.13703 

5 329 210 122 441 451.0303 446.0152 22.30076 

6 342 214 124 457.96 465.9394 461.9497 23.09748 

7 334 203 114 412.09 393.8182 402.9541 20.1477 

8 228 119.8 63 143.5204 120.2727 131.8966 6.594828 

9 185.9 91.4 47.6 83.5396 68.65939 76.0995 3.804975 

10 191.9 97 51.6 94.09 80.68364 87.38682 4.369341 

11 189.3 97.6 51.4 95.2576 80.05939 87.6585 4.382925 

12 164 86.3 47.2 74.4769 67.5103 70.9936 3.54968 

13 155 86 46.5 73.96 65.52273 69.74136 3.487068 

14 156.2 96.6 54.6 93.3156 90.33818 91.82689 4.591345 

15 158.1 96.6 55.9 93.3156 94.69121 94.00341 4.70017 

16 157.6 118.4 72.3 140.1856 158.4027 149.2942 7.464708 
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Abstract 

Quality Assurance and Reliability requirements given in policies/guidelines followed in R&D 

organizations like ISRO, DRDO, AEC-RCs, NASA and ESA have been related in terms of eight 

quality and reliability factors. The control group study is done to link the requirements with the QRF 

factors.  

 

Keywords: Quality and Reliability Mechanisms, Quality and Reliability Factors, R&D 

Management. 

 

1. INTRODUCTION 
Quality Assurance and Reliability are important in Research and Development. Quality Assurance 

and Reliability policies/guidelines [1] [2] monitored in different R&D establishments (developing 

aerospace, nuclear and defence systems) like ISRO, DRDO, AEC-Research Centres, NASA and ESA 

are compared and linked to the quality and reliability factors. 

 

2. MOTIVATION 

Different organizations follow different Quality Assurance and Reliability practices and the 

comparative study will explain the strength of the organizations. 

 

3. FACTORS 

A literature survey was done to classify Quality Factors which influence the quality and reliability of 

the product. The research paper for that is under review for publication in another journal. The eight 

Quality and Reliability factors considered are Failure Management, Evaluation, Maintenance, 

Reliability Management, Human Factor Management, Standardization, Customer requirements, and 

Performance Improvement. Failure Management (QRF-1) consists of Failure Prediction, 

Identification, and Monitoring. Evaluation (QRF-2) consists of Life Estimate/Testing, Quality 

Evaluation and Software Testing. Maintenance (QRF-3) consists of Preventive, Corrective and 

Reliability Centered Maintenance. Reliability Management (QRF-4) consists of Reliability 

Evaluation, Improvement through Redundancy, De-rating, FMEA/FMECA.   Human Factor 

Management (QRF-5) consists of Human Reliability assessment, Awareness, Quality Circle, Behavior 

and Innovation. Standardization (QRF-6) consists of Standards, Proven Parts, Quality Assurance, 

Quality Control and Documentation. Customer Requirements (QRF-7) consists of Qualitative 

Requirements and Ergonomics. Performance Improvement (QRF-8) consists of Resource 

Management, QM/Best Practices, Optimization and Workmanship. 

 

4. TOOLS AND TECHNIQUES 

 The Quality Management document, Transfer of Technology guidelines, Parts and vendor 

management, and other policies/guidelines of the organizations (available on the official websites 

www.dae.gov.in, www.isro.gov.in, www.nasa.gov, www.esa.int, www.drdo.gov.in) and research 

papers involving policies/guidelines applicable throughout the life cycle of product are compared in 

http://www.dae.gov.in/
http://www.isro.gov.in/
http://www.nasa.gov/
http://www.esa.int/
http://www.drdo.gov.in/
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terms of quality and reliability elements. Only documents which are unclassified will be used in the 

research. The elements of these policy/guidelines will be linked with each Quality and Reliability 

Factor (QRF) as shown in Figure 1. [3] [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Interaction of Q&R System and Policy/Guidelines options. 

 

5. NOVELTY OF PAPER 

 

The comparative study relates the elements of QA & R mechanisms of different R&D organizations 

(developing aerospace, nuclear and defence systems) with eight Quality and Reliability Factors. 

 

6. STUDY 

6.1 Atomic Energy Commission -Research Centers (AEC-RCs) 

(i) Guidelines for Design and Development of Computer/Microprocessor based systems in research 

and power reactors, 1993 [5]. 

The above mentioned document gives the requirement of System Requirements Document which 

should consist of functional requirements, interface requirements, security, diagnostics and self-

supervision requirements. It also gives requirement of Functionality, Performance, Robustness, 

Security, Safety, Fault Tolerance and Reliability, during system design. The guidelines for Failure 

Modes, Failure Avoidance, Failure Detection, Verification and Testing, Validation Testing and 

Documentation are also given in the document. 

(ii) Quality Assurance in Manufacture of Items for Nuclear Power Plants, 1998 [6]. 

The above mentioned document has given the requirement of Qualifications and Training of Staff, 

Documentation Control, Procurement Control (Regulations, Codes, Standards and other 

requirements), Process Qualification and planning, Quality Plan, Calibration of Test Equipment, 

Inspection and Test Control, Audits, Corrective Action and QA levels. 

(iii) Tender document Electrical Equipment. 

The above mentioned document has given the requirement of Inspection which includes Quality of 

workmanship, compliance with material specifications and drawing, and quality of manufacturing 

processes. It has also given the requirement of Quality Assurance which includes Certificates of 

materials, list of standards against which raw materials are tested, and quality control in 
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manufacturing processes. The requirement of Material and Workmanship, Applicable Codes and 

Specifications (IS Standards), and Tests are also given in the document. 

(iv) Atomic Energy (Factory) Rules – 1966. 

The above mentioned document has given the requirement of Quality of PPE according to Indian 

Standards. 

(v) Quality Assurance in sustaining reliability of Nuclear Reactor Safety Systems 2019 [7]. 

The paper published by BARC personnel gives Quality Assurance requirements during design stage, 

manufacturing stage, installation stage and post-delivery stage. The quality elements covered during 

design stage are classification of components based on the level of severity of their failure, and design 

safety reviews. During Manufacturing stage, the requirements of evaluation of supplier for 

compliance to standards ISO 9001 and IAEA 50-C-Q is there. It has to be ensured that activities of 

testing, dimensional checks, documentation and acceptance plan to be followed during procurement. 

During Installation stage, the document having details of testing, product design parameters, hazard 

precautions, and acceptance criteria has to be handed over to customer. Performance testing meeting 

the acceptance criteria has to be performed. During post-delivery stage, the requirements of 

qualification (licensing) and training of personnel to operate the reactor, preventive maintenance plan, 

design improvement based on failures and configuration management are applicable. 

(vi)  Human Reliability Analysis: A compendium of methods, data and event studies for Nuclear 

Power Plants 2008. 

 

6.2 Defence Research and Development Organisation (DRDO) 

(i) DRDO Quality and Reliability Policy Guidelines, 2020 [8]. 

The above mentioned document has given the requirements of Quality and Reliability during design 

stage, testing stage and manufacturing stage. During design stage, the requirements are Quality 

Function Deployment, fixing reliability goals, design FMEA, human factor and ergonomics 

assessment, reliability estimation, Quality Assurance Plan, Maintainability evaluation, reliability 

growth, design review and configuration management. During testing stage, the requirements are 

Qualification Tests, Reliability Demonstration and Acceptance tests. During manufacturing stage, the 

requirements are process management, configuration control and maintenance plan. 

(ii) DRDO Standard for Software Development (DSSD), 2018 [9]. 

The above mentioned document has given the requirements of Software Quality. The requirements 

include system requirements process; software planning process including development, configuration 

management, V&V, certification and quality assurance; software requirements process, hardware-

software integration process, and the responsibilities and training of personnel. 

(iii) Design Development and Production of Military Air Systems and Airborne Stores (DDPMAS), 

2021 [10]. 

The above mentioned document has given the procedure and requirements for Design Certification of 

the airborne product. It has covered the aspects of design adequacy, test adequacy, testability and 

system safety. 

(iv) DRDO Policy and Procedures for Transfer of Technology, 2019. 

The above mentioned document has given the ToT requirements. The requirement of maintaining the 

quality of product and following of quality standards by the manufacturer (to whom ToT has been 

done) is given. 

(v)  DRDO Procurement Manual, 2020. 
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The above mentioned document has given the procurement requirements and procedures. The 

requirements mentioned are inclusion of quality parameters and standards in RFP/Tender and demand 

of Certificate of Quality from the vendor during acceptance of the material. 

 

6.3 European Space Agency (ESA) 

(i) An overview of current and future ESA activities related to Quality Assurance framework for 

Earth Observation (QA4EO), 2010 [11]. 

The above mentioned document has given the requirement of Quality Assurance and control 

activities. The quality assurance is divided into pre-launch, commissioning, and operational (including 

long term QA) phases. In pre-launch phase, the requirements of quality standards in technical 

requirements, calibration of instruments/payloads of satellite, and validation of new systems are 

given. In commissioning phase, after launch the performance of the payload sensors is tested through 

in-orbit verification to identify and correct the payload glitch, geophysical validation and 

commissioning review. In operational phase, the activities performed are preventive maintenance, 

corrective maintenance, and life time analysis of sensors. 

(ii) ESA Product Assurance Standards. 

This includes the important standards related to QA requirements (PSS-01-20: QA requirements for 

ESA space systems superseded by ECSS-Q-ST-20), Reliability Assurance (PSS-01-30: Reliability 

Assurance Requirements for ESA space systems superseded by ECSS-Q-ST-30),  Configuration 

Management, System Safety, Maintainability, Material and Process Selection and Quality Control, 

Software QA Plans, QA for  Test Houses, De-rating requirements, and User  requirements. 

 

6.4 Indian Space Research Organisation (ISRO) 

(i) RFP for ISRO Ka Band high throughput Satellite (HTS), Product Assurance Requirements, 2015. 

The above mentioned document has given the requirement of QA Program which includes 

Procurement Controls, Manufacturing Controls, Workmanship, Testing and Inspection, Software 

QA). It has also mentioned the requirement of Reliability Management which includes Reliability 

Engineering Assessments, Failure Reporting and Corrective Action, and Critical Items Control. 

Requirements of Configuration and Data Management, MIL Standards, ESA Standards and NASA 

Standards is also given in the document. 

(ii) RFP- Reliability and Quality Assurance requirements for Hermetically sealed GaN devices, 

Surface Mount Mixers. 

The above mentioned document has given the requirement of ESA and MIL standards, Reliability 

Goals including Minimum life of 18 years and Failure Rate, Tolerances, Environmental Conditions, 

Materials – Qualification, Process Control, Test Philosophy/ Program (Failure Criteria, Reporting and 

Analysis), and Documents list. 

(iii) RFP for rate contract of fabrication, assembly, testing and screening of Space Qualified High 

Power Waveguide Circulators. 

The above mentioned document has given the requirement of R&QA requirements, Mechanical Parts/ 

Materials, Qualification and Screening Test Program, and Non Conformance Management. 

