Lecture Notes in Mechanical Engineering

Anil Kumar

Amit Pal

Surendra Singh Kachhwaha
Prashant Kumar Jain Editors

Recent

Advances in
Mechanical
Engineering

Select Proceedings of RAME 2020

@ Springer



Lecture Notes in Mechanical Engineering

Series Editors

Francisco Cavas-Martinez, Departamento de Estructuras, Universidad Politécnica
de Cartagena, Cartagena, Murcia, Spain

Fakher Chaari, National School of Engineers, University of Sfax, Sfax, Tunisia

Francesco Gherardini, Dipartimento di Ingegneria, Universita di Modena e Reggio
Emilia, Modena, Italy

Mohamed Haddar, National School of Engineers of Sfax (ENIS), Sfax, Tunisia

Vitalii Ivanov, Department of Manufacturing Engineering Machine and Tools,
Sumy State University, Sumy, Ukraine

Young W. Kwon, Department of Manufacturing Engineering and Aerospace
Engineering, Graduate School of Engineering and Applied Science, Monterey,
CA, USA

Justyna Trojanowska, Poznan University of Technology, Poznan, Poland



Lecture Notes in Mechanical Engineering (LNME) publishes the latest develop-
ments in Mechanical Engineering—quickly, informally and with high quality.
Original research reported in proceedings and post-proceedings represents the core of
LNME. Volumes published in LNME embrace all aspects, subfields and new
challenges of mechanical engineering. Topics in the series include:

Engineering Design

Machinery and Machine Elements

Mechanical Structures and Stress Analysis
Automotive Engineering

Engine Technology

Aerospace Technology and Astronautics
Nanotechnology and Microengineering

Control, Robotics, Mechatronics

MEMS

Theoretical and Applied Mechanics

Dynamical Systems, Control

Fluid Mechanics

Engineering Thermodynamics, Heat and Mass Transfer
Manufacturing

Precision Engineering, Instrumentation, Measurement
Materials Engineering

Tribology and Surface Technology

To submit a proposal or request further information, please contact the Springer
Editor of your location:

China: Ms. Ella Zhang at ella.zhang @springer.com

India: Priya Vyas at priya.vyas @springer.com

Rest of Asia, Australia, New Zealand: Swati Meherishi

at swati.meherishi @springer.com

All other countries: Dr. Leontina Di Cecco at Leontina.dicecco@springer.com

To submit a proposal for a monograph, please check our Springer Tracts in
Mechanical Engineering at http://www.springer.com/series/11693 or contact
Leontina.dicecco @springer.com

Indexed by SCOPUS. All books published in the series are submitted for
consideration in Web of Science.

More information about this series at http://www.springer.com/series/11236


mailto:ella.zhang@springer.com
mailto:priya.vyas@springer.com
mailto:swati.meherishi@springer.com
mailto:Leontina.dicecco@springer.com
http://www.springer.com/series/11693
mailto:Leontina.dicecco@springer.com
http://www.springer.com/series/11236

Anil Kumar - Amit Pal -
Surendra Singh Kachhwaha - Prashant Kumar Jain
Editors

Recent Advances
in Mechanical Engineering

Select Proceedings of RAME 2020

@ Springer



Editors

Anil Kumar

Department of Mechanical, Production &
Industrial and Automobile Engineering
Delhi Technological University

North West Delhi, Delhi, India

Surendra Singh Kachhwaha
Department of Mechanical Engineering
Pandit Deendayal Petroleum University
Gandhinagar, Gujarat, India

Amit Pal

Department of Mechanical, Production &
Industrial and Automobile Engineering
Delhi Technological University

North West Delhi, Delhi, India

Prashant Kumar Jain

Department of Mechanical Engineering
Indian Institute of Information Technology
Design & Manufacturing

Jabalpur, Madhya Pradesh, India

ISSN 2195-4356 ISSN 2195-4364  (electronic)
Lecture Notes in Mechanical Engineering

ISBN 978-981-15-9677-3 ISBN 978-981-15-9678-0 (eBook)
https://doi.org/10.1007/978-981-15-9678-0

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Singapore Pte Ltd. 2021

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore


https://doi.org/10.1007/978-981-15-9678-0

Foreword

I am pleased to know that an International Conference on “Recent Advances in
Mechanical Engineering” (RAME 2020) is being organized by Department of
Mechanical Engineering, Delhi Technological University (DTU), on September 18
and 19, 2020. I welcome all the delegates and participants across the globe for partic-
ipating in RAME 2020 conference at DTU. I am sure that RAME 2020 conference
will bring together the national and international talents.