(iv) Quality Management for space systems in ISRO 2009 [12]. 

The above mentioned document has given the requirement of Reliability Management (Design 

Review, Parts and Material selection, Inspection and Quality Control, Test and Evaluation, Failure 

Analysis and Corrective Action Procedure, Reliability Analysis, Configuration Management, Non 

Conformance Control, Waiver Methodology), Software Quality Assurance (SQA activities, V&V), 

Test Facilities, and Standardization (25 Product Assurance Specifications). 
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(v) Qualification Philosophy of Indigenously Developed Crystal Oscillators for Space Applications 

2019 [13]. 

The paper published by ISRO personnel gives the requirements of qualification. The elements of 

vendor assessment, design and QC document, design review, procurement evaluation, and process 

and product qualification by following testing standards are recommended and followed. 

(vi) Quality Assurance of Mission Design for Satellite Launch Vehicles 2019 [14]. 

The paper published by ISRO personnel gives the requirements QA for Mission Design. The elements 

of quality followed in this are capturing of requirements, trade-off analysis of design, design reviews 

to ensure design adequacy, configuration control, documentation, testing plan, design validation 

through testing, quality of testing data and post testing analysis for feedback resulting in design 

improvement. 

(vii) Technology Transfer Trends in Indian Space Programme 2010 [15]. 

The paper published by ISRO personnel gives the brief about ToT policies, and benefits of ToT. The 

support for quality control and testing is provided by ISRO to the ToT partner.  

(viii) Revised Technology Transfer Policy Guidelines 2020. 

(ix) Workmanship Standards for the fabrication of electronic packages, 2012. 

(x) Datasheets of Indigenized materials, 2017. 

The above mentioned document has given the requirements of Qualification Tests and 

Characterization. 

 

6.5 National Aeronautics and Space Administration (NASA) 

(i) NASA Reliability and Maintainability (R&M) Program Policy, revalidated in 2018 [16]. 

The above mentioned document gives the responsibilities of Chief, Administrators, Program 

Managers and Project Managers for implementation of Reliability and Maintainability practices in the 

project. The reliability and maintainability requirements are given in NASA-STD-8729.1, NASA 

Reliability and Maintainability (R&M) Standard For Spaceflight and Support Systems. 

(ii) NASA Quality Assurance Program Policy, revalidated in 2018 [17]. 

The above mentioned document is the NASA policy for Quality Assurance in its programs. It is 

supported by NASA standards for Safety and Mission Assurance audits, reviews and assessment; and 

workmanship standards for various QA activities. 

(iii) NASA Parts Policy, revalidated in 2019 [18]. 

The above mentioned document is a NASA policy to enhance reliability in NASA flight and ground 

systems by controlling the acquisition and testing of Electrical, electronic, electromechanical and 

mechanical parts. It is supported by NPR 8735.1, Exchange of Problem Data Using NASA Advisories 

and the Government-Industry Data Exchange Program (GIDEP); and NASA-STD-6008, NASA 

Fastener Procurement, Receiving Inspection, and Storage Practices for Spaceflight Hardware. 

(iv) 8000 – Safety, Quality, Reliability, Maintainability. 

The above mentioned document has given the requirements in the form of standards for Safety and 

Mission Assurance, Workmanship Manual, NASA Reliability and Maintainability Standard (NASA-

STD 8729-1), Software Assurance and Software Safety Standard. 

(v) Audit Report - NASA’s Parts Quality Control Process, 2017. 

The above mentioned document has given the requirements of Parts Management Process. 
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(vi) NASA Facilities Design Guide, 2012. 

(vii) Methodologies for Qualification of Additively Manufactured Aerospace Hardware, 2019. 

 

7. INTERACTION DIAGRAMS  

A semi-structured focus group discussion study was scheduled to develop the Interaction diagrams for 

different R&D organizations. Eight highly qualified professionals working in field of R & D 

management and average experience of 15 years were chosen as participants of focus group. The 

focus group discussion lasted for 80 minutes. In first 20 minutes the details of documents available 

online pertaining to Q&R activities in different organizations was presented to the group by 

moderator.  Then there was discussion within the group for 50 minutes. Finally in the last 10 minutes 

the agreement points of the group were debriefed by the moderator. It was done in a controlled 

manner with targeted questions related to interaction diagram. The result is presented in subsequent 

paragraphs. 

The linking of documents with eight Quality and Reliability Factors, for different organisations is 

shown from Figure 2 to Figure 6. Several documents address all eight QRFs. Good practice of making 

own technical and management standards is followed by ESA and NASA. The organization like 

ISRO, DRDO and AEC-RCs follow MIL, NASA, ESA and other national/ international standards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2: Interaction diagram for AEC-RCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Interaction diagram for DRDO 
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Figure 4: Interaction diagram for ESA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Interaction diagram for ISRO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Figure 6: Interaction diagram for NASA 
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8. CONCLUSION 

To conclude, the QA & R mechanisms of different organizations are compared and mapped with the 

eight QRFs. It is seen that NASA and ESA stand different from other R&D organizations in the 

requirement of Quality Factor of Standardization. These two organizations have prepared their own 

standards for the required processes and for product specifications. NASA has standards specific to 

their policies. This can be followed by other R&D organisations. 

ISRO, DRDO and AEC-RCs follow MIL, NASA, ESA and other national/ international standards for 

their products. DRDO has a comprehensive Q&R Policy Guidelines which covers the Q&R 

requirements during all stages of the product. It has the reliability requirements ranging from QFD, 

FMEA to FRACAS. Detailed guidelines like this can be followed by all organizations for design 

quality improvements. 
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Abstract- In this paper, we introduce a dual-band antenna with a defected ground plane (DFP) for 5G 

wireless applications. We use this antenna for two applications into lower 5G and 5.8 GHz Wi-Fi 

bands, these two application bands are- worldwide interoperability for microwave access (WiMAX) 

and wireless local area network (WLAN) with 3.5 GHz and 5.8 GHz central frequencies respectively. 

This design gives high gain and very wide bandwidth for both bands. Computer simulation 

technology (CST) microwave studio V.18 simulator is used to analyze the performance of the 

antenna. The achieved results are return loss is -24.3dB, -33.4 dB, gain 3.71dB, 5.50dB and 

bandwidth (for S11≤-10dB) 938.8MHz, 1038MHz respectively. 

Keywords- Bandwidth, CST, DFP, Dual-band 5G Antenna, Gain, WiMAX/WLAN  

 

1. INTRODUCTION 

With the evolution of wireless technology, it is relevant to cover multiple bands with a single device 

[1-13]. Now there is a new generation of technology called 5G that is used for mobile communication 

which has a range of frequencies from 3.4GHz to 3.6GHz this band is also known as WiMAX [1-13]. 

Also, there is a new Wi-Fi band called 5.8 GHz Wi-Fi is used in place of 2.45 GHz Wi-Fi because at 

present there is so much crowd at 2.45GHz Wi-Fi. The 5.8GHz Wi-Fi band is also called 5.8 GHz 

WLAN and has a range of frequencies from 5.725GHz to 5.825GHz [1-13].  

 

Microstrip antenna is very popular now a day because it is very cheap, smaller in size, light in weight, 

reliable, easy to fabricate & easy to install on other devices. Slots are used for creating new resonating 

frequencies. It also decreases the bigness belonging to the aerial [1-13].    

  

A dipole aerial is an antenna whose length is half times its wavelength i.e. /2. But, a monopole 

antenna is an antenna with a length equal to one by fourth times its wavelength i.e. /4. So the 

monopole antenna’s size is 50% of the dipole antenna [1-13]. 

 

A defective ground plane is achieved by etching the required shape and size on the ground plane. It is 

used for minimizing the size of the antenna, impedance matching, increments in gain & bandwidth. 

Hence this technique gives extra freedom for designing an antenna [10-13]. 

                

In this present work, we proposed a dual-band slotted trident monopole antenna for dual-band 

(DBSTMA) by using a defected ground plane (DGP) for 5G band and 5.8 GHz Wi-Fi applications, 

hence we abbreviate this design as DBSTMA/DGP. Our main concern is to increase the bandwidth 

and gain for both the frequency bands so, this antenna performs better performance.  

In this remaining paper, the layout of the aerial is expressed in sector 2 after that results and 

discussion are given in sector 3, & at the end, we conclude this work in sector 4. 

 

2. ANTENNA DESIGN 

In this part first, we present the layout development & determine the aerial specifications then we 

studied the specifications belonging to the aerial layout. 

 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
https://www.sciencedirect.com/science/article/pii/S0950423015300991
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2.1 Design process 

The final size of DBSTMA/DGP aerial is 108mm x 105mm. Firstly; we determine the microstrip feed 

line width using formulae (1) & (2) 

      
𝑊

ℎ
=

8𝑒𝐴

𝑒2𝐴−2
                                                                                                                  (1) 

Where ‘W’ & ‘h’ represent the width of the microstrip feed line & thickness of the substrate 

respectively. 

        𝐴 =
𝑍0

60
√

𝜀𝑟+1

2
+

𝜀𝑟−1

𝜀𝑟+1
(0.23 +

0.11

𝜀𝑟
)                                                                              (2) 

 Where Z0 represents a characteristic impedance of a microstrip feed line and r is relative permittivity 

[11]. 

                           Substituting h = 1.6mm, Z0 = 50 and r = 4.3 into formulae (1) and (2), we obtain 

W = 3.11mm [11], but after optimization we finally get W = 4mm as displayed in table 1. The side 

view about the designed antenna is shown in Fig. 1 whereas the front and the rare view are shown in 

Fig. 2(a) and 2(b) respectively [6]. The optimized parameter of the antenna with parameter meaning 

and value in mm. is tabulated in table 1. 

 
Fig 1: Side view of the DBSTMA/DGP antenna 

                        
                                            (a)                                                                          (b) 

Fig 2: The geometrical figure of DBSTMA/DGP (a) Front & (b) Rare view 

To estimate a central frequency of the frequency bands of required printed monopole antennas, the 

usual formulae provided for cylindrical monopole antenna possibly utilized including acceptable 

improvement [3]. These equations are designed for the printed microstrip monopole antennas [3]. If 

‘X’ denotes the height of the printed microstrip monopole antenna in mm, that is secured as identical 

as that of an analogous cylindrical monopole, and ‘r’ in mm is the logical radius of the identical 

cylindrical single-pole aerial [3] as shown in Fig.3(a), which is decided by equalizing the area of the 

printed microstrip & cylindrical monopole antennas, after that the central frequency is provided as [3]   

  𝑓𝑐 =
𝑐


=

7.2

(𝑋+𝑟+𝑝)
                             (3.a)      &                𝑓𝑐 =

0.24𝑐

(ℎ+𝑟)
 , 𝑟 ≤



20
                                  (3.b) 

Where ‘p’ denotes the 50 microstrip feeding line length in mm, ‘c’ denotes light’s speed, ‘h’ 

denotes substrate’s height which is 1.6 mm, and ‘’ denotes wavelength [3]. Concerning Fig.3, X & r 

are calculated as follows [3]. For planar rectangular monopole antenna (PRMA), if length = X and 

width = Y as shown in Fig. 3(b), then 

  𝑋 = 𝑋, 𝑟 =  
𝑌

2𝜋
                                                                                                                             (4)  

For planar triangular monopole antenna (PTMA) [3], if the side length is T as shown in Fig. 3(c), then 
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     𝑋 = 𝑋, 𝑟 =  
𝑇

4𝜋
                                                                                                                         (5) 

For the required design, [3] equations (3) and (5) are used in the lower frequency band i.e. 5G band 

which has a frequency range 3.4GHz – 3.6GHZ, so the central frequency for this band is 3.5GHz. 

After calculation we get, X = 21.425 mm and T = 26.9 mm. Equations (3) and (4) are used for higher 

frequency band i.e. 5.8 GHz Wi-Fi which have a frequency band 5.725GHz – 5.825GHz, so the 

central frequency for this band is 5.8 GHz. After calculation we get, X = 12.931 mm and Y = 16.24 

mm. 

Table 1: Optimized parameters of the DBSTMA/DGP antenna 

Parameter Parameter meaning Value, mm 

L Substrate length 103 

W Substrate width 108 

Lg Ground length 30 

Wg Ground width 90 

L1 Length of central microstrip patch 38.4655 

W1 Width of central  microstrip patch 18 

L2 Length of rectangular microstrip patch 12.331 

W2 Width of rectangular microstrip patch 6.76 

Lc Length of horizontal connecting microstrip line of patch 2 

Wc Width of horizontal connecting microstrip line  of patch 59.24 

La Length of vertical  connecting microstrip line  of patch 3 

Wa Width of vertical  connecting microstrip line  of patch 2.24 

Lf Microstrip feeding line length 5.7345 

Wf Microstrip feeding  line width 4 

 

                                                     
                  (a)                                                      (b)                                                    (c) 

Fig 3: Design process of monopole antennas (a) Equivalent cylindrical monopole antenna, (b) PRMA, 

and (c) PTMA 

2.2 Parameter analysis 

 

 Here, we desire to study the specifications to interpret the aerial’s functioning. As you can see from 

model 3, the antenna is developed which is worked on 3.5GHz & 5.8GHz at the same time. 

           

                 (a)                                    (b)                                   (c)                                    (d) 

Fig 4: Patch designing process (a) Single-Band Antenna, (b) Dual-Band Antenna, (c) Slotted Dual-

Band Antenna,  and (d) Optimized Defected Ground Plane 
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Step-1. As shown in Fig.4(a), we design a triangular single-band antenna that worked at 3.5 GHz as 

graphed in Fig.5 by blue line model 1. This triangular antenna is designed with the use of PTMA 

design equations (3) and (5).  

Step-2. Fig.4(b) represents a dual-band antenna or model 2 of the patch designing process in which 

two identical PRMA antennas are attached on both sides of model 1 through horizontal E-shaped 

connecting microstrip. These two antennas are worked at 5.8 GHz, so complete geometry is worked at 

both 3.5GHz and 5.8GHz simultaneously, as displayed in Fig.5 [6] by red line model 2 and designed 

with the use of PRMA design equations (3) and (4).  

Step-3. Fig.4(c) represents a slotted dual-band antenna or model 3 which is a slotted version of model 

2. In model 3, we use rectangular & elliptical slots for enhancing the return loss parameter at both 

bands. The return loss for this model is given by the green line in Fig.5. 

The final optimized defective ground plane for each model is shown in Fig.4(d). The comparison of 

the return loss of each model is graphed in Fig.5.  

 

Fig 5: Graphical representation of return loss of each model 

The parametric comparison of frequency bands, return loss, and bandwidth of each step of the patch 

designing process is tabulated in Table 2, from which we can observe that model 3, is much better 

than model 1 and model 2 for our requirements. But if we want to avoid slots in patch designing 

model 2 is also a good design. 

Table 2: Comparison table of frequency bands, return loss, & bandwidth of each model 

Model 

no. 

Frequency band Return loss (in dB) at a 

frequency (in GHz) 

Bandwidth, GHz 

 5G 5.8 GHz Wi-Fi 5G 5.8 GHz Wi-Fi 5G 5.8 GHz Wi-Fi 

Model 1 Yes No -13.6 at 3.5 - 3.28 - 3.8 - 

Model 2 Yes Yes -22.1 at 3.4 -23.9 at 5.64 2.92 - 3.86 4.94 - 6.17 

Model 3 Yes Yes -24.02 at 3.3 -33.42 at 5.6 2.88 - 3.81 4.98 - 6.02 

 

The width and length about the DGP is a very important parameter for the antenna design. The effect 

of change of the width and length of the ground plane (as you can see these are denoted by “x” and 

“y” parameters) on return loss or S11-parameter (i.e. S-parameter at port 1), gain, input impedance, 

and input admittance parameters are shown from Fig.6 to Fig.8. 

       
                                  (a)                                                                         (b) 
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Fig 6: The outcome of the DBSTMA/DGP antenna for change in the width of the defected ground 

plane (a) S11- parameter (in dB) or Return Loss and (b) Gain 

 
Fig 7: Effect on the Impedance (in ohm) performance of the antenna for change in the DGP width 

The above results of the effect of [12] change of width and length of the DGP (i.e. x & y) are 

explained in Fig.7, which show that changes of x lead to a notable change of the patch’s feed-in 

impedance (Z in ohm). Specifically, from Fig.7 we able to notice that on the condition x = 45mm, Z  

50 ohms, hence we achieved better impedance matching. This means that this SMA connector and 

antenna are matched very well. Similar results we can get for y = 0mm. 

Table 3: Effects on the return loss, bandwidth, & gain of the DBSTMA/DGP antenna for change in 

the width of the defected ground plane  

x-

Paramete

r, mm 

Return loss (in dB) at 

resonating frequency (in 

GHz) 

Bandwidth, GHz Maximum gain (in dB) at a 

frequency (in GHz) 

Lower Band Upper Band Lower 

Band 

Upper Band Lower Band Upper Band 

5 -51.88 at 4.6 -14.15 at  

5.85 

4.23 – 5.05  5.53 – 6.29  5.89  at 

4.758 

4.25 at 5.523 

14.8 -13.46 at 2.97 -13.97 at 5.64 2.27 – 3.40  5.35 – 5.859  4.74  at 

3.404 

4.37  at 

5.346 

24.6 -14.96 at 3.06 -26.70 at 5.96 2.347 – 

3.28  

5.495 – 

6.556  

4.76  at 

3.279 

5.52 at 5.5 

34.4 -13.16 at 3.27 -23.56 at 5.49 3.048 – 

3.55  

4.34 – 5.897  3.64 at 

3.048 

6.17 at 5.5 

44.2 -23.51 at 3.27 -38.89 at 5.61 2.90 – 

3.837  

4.986 – 

6.018  

4.30  at 

3.847 

5.89 at 5.5 

45 -24.32 at 3.26 -33.42 at 5.60 2.88 – 3.81  4.981 – 6.02  4.38 at 

3.814 

5.82 at 5.5 

54 -28.48 at 3.20 -28.63 at 5.41 2.707 – 

3.56  

4.849 – 5.90 3.312  at 

3.56 

5.65 at 5.90 

Next, we define y-parameter as, coordinates (in mm) of ground plane from (-x, -45+y, 0) to (x, -15, 

0.0368). It is evident from fig. 8(a) and fig.8(b) that, when y = -12mm antenna works as a dual-band 

antenna which resonates at  3.3 GHz and 5.635 GHz after that as we increase “y” up to 25mm the 

dual-band resonating frequencies, bandwidth, and also gain change. But the best results are getting at 

y = 0mm. All results are calculated for x = 45mm. The detailed effects on the return loss, bandwidth, 

and gain of the designed aerial for change in length of the defected ground plane [4] are tabulated in 

table 4. 
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                                     (a)                                                                   (b) 
Fig 8: The outcome of the antenna for change in the length of the defected ground plane (a) S11- 

parameter (in dB) or Return Loss and (b) Gain 

Table 4: Effects on the return loss, bandwidth, & gain of the proposed antenna for change in length of 

the defected ground plane 

y-

Parameter, 

mm 

Return loss (in dB) at resonating 

frequency (in GHz) 

Bandwidth, GHz Maximum gain (in dB) at a 

frequency (in GHz) 

Lower Band Upper Band Lower Band Upper Band Lower Band Upper Band  

- 12 -23.496 at 3.3 -33.87 at 5.64 2.972 – 3.745 4.934 – 6.028 3.346 at 3.745 6.06 at 5.2498 

-4.6 -23.049  at 3.28 -42.35 at 5.61 2.926 – 3.779 4.59 – 6.034 3.7624 at 3.78 5.8182 at 5.5 

0 -24.32 at 3.26 -33.42 at 5.60 2.88 – 3.814 4.981 – 6.019 4.38 at 3.8143 5.82 at 5.5 

2.8 -26.105 at 3.25 -31.164 at 5.6 2.88 – 3.805 4.9997 – 6.01 4.621 at 3.80 5.8819 at 5.5 

10.2 -67.610 at 3.23 -34.26 at 5.62 2.849 – 3.67 4.997 – 6.015 3.8328 at 3.67 6.5909 at 5.5 

17.6 -22.93 at 3.245 -34.0 at 5.565 2.911 – 3.594 4.999 – 5.996 3.313 at 3.59 6.4574 at 5.75 

25 -15.438 at 3.29 -19.78 at 5.57 3.035 – 3.549 5.1606 – 5.94 3.2271 at 3.5 5.894  at 5.94 

 

3. Result discussion  
We design the aerial on FR4 (lossy) material with thickness 1.6 mm, the relative dielectric constant 

4.3, & loss tangent 0.025 as displayed in Fig.2. Fig. 9 displays the S11 parameter simulated by [11] 

CST microwave studio tool V.18. 

         It is noticed from Fig.9 that the designed antenna displays the dual-band [11] characteristics & 

has an S11 parameter less than -10 dB at 3.5GHz & 5.8GHz for both the required bands i.e. 5G band 

& 5.8 GHz Wi-Fi band respectively. In Fig. 10, 938.8 MHz, and 1.038 GHz show the wide 

bandwidths we are getting at 5G and 5.8 GHz Wi-Fi bands respectively. 

 
Fig 9: Return loss or S11 parameter of the DBSTMA/DGP antenna 

 

Also, voltage standing wave ratio i.e. VSWR, gain, and radiation property at different frequency 

bands are important properties for multi-band antenna design [11]. The ideal VSWR is 1, the practical 

VSWR is1.5 or less but for bandwidth measurement purposes the utmost value of VSWR is 2. Fig. 10 

gives the simulated [11] VSWR of the designed antenna. As you can see from Fig. 11, the value of 
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simulated gain of the designed antenna varies from 1.5 up to 5.8 [11]; the maximum peak gains are 

3.711 dBi and 5.503 dBi at 3.5GHz and 5.8GHz frequencies respectively [6].   

   Fig.12 shows the simulated radioactivity designs in the x-z face & y-z face at 3.5GHz & 5.8GHz 

frequencies [11]. The x-z face radioactivity designs are bi-directional and y-z face radioactivity 

designs are directional at 3.5GHz & 5.8GHz frequencies. 

       
Fig 10: The DBSTMA/DGP antenna’s VSWR          Fig 11: The DBSTMA/DGP antenna’s Gain 

The simulation results of surface current for the proposed antenna are displayed in Fig.13, where red 

and blue colours are utilized to show the maximum and minimum intensity of surface current on the 

planned aerial. Fig.13(a) & (b) display the surface current plots at the required cut-off frequencies i.e. 

at 3.5GHz for 5G band & 5.8GHz for 5.8GHz Wi-Fi band with maximum values of it in A/m(log) 

57.5 & 66.7 respectively and minimum value is 0 A/m(log) in both case.  
 

          

                (a)                                                                                       (b) 
 

     
                (c)                                                                          (d) 

 

Fig 12: Simulated far-field radiation patterns of the DBSTMA/DGP antenna at 3.5GHz & 5.8GHz  

respectively. (a) 3.5GHz in y-z plane, (b) 3.5GHz in x-z plane, (c) 5.8GHz in y-z plane, and (d) 

5.8GHz in  x-z plane 

 



 
 

393 | P a g e  
 

                                  
                                   (a)                                                                                    (b) 

Fig 13: Surface Current of the DBSTMA/DGP antenna at (a) 3.5GHz, & (b) 5.8GHz 

 

Table 5: The analogy of planned work alongside past reported antennas 

 

We compare the presented antenna design with old published articles [1], [5], [11], & [13] for the 

justification of the favour of the proposed antenna and this analogy is tabulated in Table 5. 

Comparison of the proposed antenna with [5], here thickness and material of substrate both are same 

so when we increase the size of the substrate the values of gain and frequency bandwidth increase 

from 1.4dBi to 3.8dBi and 300MHz to 938.8MHz for WiMAX band & from 1.8dBi to 5.5dBi and 

150MHz to 1038MHz for WLAN band respectively.  
 

4. Conclusions 

The dual-band trident monopole antenna with the defected ground plane for 5G band and 5.8GHz Wi-

Fi applications is proposed. This proposed antenna gives high gain and very wide bandwidth for both 

the bands, which is our target. The simulated outcomes of the proposed antenna display that it entirely 

covers the required bands. According to simulated results, the bandwidth for the 5G band is 

938.8MHz and the 5.8 GHz Wi-Fi band is 1.038GHz, the gain is 3.711dBi at 3.5GHz & 5.503dBi at 

5.8GHz, also the surface current for the 5G band is 57.6 A/m(log) and for 5.8GHz band is 66.7 

A/m(log). The radiation patterns are bidirectional for both bands at the x-z plane. Hence this indicates 

that the designed antenna is a great applicant in favour of 5G band & 5.8GHz Wi-Fi applications. In 

the future, we will fabricate this design, measured the results, and do comparisons with simulated 

results. 
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Abstract 

The World Health Organization (WHO) declared COVID-19 as a pandemic in the month of March, 

2020. Transmission of the virus is easily from human to human thus social distancing is the only 

method till date. Nationwide Janata Curfew was declared for a single day in India to fight against the 

Covid-19 pandemic. This was done just before few days of lockdown declaration and the people of 

India followed it on a serious note. All the vehicles and non-essential services and industrial units 

were brought to halt. Emissions of pollutants were decreased significantly, due to the shutdown of 

anthropogenic activities. However, this affected the economy of the nation but at the same time 

benefiting the environment. In this study, the air quality of different cities of India, during Janata 

curfew and lockdown has been analyzed in order to see the impact and found significant improvement 

in air quality index (about 38.88% reduction in Air Quality Index). Mobility index has also been 

analyzed and found huge reduction (except residential) in retail and recreation, grocery, pharmacy, 

and workplace. 

Keywords: Janata Curfew, lockdown, Air Pollution, India 

 

1. Introduction 

Particulate matters are multi-component mixture which originate from various sources(Murari et al., 

2017). Air pollution in India has come up as a propagated concern(Sharma et al., 2020).A report from 

World Health Organisation (Ambient air pollution, Year 2016) estimates that nearly 3 million of 

population die annually from the disorder caused by air pollution, also more than 80% population of 

urban areas are directly or indirectly exposed to the air quality that have exceeded safe limits(WHO).  

Covid-19 has positive as well as negative indirect  effect on environment(Zambrano-Monserrate et al., 

2020). As it is spreading throughout the world, medical waste management will be a big issue(Saadat 

et al., 2020). Lockdown due to covid has affected the global economy(Wang and Su, 2020), however 

lockdown has a positive impact on the environment too(Muhammad et al., 2020). NO2 is released in 

the atmosphere are due to anthropogenic activities(Ogen, 2020).Scientists from NASA reported that 

NO2 reduction was observed near Wuhan and slowly over world(Dutheil et al., 2020). 

The first confirmed case of coronovirus disease (Covid-19) in India was reported in January 2020 at 

Kerala. Covid-19 Started its journey in late December from China and within months it covered many 

countries (Dantas et al., 2020). Lockdown throughout the world was declared in order to fight against 

this pandemic(Wang et al., 2020). In the month of March, novel corona virus started spreading rapidly 

in India. Thus Government of India declared one day Janata Curfew nationwide on 22nd March 2020 

and soon after which on 25th march lockdown was announced till 14th April(1st Phase) later on it was 

extended up to 3rd May(2nd Phase) 2020. One day curfew was followed strictly and the people of India 

took it positively. The major sectors contributing to air pollution were brought into halt on the day of 

Janta Curfew. As per CPCB (Central Pollution Control Board, Delhi) report published on 

31stMarch2020, restriction on travelling and shutting down non essential services in the nation 

including those of air polluting sectors resulted in improvement in air quality in many cities of India. 

mailto:vkumar.phd.ce2019@nitrr.ac.in
mailto:avahirwar.ce@nitrr.ac.in
mailto:adprasadiit@gmail.com
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Air quality and mobility data, during Janata Curfew has been summarized in this study. Also the two 

phases of the lockdown has been analyzed in order to see the impact on air quality of the cities. 

2. Study Area & Methodology 

Data from CAAQM (Continuous Ambient Air Quality Monitoring) station has been obtained in the 

present work. Major cities were selected which are highly populated and among most polluted cities 

of the country having highest population density. Total of 26 locations has been selected so that 

maximum part of India can be covered. Locations have been shown by preparing study area map fig 1 

in QGIS. AQI (Ambient air quality index), PM10, PM2.5 and mobility index were taken to see the 

impact of Janata Curfew and lockdown on different cities of India. The AQI (Air Quality Index) on 

22nd March, 2020 at 7am (Janata Curfew imposed) and AQI on 23rd March, 2020 at 7am were 

analysed and changes were recorded in order to see the impact. Also the data were acquired from 24th 

March 2020 to 14th April 2020(1st Phase) and 15th April 2020 to 3rd May 2020 (2nd Phase) of the 

lockdown period. Also with this mobility index has also been analysed. 

 
Figure 1: Study area map 

3. Result & Discussions 

3.1. Assessment of pollution during Janata Curfew  

The AQI values of most of the cities across India were recorded as good and satisfactory after the 

Janta Curfew. The details of AQI of cities with million plus population have been summarized in table 

1, and found about 38.88% reduction on an average. In order to understand the quality of air more 

deeply the values of PM10 and PM2.5 of different cities has been tabulated in table 2 and table 3 and 

the changes between the levels has been found out. The comparison of PM2.5 and PM10 has been done 

graphically in figure 3, figure 4 respectively. Changes in the level of particulates matter have been 

observed and decrease in level has been show by negative sign. 
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Table 1: Comparison of AQI of different cities during janata curfew 

Sno. City 

AQI on 22nd March, 

2020 at 7am (Janta 

Curfew imposed) 

AQI on 23rd 

March, 

2020 at 7am 

Change on 23rd 

in comparison 

to 22nd March, 

2020 

1 Kolkata 63 38 -25 

2 Lucknow 127 121 -6 

3 Hyderabad 107 67 -40 

4 Patna 213 149 -64 

5 Chandigarh 69 38 -31 

6 Delhi Delhi 192 117 -75 

7 Ahmedabad 138 113 -25 

8 Faridabad 199 107 -92 

9 Bengaluru 88 63 25 

10 Thiruvananthapuram 58 53 -5 

11 Bhopal 148 99 -49 

12 Nagpur 58 38 -20 

13 Shillong 83 37 -46 

14 Amritsar 96 73 -23 

15 Jaipur 89 72 -17 

16 Varanasi 137 86 -51 

17 Meerut 223 125 -98 

18 Ghaziabad 237 178 -59 

19 Agra 102 101 -1 

20 Jodhpur 136 107 -29 

21 Ludhiana 94 37 -57 

22 Pune 88 81 -7 

23 Aurangabad 75 66 -9 

24 Jabalpur 96 78 -18 

25 Indore 137 110 -27 

26 Panipat 236 120 -116 

Table 2: Comparison of PM10 of different cities during janata curfew. 

Sno. City 

PM10 on 22nd 

March, 2020 at 

7am (Janta 

Curfew 

imposed)(µg/m3) 

PM10on 23rd 

March, 

2020 at 

7am(µg/m3) 

Change on 23rd in 

comparison to 22nd 

March, 2020(µg/m3) 

1 Kolkata 37 28 -9 

2 Hyderabad 108 62 -46 

3 Patna 206 113 -93 

4 Chandigarh 69 38 -31 

5 Delhi Delhi 180 100 -80 

6 Ahmedabad 119 113 -7 

7 Faridabad 192 107 -85 

8 Bengaluru 85 48 -37 

9 Thiruvananthapuram 64 56 -8 

10 Bhopal 148 99 -49 

11 Nagpur 58 38 -20 

12 Shillong 69 27 -42 
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13 Amritsar 96 73 -23 

14 Jaipur 64 56 -8 

15 Meerut 192 107 -85 

16 Ghaziabad 173 108 -65 

17 Jodhpur 136 107 -29 

18 Ludhiana 94 37 -57 

19 Pune 61 46 -15 

20 Aurangabad 72 66 -6 

21 Jabalpur 96 76 -20 

22 Indore 137 110 -27 

24 Panipat 236 120 -116 

Table 3: Comparison of PM2.5 of different cities during janata curfew. 

Sno. City 

PM2.5 on 22nd 

March, 2020 at 

7am (Janta 

Curfew imposed) 

(µg/m3) 

PM2.5on 23rd 

March, 

2020 at 

7am(µg/m3) 

Change on 23rd in 

comparison to 22nd 

March, 2020(µg/m3) 

1 Kolkata 56 31 -25 

2 Lucknow 219 150 -69 

3 Hyderabad 69 52 -17 

4 Patna 297 196 -101 

5 Chandigarh 36 26 -10 

6 Delhi Delhi 254 120 -134 

7 Ahmedabad 138 79 -62 

8 Faridabad 199 129 -70 

9 Bengaluru 64 43 -21 

10 Thiruvananthapuram 60 51 -9 

11 Bhopal 117 60 -57 

12 Nagpur 47 30 -17 

13 Shillong 83 37 -46 

14 Amritsar 56 36 -20 

15 Jaipur 49 42 -7 

16 Varanasi 137 86 -51 

17 Meerut 214 112 -102 

18 Ghaziabad 195 134 -61 

19 Agra 102 101 -1 

20 Jodhpur 131 91 -40 

21 Ludhiana 68 33 -35 

22 Pune 61 46 -15 

23 Aurangabad 75 60 -5 

24 Jabalpur 78 62 -16 

25 Indore 90 84 -6 

26 Panipat 228 87 -141 

 

3.2 Assessment of pollution during different phases of lockdown 

From the data it was observed the soon after the declaration of lockdown the levels of particulate 

matter came under the satisfactory and good category for most of the cities. For most of the cities the 

PM10 and PM2.5level came under permissible limit of National Ambient Air quality Standards which 
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is 100/m3 and 60 µg/m3 respectively. A sudden rise in few cities (mostly industrial area) was observed 

after ending of the 1st phase of lockdown as little liberation was given. Scientist of NASA declared 

that NO2 concentrations over the India also dropped during the lock down and image was released 

which is shown in fig 2. The comparison of particulates matter for the two phases of lockdown has 

been shown in fig 3 and fig 4 respectively. 

 

Figure 2: NO2 concentration over India before and after lockdown  

Source :( NASA https://earthobservatory.nasa.gov/images)  

 

Figure 3: Graphical Comparison of PM2.5 levels during lockdown 
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Figure 4: Graphical Comparison of PM10 levels during lockdown 

3.3. Assessment of mobility index of different states during lockdown 

In addition the data of mobility index from Google also shows that there has been huge reduction in 

the mobility. The table 4 shows the data of mobility index of all the states of India during the 

lockdown. Over all in the country there has been -86%, -51%, -68%, -66%, -41%, +22% changes in 

retail and recreation, grocery and pharmacy, parks, transit stations, workplace and residential 

respectively. 

Table 4: Mobility Index from Google tracking of different States in India 

State/UT 
Retail & 

recreation 

Grocery 

& 

pharmacy 

Parks 
Transit 

stations 
Workplace Residential 

Andaman -91% -79% -72% -85% -28% +30% 

Andhra Pradesh -85% -46% -65% -58% -32% +22% 

Arunachal Pradesh -71% -43% -20% -60% -3% +15% 

Assam -82% -44% -33% -62% -25% +18% 

Bihar -79% -22% -23% -57% -24% +13% 

Chandigarh -95% -44% -99% -84% -61% +27% 

Chhattisgarh -80% -33% -65% -68% -22% +19% 

Dadra  -77% -33% -77% -72% -36% +25% 

Daman -87% -63% -89% -61% -34% +25% 

Delhi -91% -70% -98% -82% -68% +25% 

Goa -81% -59% -79% -57% -30% +23% 

Gujarat -88% -57% -75% -62% -47% +27% 

Haryana -84% -49% -91% -70% -42% +21% 
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Himachal Pradesh -75% -47% -46% -40% -18% +15% 

Jammu  -14% -94% -200% -144% -164% +17% 

Jharkhand -82% -45% -59% 63% -27% +19% 

Karnataka -86% -49% -75% -58% -39% +21% 

Kerala -85% -32% -32% -50% -14% +25% 

Madhya Pradesh -85% -52% -75% -68% -38% +22% 

Maharashtra -89% -59% -79% -74% -53% +26% 

Manipur -82% -38% -28% -39% -19% +12% 

Meghalaya -81% -59% -32% -46% -15% +18% 

Mizoram -82% -9% -22% -38% -21% +9% 

Nagaland -78% -29% -64% -63% -9% +14% 

Odisha -84% -46% -49% -64% -26% +19% 

Puducherry -90% -65% -84% -58% -35% +28% 

Punjab -84% -53% -79% -71% -39% +20% 

Rajasthan -83% -43% -81% -67% -40% +21% 

Sikkim -77% -63% -48% -67% -13% +16% 

Tamil Nadu -91% -70% -55% -67% -44% +26% 

Telangana -89% -49% -72% -68% -46% +24% 

Tripura -83% -38% -25% -62% -16% +17% 

Uttar Pradesh -84% -42% -64% -72% -39% +20% 

Uttarakhand -82% -52% -68% -66% -34% +22% 

West Bengal -86% -43% -60% -68% -37% +22% 

 

4. Conclusion  

In this study, air quality index has been analyzed during Janata curfew and lockdown across the 

country and found significant improvement in air quality (about 38.88% on an average reduction in 

AQI). Mobility index for various states of India, has also been analyzed and found huge changes;-

86%,-51%,-68%,-66%,-41%,+22% in retail and recreation, grocery and pharmacy, parks, transit 

stations, workplace and residential respectively. Non essential services and industrial units were 

closed on the Janata Curfew as well as during lockdown and most of the vehicles were off road. Cities 

with high population density share maximum emission from vehicles and other anthropogenic 

activities, hence air quality improvement was noted for that day and during the two phases of 

lockdown. The impact was more evident on next day of Janata curfew and observed in mid of the two 

phases of lockdown. However these changes in air quality are temporary but serious steps must be 

taken in future to make our environment clean and green.   
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Abstract 

Water pollution is one of the most significant environmental problems all over the world. Today, the 

discharge of dyes into ecosystems remains a critical issue for public health due to its interference in the 

food chain. Methylene blue is a cationic dye that is used in textile, printing and paper industries. 

Development and designing of improved cost-effective methods for removing dyes is a big challenge 

for present time industries. Activated carbon is one of the most used adsorbents to remove pollutants. 

This paper has analysed the use of activated carbon as an adsorbent for methylene blue removal from 

aqueous systems using commercially available and activated carbon obtained from different 

carbonaceous sources. The significance of various reaction parameters like contact time, percentage 

removal, concentration, adsorbent dosage, solution pH, co-ions and temperature have been discussed. 

Kinetic and isothermal studies of adsorption process and mechanism involved during the adsorption 

process of methylene blue are also considered during this review. 

Keywords: water, methylene blue removal, kinetics, Activated carbon, adsorption. 

1. INTRODUCTION 

The industrial revolution and expansion of occupational activities have resulted in the production and 

discharge of pollutants into the environment, creating a threat to aquatic and terrestrial life (Santoso et 

al., 2020). Among all environmental pollutions, dye pollution is a particular concern, as that negatively 

impacts human health and the ecosystem. Due to the easy availability of synthetic dyes, they are used 

in various industries, although they cause skin diseases, nervous, digestive problems and may also lead 

to cancer. Methylene blue (MB), a cationic azo dye (C16H18N3SCl), having a heterocyclic structure, 

used in several fields like paper, rubber, plastic and food industries. 

Treatment methods such as membrane filtration, microfiltration, coagulation, adsorption, 

oxidation, photocatalytic and electrochemical biodegradation have been used to remove the dyes. The 

absorption process is counted as an effective, simple, low-cost process with potential reusability of 

adsorbents (Yang et al., 2011). Presently, to remove dyes, several low-cost and environment-friendly 

adsorbent materials have been described by a number of researchers. Activated carbon (AC) is one of 

the most widely used adsorbents for wastewater treatment. AC is a carbonaceous material with a well-

developed porous texture (large surface area) (Yahya et al., 2018). Due to its versatile nature, AC is 

extensively used to remove toxicants.  

The present work hereby is a summarization of some notable important and significant 

contributions made by various researchers for MB removal using AC as an adsorbent. The paper 

highlights the different experimental factors, adsorption power and mechanism followed by AC 

prepared/ activated from/using different materials. 

 

2. RESEARCH METHODOLOGY 

A thorough literature search was performed to identify the publications related to MB removal using 

AC under different experimental conditions. Online research articles, books, thesis (Web of Science, 
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Scopus, PubMed, and Google Scholar) were searched up to May 2021 using the following research 

strategy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. RESULT DISCUSSION  

3.1 Activated carbon as an adsorbent  

AC is one of the extensively used adsorbents to treat wastewater. AC are amorphous carbonaceous 

materials having high porosity, large surface area and thermostability. A large number of precursor 

materials such as bamboo, sugarcane waste, coconut husk, wood, sawdust and coal are used to produce 

AC. The surface area shown by commercial-grade ACs ranges from 500-3000 m2/g. Due to the 

microporous (pore diameter < 2nm) and mesoporous (pore diameter 2nm - 50nm) nature, AC in both 

Granular and powdered form have a wide application in pollutant removals.   

3.2 Effect of different reaction parameters on adsorption behaviour of Activated carbon  

Different reaction parameters like time taken for maximum dye removal, effect of change in 

concentration, variation of adsorption capacity with dosage of adsorbent, change in pH of solution, 

reaction temperature along with reaction kinetic and isothermal studies were taken into consideration 

while reviewing MB removal using AC based adsorbents. The adsorption capacity and kinetic and 

isothermal studies of few adsorbents have been presented in table 1. 

3.2.1 Contact time effect 

Understanding of correlation between time and the amount of dye absorbed is a crucial factor. From 

analysis of time profile (5 min.-2880 min.) for different AC based adsorbents, it could be found that; 

adsorption was fast during the initial period and then become slow with increase in contact time. It may 

be due to the strong interaction between adsorbent and MB molecules. Factors like surface change, 

availability of the sufficient number of pores and active sites  may lead to higher rate of adsorption 

initially. The adsorption capacity for some adsorbents decreased with increase in contact time, which 

Paper identified through database search (218) 

 Paper after duplication removal (193) 

Full-text articles 

screened (98) 

Full text article excluded with reason 

(95) 

Not related to MB removal (57) 

Not on the process of adsorption (38) 

Excluded duplicate 

data (25) 

Article excluded with reason  

Insufficient data (37) 

 
Full-text articles included in 

the review (61) 
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indicates monolayer formation on the surface of the adsorbent and movement of MB molecule from the 

boundary layer of the adsorbent to the porous surface. 

3.2.2 Effect of concentration 

Concentration (0-1000 mg/l) profile analysis for AC based adsorbents showed that, for some 

adsorbents, there was an increase in removal percentage as well as adsorption capacity on increasing 

the initial MB concentration. It might be due to an upsurge in the driving force of the concentration 

gradient on increasing initial dye concentration. Adsorbents like rice husk showed a higher removal 

percentage at a low dye concentration which may be ascribed due to the increase in the ratio of MB 

molecule to available adsorption sites (on adsorbent) for adsorption.  

3.2.3 Effect of solution pH 

The pH of a solution is a critical influencing factor that can affect the adsorption power of any adsorbent. 

Due to the ionic nature of dyes, factors like surface charge and the initial pH of solution influence the 

degree of adsorption. Some adsorbents showed higher adsorption at higher pH (8-12), which could be 

due to neutralisation of the negative charge present on the surface of the adsorbent, which further 

facilitates the diffusion process by providing more active sites for the adsorption. For a number of 

adsorbents, the MB removal was studied for a pH range of 1 to12.  

3.2.4 Effect of dose 

Adsorbent dose analysis showed the variable effect on adsorption capacity. Adsorbents like rice husk 

showed higher MB removal efficiency at the higher dose (maybe due to increased surface area).  AC 

from pumpkin showed a decrease in adsorption capacity with an increase in dose, implying unsaturation 

of available adsorption sites, resulting in decreased adsorption Capacity.  

3.2.5 Temperature effect 

Temperature is another vital reaction parameter that helps to explain the feasibility and nature of the 

adsorption process (exothermic/endothermic). MB removal was studied well under a temperature 

condition of 20◦C to 30◦C by several adsorbents. Some adsorbents also showed spontaneous nature and 

increased removal percentage with increased temperature (30◦C -55◦C).  

3.2.6 kinetic study 

For most adsorbents, the reaction data was well established by the pseudo-second-order (PSO) kinetic 

model. Adsorbent like Ricinus communis epicarp and food processing industry sludge showed pseudo-

first-order kinetic (PFO). Intraparticle diffusion (IPD) of molecules was observed in AC obtained from 

jute fibre.  

3.2.7 Isotherm study 

The isothermal study is the essential factor in explaining the concept of adsorption. It defines the relation 

between the amount of adsorbate adsorbed and its remaining concentration in the solution phase. For 

most of the adsorbents studied, the Langmuir isotherm model was followed, as shown in table 1. Some 

of the adsorbents also showed the Freundlich type of isotherm. For wastepaper AC, experimental data 

followed the Redlich-Peterson isotherm model.  

 

 



 
 

406 | P a g e  
 

      Table 1. Comparative study for different AC based adsorbents. 

S. 

No
. 

     

Adsorbent used 

Surface  

area(m2/g)
/ Particle  

size  

(mm/μm) 

 

Time 
(min) 

 

pH 

 

Dose (g/l) 

Concentr

ation 
(mg/l) 

Adsorpti

on  
capacity 

(mg/g)  

 

Isotherm 

 

kinetics 

        

     References 

1.  AC (Jute fibre) 0.425mm 250 4 50mg/ 
50ml 

50-200 225.64  Langmuir IDP Kumaar et al. 
(2005) 

2.  AC (Sludge) 928.26 30-120 3-11  

1-10  

 

20-120 

11.304 Langmuir PSO Reddy and 

kotaiah (2006) AC (Commercial) 1083.4 11.88  

3.  AC (Bamboo) 1896 1440 7 0.2/200m
l 

100-500 454.2 Langmuir PSO Hameed et al. 
(2007) 

4.  AC (Rattan 

sawdust, chemical 
treatment) 

1083 1440 - 0.1/100m

l 

100-500 294.14  Langmuir PSO Hameed et al. 

(2007) 

5.  AC (Periwinkle 

shells) 

1894 360 7  0.2 100-500 500 Langmuir PSO  Bello et al. 

(2008) 
6.  AC (Jackfruit) 1260.61 1728 1.5-

10 

0.3 50 280.298  Langmuir PSO Prahas et al. 

(2008) 

7.  AC (Ricinus 
communis epicarp) 

125-
250μm 

120 7 100mg/5
0ml 

50mg/50
ml 

62.5  Langmuir 
Freundlich 

PFO Santhi and 
Manonmani 

(2009) 

8.  AC (Walnut 
shells) 

1800 1440 7 0.2-1.4 0-300 315 Langmuir - Yang and Qiu 
(2010) 

9.  AC (Cucumis 

sativa peel) 

- 110 2-10 0.2-0.6 

/50 ml 

25-200 46.73 Langmuir    PSO Thirumalisamy 

and subbin 
(2010) 

10.  AC Cocos 

nucifera L. 

205.27 100 7 3-7 60 15.59  Langmuir    PSO Sharma et al. 

(2010) 
11.  AC (Cashew 

nutshell) 

984 90 2-10 2g/l 50 68.72  Langmuir PSO Kumar et al. 

(2011) 

12.  AC (Rice husk) 180.50 100 2-12 0.4-0.6 0.5/50ml 9.73  Freundlich PSO Sharma and 
Upadhyay (2011) 

13.  AC (Hazelnut 

husks) 

770 5-240 3-12 50-150/ 

50ml 

100-600 204 g/kg Langmuir PSO Ozer et al. (2012) 

14.  AC (sludge: Food 

processing 

industry) 

587 95 - 0.25-8 5 23.6 Langmuir PFO Berrios et al. 

(2012) 

15.  ZnS-NP loaded 

AC 

- 0-15 2-9 0.01/50m

l 

10 100 Langmuir PSO Ghaedi et al. 

(2013) 

16.    AC(Finger-Citron-
residue) 

2887 - 7 0.4/ 450 581.40  Langmuir PSO Gong et al. 
(2013) 

17.  AC (Pisum 
sativum) 

- 20-220 2-12 0.5-2 100-350 246.91  Langmuir PSO Gecgel et al. 
(2013) 

18.  Ca-alginate/ 

composite AC 
beads (ACB) 

733 720 2-12 0.1-10 1000 892 Langmuir PSO Hassan et al. 

(2014) 

19.  Ni-S nanoparticles 

loaded AC 

1018 5 8.1 0.022 

 

17.8 46–52  Langmuir PSO Ghaedi et al. 

(2014) 
20.  Steam-AC 

(Lantana camara) 

    - 60 2-12 0.5-2.0 50-200 19.84  Langmuir PSO Amuda et al. 

(2014) 

21.  AC (Catalpa 
bignonioides 

756.68 0-210 1-12 0.1-0.175 100-400 271  Langmuir PSO Gecgel et al. 
(2015) 

22.  AC (India shrub 

wood) 

1024 5-85 2-10 0.2-1.0 50-300 257.73  Langmuir PSO Pirsaheb et al. 

(2015) 
23.  AC (Rice 

agricultural waste) 

  125–297 

μm 

0-40 3-11 0.03-0.1 20-60 62.5  Langmuir PSO Mashhadi et al. 

(2016) 

24.  KOH-AC 
(Biomass waste) 

150-212 
μm 

5-300 3-11 0.02-0.25 30-400 151.5  Langmuir PSO Rashid et al. 
(2016) 

25.  Coal-based 

magnetic AC 

2075 0-350 7 0.2 200 871 Freundlich PSO Gao et al. (2016) 

26.  CuS nanoparticle 

loaded AC  

- 7 7 0.005-

/50ml 

11 208.3  Langmuir PSO Mazaheri et al. 

(2016) 

27.  AC (Manihot 
esculenta crantz) 

2.4 180 10 0.2 50 565  Langmuir PSO Beakou et al. 
(2017) 

28.  Magnetic loaded 

AC 

940.13 5-60 3-9 0.05-0.2 

g /100ml 

50-250 370.4  Langmuir PSO Altinting et al. 

(2017) 
29.  AC Ficus carica 

bast 

- 10-90 2-12 0.1-0.9 

/50 ml 

10-70mg 

/100ml 

47.62 Langmuir  PSO Pathania et al. 

2017 
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30.  Copper loaded AC 1534 150 7 0.1/100m

l 

400-800 373  Langmuir PSO Shu et al. (2017) 

31.  AC (NaOH 

activated Rattan) 

1135 480 7 1.0 25 359  Langmuir PSO Islam et al. 

(2017) 

32.  AC (commercial 
Coconut shell) 

- 0-2160 3-10 0.02-0.5/ 
100 ml 

25-400 149.25  Langmuir PSO Rashid et al. 
(2018) 

33.  FeCl3-AC 

(Coconut leaves) 

- 1-180 3-11 0.02-0.25 30-350 66  Langmuir PSO Rashid et al. 

(2018) 
34.  Zeolite AC 

Composite 

3.78 0-180 7 - 595 754.75  Langmuir PSO Wang et al. 

(2018) 
35.  Cork based AC 1670 5-60 11.5 2.0-3.5 10-700 350 Langmuir - Novais et al. 

(2018) 
36.  Coal-based AC 1212.50 0-300  1 550 547.35 Langmuir PSO Niu et al. (2018) 
37.  Sericin-derived 

AC loaded alginate 

bead 

2150.1 0-1620 2-9 1 500-700 502.5  Freundlich PSO Kwak et al. 

(2018) 

38.  AC (Black olive 

stones) 

9.11 1440 2-10 0.05/50m

l 

0-1000 

ppm 

714 Freundlich - Ghouti et al. 

(2019) 

AC (Green olive 
stones) 

9.74 769 

39.  AC (Biowaste 

precursor) 

- 10-90 1-9 0.05-0.25g/    

50ml 

100-500 500  Langmuir PSO Singh et al. 

(2019) 
40.  AC (Arundo 

donax) 

1784 0-700 2-12 0.6/ml 100-400 480.77  Freundlich PSO Uner (2019) 

41.  AC (Commercial)  
60 μm 

 
20-100 

 
2-12 

 
0.05-0.5 

 
50-250 

15.775   
Freundlich 

 
PSO 

Khuluk et al. 
(2019) AC (Physical 

activated) 

15.553  

AC (Chemical 
activated) 

15.478  

42.  Pumpkin peel 

derived carbon 
natural beetroot 

extract (BAC) 

3.6 180 2-9 0.5 50-200 198.15  Langmuir PSO Rashid et al. 

(2019) 

43.  AC (date stones, 
NaOH activated) 

248.38 5-360 2-10 0.01-0.1 50-500 163.67  Freundlich PSO Gherbia et al. 
(2019) 

44.  AC/cellulose  

(Bio-composite 
film) 

1165 0-2880 3-11 - 20-100 103.66  Langmuir PSO Somsesta et al. 

(2020) 

45.  AC Palm stem 1172 10-70 6 30mg/10

0ml 

25-500 110.79  Langmuir - Maia et al. (2020) 

AC Palm sheath 1102 162.54  
46.  AC (Tea waste) 

ZnCl2 -activation 

850.58 0-360   7 0.1-0.15 10 147.06  Langmuir PSO Tuli et al. (2020) 

47.  AC (non-living 
lichen) 

851.24 5-180 5 1 10-70 243.902  Langmuir PSO Koyuncu et al. 
(2020) 

48.  AC (Apricot stone) 88.05±1.0

3 

0-60 2-14 1-10g/l 4-15 46.03  Langmuir PSO Abbas et al. 

(2020) 
49.  20%H2SO4-AC 

(Black cumin 

seeds) 

21.54 1-120 4.8 0.1g/20m

l 

20-100 

ppm 

17.98 Freundlich PSO Thabede et al. 

(2020) 

50.  AC (Surfactant 

modification) 

- 120 1-12 5-100/ 

100ml 

10-50 232.5 Langmuir PSO Kuang et al. 

(2020) 

51.  AC-eucalyptus 
residue 

(Phosphoric acid 

modification) 

1545 0-1440 2-10 0.01 140-260 977 Langmuir PSO Han et al. (2020) 

52.  AC (Dipterocarpus 

alatus) 

843 10-300 6-6.5 10mg/ 

50 ml 

6-450 269.3 Langmuir PSO Patawat et al. 

(2020) 

53.  AC (Litsea 
glutinosa 

Seeds) 

33.16 600 8 4-10 25-300 29.03 Langmuir PSO Dao et al. (2020) 

54.  AC (Blighia 
sapida, ZnCl2 

activated)  

812.79 5-120 2-10 0.25-
0125 

50-250 50.2 Langmuir PSO Bello et al. 
(2021) 

55.  Perlite-calcium 

Alginate-AC 

Composite 

158.16 15-360 2-12 0.2g/200

ml 

8-10 ppm 1111  Langmuir PSO Chegeni et al. 

(2021) 

56.  AC (Acacia wood) 1045  0-1440 7 0.2/200 

ml 

25-300 335.29 Langmuir PSO Yusop et al. 

(2021) 

57.  AC (Bagasse) 592.36 0-80 7 5mg/10m
l 

10-20 
ppm 

21.008 Langmuir PSO Rahmawati et al. 
(2021) 
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58.  D-AC500–800 

Demineralised 
coal (KOH 

activated, 500-

800◦C) 

1951 - 8.1 0.01/50m

l 

25-350 841.93 Freundlich - Gokce et al 

(2021) 

59.  wastepaper- AC 

(ZnCl2 activated) 

1987 10 2-12 250-1500 1000 1657 Redlich-

Peterson 

PSO Tang et al.  

(2021) 

60.  MgO-AC  
(MgO-activated) 

1246 149 10.2 69.4mg/1
00 ml 

100-700 642 Langmuir PSO Ghalehkhondabi 
et al. (2021) 

61.  AC (waste vinasse; 
KOH activation, 

700◦C) 

2015 0-600 2-10 10/40ml 400 2251 Langmuir PSO Li et al. (2021) 

 
4. Mechanism  

The mechanism by which AC based adsorbents absorb MB could be different based on their structure, 

bonding, charge present on the surface of adsorbent/ adsorbate, pH, functional groups and temperature 

of the reaction. Interactions such as π-π or n-π, H-bonding, electrostatic forces, and Van-der Waal forces 

play a significant role during the adsorption process. According to the intraparticle diffusion model, 

adsorption of MB from solution to the adsorbent surface could consist of the following steps.  

 Transfer of MB from solution (bulk phase) to the adsorbent surface (AC). 

 Diffusion of dye molecules via boundary layer onto the adsorbent surface (AC). 

 Adsorption of molecules onto the adsorbent surface (on available active sites). 

 Diffusion of molecules into the internal pores of adsorbent (intra-particle diffusion). 

5. Conclusions 

In this review, the removal of MB dye by various adsorbents prepared from AC under different 

experimental conditions and their adsorption mechanism is studied thoroughly. The adsorption rate for 

AC-based adsorbents increased during the initial hours of reaction due to the availability of vacant sites 

for fast adsorption of MB molecules. For most adsorbents, maximum adsorption was taking place at 

neutral conditions, whereas for some of the adsorbents, acidic and basic conditions worked well. i.e., a 

range from 1-12. Isothermal studies for most of the adsorbents were well fitted in Langmuir and 

Freundlich adsorption models. The kinetics data was well demonstrated by the pseudo-second-order 

and pseudo-first-order kinetic models.   

Therefore, further studies can be done on the simultaneous removal of dye effluents by keeping 

efficiency, cost, applicability and performance as a central focus.  
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Abstract 
In this work, prediction of permeate flux and percentage rejection of chromium (VI) from aqueous 

solution using spiral wound nanofiltration membrane has been attempted using machine learning 

concepts. Eleven different algorithms were tested. It was found that Automatic relevance determination 

(ARD) regression represented best the prediction of permeate flux and Support vector regression on 

linear kernel predicted % rejection best. The error percentage in % rejection prediction was about 0.5%, 

while in permeate flux prediction, it was around 9.5%. Overall, the Bayesian Ridge and ARD models 

performed much better and more consistently. Because of ARD’s mathematical formulation, that 

assumes the distribution to be non-spherical, elliptical gaussian, it worked so well, and SVR Linear 

operating well reveals that % rejection has a clear margin of distinction. Machine learning models that 

were simple and didn't require a lot of data provided excellent outcomes. 

 

Keywords- Chromium (VI) Removal, Machine Learning, Regression, Nanofiltration, Membrane 

Separation process, NF200 

 

1. INTRODUCTION 

Significant exposure to heavy metals, according to the WHO, endangers the entire environment as well 

as human health (Enochs et al., 1994; Jaishankar et al., 2014). With the exception of Pb and Zn, the 

majority of popular heavy metals showed increasing trends in water bodies between 1970 and 2017. (Li 

et al., 2019). There are two oxidation states of chromium: trivalent and hexavalent. Hexavalent 

chromium is over 300 times more hazardous than trivalent chromium and may cause cancer (Gatto et 

al., 2010) Cancer risks associated with Cr pollution were especially high in the 2000s, and 2010s, as 

well as in Asia, North America and Africa. The average chromium concentration increased from 45.87 

in the 1970s to 130.56 in the 2010s (Li et al., 2019). 

  

In India, the maximum permitted concentration of Cr (VI) in received water before disposal is less than 

0.1 mg/L, whereas for Cr (III) it is 5 mg/L. (Bajpai et al., 2009). To meet severe environmental criteria, 

before discharging effluents into the natural environment, process industries must treat them to the safe 

level. Various studies have employed chromium extraction techniques such as electro coagulation (Aber 

et al., 2009); membrane processes; adsorption; and solvent extraction (Bajpai., 2012) and also Artificial 

Intelligence is leveraged into heavy metal removal.  

 

The current study incorporates experimental data from a membrane process based using the NF200 

membrane which was taken from the dissertation of Guru Krupa N. (2012). In the machine learning 

prediction models, four parameters are supplied as a feature matrix: Cr (VI) feed concentration (mg/L), 

Feed pH, Feed inlet pressure (bar), and Sulphate feed concentration (mg/L) to predict percentage 

rejection and permeate flux and finding out effectiveness of different models. 

 

https://www.sciencedirect.com/science/article/pii/S0950423015300991
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When it comes to heavy metal removal, there is virtually little discussion in the literature about the data 

requirements and model complexity. Simpler machine learning models are not widely used, and less 

attention is placed on simpler linear and non-linear models, which are excellent for situations with less 

data. This study focuses on learning with basic, less data-hungry models and comparing them to see 

which is better. If we can find a model which works well for the data, we can leverage that into a 

successful prediction of percentage rejection and permeate flux given the operating conditions. 

 

2. RESEARCH BACKGROUND 

In this discipline, the terms Artificial Neural Network (ANN) and Response Surface Methodology 

(RSM) are frequently employed. Accurate results demonstrate how well AI, Machine Learning, and 

statistics are leveraging into this sector. 

 

To obtain excellent accuracy, Aber et al., (2009) used a multi-layered FFNN trained using the Back 

Propagation technique. For the same experimental design, Singha et al. (2013) determined that an 

ANN model with Back Propagation and Levenberg-Marquardt was the best model. Bajpai et al. 

(2012) optimised process parameters for Cr (VI) removal utilising RSM and CCD. To create the 

optimum performance of the ANN model, Anupam et al., (2014) analysed six methods on the robust 

Broyden Fletcher Goldfarb Shanno quasi-Newton BP algorithms. The training and test strategy for a 

common neural network of ANN patterns has been implemented by Esfahani, et cet. (2014). Tümer 

and Edebali (2019) built five neurons in forward feed backpropagation neural network model, in the 

deep layer. 

 

Table 1. List of method of Cr (VI) and Model used for prediction of removal 

 

S. No Concept of Cr (VI) 

Removal 

Model References 

1 Electrocoagulation Forward feed neural network Aber et al., (2009) 

2 Ion Exchange Response surface method Bajpai et al., (2012) 

3 Adsorption Artificial Neural Network Singha et al., (2013) 

4 Adsorption Artificial Neural Network Anupam et al., (2014) 

5 Nanocomposite Artificial Neural Network Esfahani et al., (2014) 

6 Sorption Artificial Neural Network Tümer and Edebali, (2019) 

 

  

3. RESEARCH METHODS 

3.1 Operating Conditions 

 

Table 2. Operating conditions for optimization of Cr (VI) removal (Krupa N, 2014)  

 

Symbol Operating Parameter (Unit) Coded Values 

-1           0           1 

X1 Cr (VI) feed concentration (mg/L) 20.00     50.00    80.00 

X2 Feed pH 4.50       6.50      9.00 

X3 

X4 

Feed inlet pressure (bar) 

Sulphate feed concentration (mg/L) 

3.00       5.00       7.00 

0.0   400.00   800.00 
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3.2 Data 

Table 3. % Rejection and permeate flux results for NF200 membrane using face centred CCD analysis 

(Krupa N, 2014) 

 

Run X1 X2 X3 X4 %R      JV 

1 0 0 0 0 98.07 24.2308 

2 0 0 0 0 98.05 24.2308 

3 1 -1 -1 1 93.62 8.07692 

4 1 1 1 -1 99.24 46.1538 

5 1 -1 1 1 93.35 40.3846 

6 -1 -1 -1 -1 98.46 11.5385 

7 1 1 -1 1 99.31 4.61538 

8 0 0 0 0 98.06 24.2308 

9 -1 1 -1 -1 99.19 11.5385 

10 1 1 1 1 99.39 38.0769 

11 -1 0 0 0 98.86 23.0769 

12 1 -1 1 -1 94.65 50.7692 

13 0 0 0 0 98.07 25.3846 

14 0 0 0 0 98.07 24.2308 

15 -1 -1 -1 1 96.52 4.61538 

16 1 -1 -1 -1 95.52 12.6923 

17 0 0 0 1 97.57 21.9231 

18 -1 1 1 1 99.21 35.7692 

19 -1 -1 1 1 96.83 38.0769 

20 1 0 0 0 97.76 24.2308 

21 -1 1 1 -1 99.04 42.6923 

22 0 1 0 0 99.53 24.2308 

23 0 0 -1 0 97.78 10.3846 

24 -1 1 -1 1 99.25 3.46154 

25 0 0 0 0 98.16 25.3846 

26 1 1 -1 -1 99.52 11.5385 

27 -1 -1 1 -1 97.37 46.1538 

28 0 0 0 -1 98.33 32.3077 

29 0 -1 0 0 95.99 28.8462 

30 0 0 1 0 98.16 43.8462 

 

3.3 Method and Models 

Eleven distinct models were trained, and a test train split was utilised to randomly segregate data and 

use as training and testing dataset with a test size of 20%, 5 independent executions were carried out in 

python 3 environment using spyder IDE, and basic statistical analysis was performed to determine 

which model was the best. 

MAPE, or Mean Absolute Percentage Error, was the performance statistic employed. The lower the 

MAPE, the less skewed the results are, and the better the model. 

 

The models utilized in this paper are 3.3.1–3.3.7 

 

3.3.1 Support Vector Machine 

A support vector machine creates a set of hyper-planes that can be used for regression in a high 

dimensional space. Model returns a continuous valued output, the constraint on that is to minimize error. 

Loss function of Support Vector Regression is ε-insensitive, which essentially means that it is less 

sensitive to noise, and penalizes the predictions away from ε. If ε is increased, there is more tolerance 
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to error and fewer data points around boundary; when ε is decreased, error tolerance increases and 

results in fewer support vectors. (Awad and Khanna, 2015) 

Support vector regression in this paper utilizes 3 kernels; Linear, Polynomial and Radial basis function. 

 

 

3.3.2 Nearest Neighbors 

Nearest Neighbors enables quick estimation of point nearby, closest in distance to a new observation. 

In k-nearest neighbor learning the number of samples is user defined. 

The basic nearest neighbors regression employs uniform weights. Algorithms used in nearest neighbors 

are Brute force, K-D Tree and Ball Tree (Pedregosa et al., 2011) 

 

3.3.3 Tweedie 

The best part about generalized linear models is its capacity to cope with a variety of response variables 

in frameworks, including binary, count, and continuous. (Nelder and Wedderburn; 1972) 

In the context of the Tweedie models, the power(p) plays a significant role because it differs between 

some essential continuous distributions. The Tweedie distribution is very useful for practical purposes, 

with different p values, the distributions are Gaussian (when p is equal to 0), Poisson (when p is equal 

to 1), non-central gamma (when p is equal to 1.5), Gamma (with p equal to 2). (Jørgensen; 1987) 

In this paper we have used Gaussian, Poisson and non-central gamma. 

 

3.3.4 Bayesian Ridge 

A probabilistic model of the regression task is estimated using Bayesian Ridge. We use Bayesian 

regression to include regularisation parameters, which may be tweaked based on the data present. 

 

The mathematical formulation of Bayesian Ridge is built on Bayesian regression:  

 

 

 𝑝(𝑊|𝜆) = 𝒩(𝑊|0, 𝜆−1𝐈𝑝) (1) 

 

 

λ is originally selected to be a gamma distribution, with the spherical gaussian coefficient 

𝑊. (Pedregosa et al., 2011) 

 

3.3.5 Automatic Relevance Determination - ARD 

By removing the assumption that the Gaussian is spherical, ARD Regression proposes a new prior. 

Instead, an elliptical Gaussian distribution parallel to the axes is assumed for the distribution (David et 

al., 2007) (Pedregosa et al., 2011)  

 

A standard gaussian distribution, with a precision of 𝜆𝑖 will determine coefficient 𝑊𝑖 

 

 

 𝑝(𝑊|𝜆) = 𝒩(𝑊|0, 𝐴−1) (2) 

 

 

With diagonal(𝐴) 𝑏𝑒𝑖𝑛𝑔 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 𝜆 

 

3.3.6 Decision Tree 

A tree is an approximation to a piecewise constant, Decision Tree learn simple decision rules from data 

attributes. It requires minimal data preparation, but if the number of trees is excessive, or the depth is 

excessive, low bias and large variance, i.e., overfitting, can result. 
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𝑄𝑚  with 𝑁𝑚  samples will represent the data node at m. Data is divided into two categories: 𝑄𝑚
𝑙𝑒𝑓𝑡

(𝜃)  

and 𝑄𝑚
𝑟𝑖𝑔ℎ𝑡

(𝜃), where 𝜃  is split of each entity. (Pedregosa et al., 2011) 

 

 

 
𝐺(𝑄𝑚, 𝜃) =

𝑁𝑚
𝑙𝑒𝑓𝑡

𝑁𝑚
𝐻(𝑄𝑚

𝑙𝑒𝑓𝑡
(𝜃)) +

𝑁𝑚
𝑟𝑖𝑔ℎ𝑡

𝑁𝑚
𝐻(𝑄𝑚

𝑟𝑖𝑔ℎ𝑡
(𝜃)) 

(3) 

 

For regression, in this paper, loss function H ( ) is: 

 

 
𝑦𝑚 =

1

𝑁𝑚
∑ 𝑦

𝑦∈𝑄𝑚

𝐻(𝑄𝑚) =
1

𝑁𝑚
∑ (𝑦 − 𝑦𝑚)2

𝑦∈𝑄𝑚

 

(4) 

 

 

(5) 

 

 

In this research, A decision tree of depth = 4 was employed. 

 

3.3.7 Stochastic Gradient Descent 

SGD is an optimization strategy, it is a method of training a model, but it's incredibly effective. It can 

easily fir linear regression on convex cost functions. 

 

The Huber loss function was utilised in this study; it is less sensitive to outliers than least square fitting 

but is quite similar, the following is mathematical formulation: 

 

 
(𝑦𝑖 , 𝑓(𝑥𝑖)) = 𝜀|𝑦𝑖 − 𝑓(𝑥𝑖)| −

1

2
𝜀2 

(6) 

 

To determine model parameters, training error function is minimized 

 

 
𝐸𝑟𝑟𝑜𝑟(𝑤, 𝑐) =

1

𝑛
∑ 𝐿(𝑦𝑖 , 𝐹(𝑥𝑖)) + 𝛼𝑅(𝑤)

𝑛

𝑖=1

 
(7) 

 

Where R is the regularization parameter and 𝛼 is a positive parameter that affects regularization 

parameter intensity. Our end goal is to figure out 𝐹(𝑥) = 𝑤𝑇𝑥 + 𝑏 where 𝑤 denotes model parameters 

and b is intercept. 

 

4 RESULT DISCUSSION 
The performance of 11 models is recorded in the tables 4,5 and 6 which are MAPE % score tables for 

the 3 independent executions.  

 

Table 4. Execution 1, MAPE % score table for %Rejection (%R) and Permeate Flux (Jv) 

 

Index Model %R MAPE % Jv MAPE % 

1 SVR rbf 0.691186609 106.3336228 

2 SVR Polynomial 0.752112363 81.54953143 

3 SVR Linear 0.322891934 39.97492038 

4 K Nearest Neighbor 1.1146547 93.37985848 

5 Tweedie Gaussian 0.809556294 30.46925423 
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6 Tweedie Poisson 0.507569313 30.46925423 

7 Tweedie non-central gamma 0.523564961 41.07851969 

8 ARD 0.43434328 5.896356007 
9 Bayesian Ridge 0.485524094 5.508491857 
10 Decision Tree 0.945117986 21.19710485 
11 Stochastic Gradient Descent 99.96923027 81.54953143 

 

Table 5. Execution 2, MAPE % score table for %Rejection (%R) and Permeate Flux (Jv) 

 

Index Model %R MAPE % Jv MAPE % 

1 SVR rbf 0.660057587 103.1451979 

2 SVR Polynomial 0.822490054 56.33382196 

3 SVR Linear 0.555204415 20.97365652 

4 K Nearest Neighbor 0.752258259 90.23590863 

5 Tweedie Gaussian 0.625722835 29.89647424 

6 Tweedie Poisson 0.327561442 29.89647424 

7 Tweedie non-central gamma 0.38641428 37.86805412 

8 ARD 0.259910006 8.713743155 
9 Bayesian Ridge 0.344129886 7.603770642 
10 Decision Tree 0.67959222 18.90098043 
11 Stochastic Gradient Descent 99.96786643 56.33382196 

 

Table 6. Execution 3, MAPE % score table for %Rejection (%R) and Permeate Flux (Jv) 

 

Index Model %R MAPE % Jv MAPE % 

1 SVR rbf 0.412012098 145.331264 

2 SVR Polynomial 0.423013965 90.09217099 

3 SVR Linear 0.332776774 56.90004031 

4 K Nearest Neighbor 0.800277581 123.118759 

5 Tweedie Gaussian 0.615181097 37.8219022 
6 Tweedie Poisson 0.371068757 37.8219022 
7 Tweedie non-central gamma 0.35981902 56.5946455 

8 ARD 0.420046394 13.19489738 
9 Bayesian Ridge 0.353233129 13.52159556 
10 Decision Tree 0.695684225 16.40571752 
11 Stochastic Gradient Descent 99.96958424 99.76651816 

 

Using the data shown above, we may argue that complex nonlinear models are not appropriate for the 

data. Support Vector Regression using rbf kernel (SVR rbf), K Nearest Neighbors, and Stochastic 

Gradient Descent are examples of such. 

Except for stochastic gradient descent, all models have a relatively low percent Rejection error. Because 

we used the Huber loss function in SGD, we may argue that least squares approaches are ineffective for 

the data. 

Specific models can also provide into how the data is distributed; for example, we have sufficient 

evidence that predictions for percentage rejection are better for Tweedie Poisson and non-central 

gamma but poor for gaussian, and that forecasts for permeate flux are significantly better for non-central 

gamma. Data for percent Rejection might be compared to a Poisson distribution, whereas data for 

Permeate flux could be compared to a gamma distribution. 

SVR Linear, Tweedie Poisson, ARD, Bayesian Ridge, and Decision Trees are among the better models 

for this application. 
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Finally, we looked deeper into the performance metric using averages from 5 executions and comparing 

the above stated better models by applying simple statistics. Table 7. 

 

Table 7.  Average MAPE score table for %Rejection (%R) and Permeate Flux (Jv) 

 

Index Model %R MAPE % 

mean 

%R Variance Jv MAPE % 

mean 

Jv Variance 

1 SVR linear 0.5011250406 0.072619691 44.29763058 380.59354 

2 Tweedie Poisson 0.5533480094 0.086925471 39.419405868 219.60527 

3 ARD 0.5171130932 0.099649451 9.495402119 9.2863299 
4 Bayesian Ridge 0.5425695292 0.082292328 9.4946227514 15.065771 

5 Decision Tree 0.6041836808 0.079182591 19.625222366 11.158012 

 

SVR Linear has least MAPE with least variance for % Rejection and ARD has second least MAPE with 

least variance, which is almost 40% less than second best, for permeate flux. 

 

5 CONCLUSIONS 

In this study, we analysed and compared 11 different models and discovered that support vector 

regression on linear kernel is the best model for predicting percent rejection, while automatic 

relevance determination regression is the best model for predicting permeate flux. Automatic 

relevance determination regression is also the best overall. The mean absolute percentage error of the 

majority of the machine learning models tested was less than 1%, indicating that the models 

performed well in terms of percent Rejection prediction. Unfortunately, we can't say the same for 

permeate flux estimation, but Bayesian ridge and automated relevance estimation performed 

admirably, with an average error of less than 10%. Machine learning has its own limitations, most of 

them lie in the mathematical assumptions of the model itself and others are training issues. Sometimes 

the data we have follows the mathematics well, sometimes it doesn't, in those cases we tend to use 

more robust models or more data to reduce bias. 

Stochastic gradient descent with the Huber loss function did not work at all, and the results were quite 

erratic, K nearest neighbors was similarly relatively bad for both %R and Jv. Also, support vector 

regression, particularly on the rbf kernel, did not operate well, particularly for determining permeate 

flux. 

In the end we can conclude that simple and less data-hungry machine learning models can produce 

outstanding results in the domain of heavy metal removal. 
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