The role of mechanical engineering is inevitable to improve productivity, product
quality and safe working environment in the applied fields for the society at large.
The conference shall provide excellent opportunities for researchers, scientists and
industrialists to share and converse on the latest developments in the areas of mechan-
ical engineering. The publication of the conference proceedings in Lecturer Notes
in Mechanical Engineering, Springer, will give a new benchmark and more insight
to the R&D initiatives in these areas. I also hope that the conglomeration of eminent
experts will highlight the importance of research and innovation and discuss the best
global practices.

I congratulate the organizing team of RAME 2020 conference and wish that
the conference will be a grand success and help in branding Delhi Technological
University as a leading research university.

X
B2 |
l-&!ﬂ ™
|
Prof. Yogesh Singh
Vice-Chancellor

Delhi Technological University
New Delhi, India



Preface

Mechanical engineering is the application of physical principles of science and engi-
neering to the creation of useful systems, devices, objects and machines. This basic
perception of mechanical engineering still holds good, while it has evolved into
various new fields. Mechanical engineering is thus deep rooted in to a vast engi-
neering canvas and is in the service of mankind at all levels. Therefore, there is also
a need to understand the design principles for environment, life-cycle design and
sustainable development.

It is our pleasure to present the academicians and scholars, the proceedings of the
research papers scheduled for presentation at the 2nd International Conference on
“Recent Advances in Mechanical Engineering” during 18—19 September 2020 at the
Department of Mechanical, Production and Industrial and Automobile Engineering
and Centre for Energy and Environment, Delhi Technological University (Formerly
Delhi College of Engineering), Delhi-110 042 (India). This conference is in series
with earlier international conference RAME-2016 organized by the Department of
Mechanical Engineering, Delhi Technological University (Formerly Delhi College
of Engineering), Delhi-110 042 (India). The conference was very well received, both
by the industry and academia.

The core organizing committee for organizing RAME-2020 is:

Chief Patron: Prof. Yogesh Singh, Hon’ble Vice-Chancellor

Patron: Prof. Samsher; Prof. S. K. Garg

Chairman: Prof. R. S. Mishra; Prof. Vipin; Prof. S. Maji

Co-Chairman: Prof. Vikas Rastogi; Prof. Raj Kumar Singh; Prof. Atul Agrawal

Convener: Prof. Amit Pal

Co-Convener: Prof. Vijay Gautam; Prof. Quasim Murtaza and Prof. Rajesh

Kumar

Organizing Secretary: Dr. Anil Kumar

e Joint Organizing Secretary: Dr. Girish Kumar; Dr. N. A. Ansari and Dr. N.
Yuvraj

e Treasurer: Dr. M. Zunaid

vii



viii Preface

The proceeding consists of papers contributed by leading academicians, research
scholars and experts from the industries. The conference papers cover both research
areas and the latest trends in the industry. 96 papers from 300+ authors and about 450
participants attended the conference. In all, qualitative papers would be selected to
present during the conference. The main topics of the conference have been classified
into the following four categories:

Thermal Engineering

Energy Science and Engineering
Design and Development

Industrial and Production Engineering

The technical advisory committee is pleased to mention that the papers have been
received on all these topics. Such a voluminous proceedings is not possible without
the generous support received from various quarters. The committee would like to
put on record its deep appreciation for the persistent efforts of all reviewers.

We are grateful to all the authors of the papers for having made their contributions
to enrich this international conference of RAME-2020.

Itis our immense pleasure to express our heartful gratitude to Prof. Yogi D. Goswami,
University of South Florida, USA; Prof. H.C. LIM, Pusan National University, South
Korea; Prof. Afzal Husain, Sultan Qaboos University, Oman; Dr. Nitin Upadhyay,
University of Modern Science, Dubai, UAE; Dr. Ashish Shukla, Loughborough
University, UK; Dr. Shyam S. Pandey, Kyushu Institute of Technology, Japan; and Dr.
Jan Banout, Czech University of Life Science Czech Republic and other colleagues
in India and abroad.

Special acknowledgement is made to the support of expert papers and also the
generous support received from our distinguished alumnus of DTU, the leading
industrialist. We also acknowledge the excellent cooperation received from our
colleagues and experts on the review panel, for their painstaking efforts in reviewing
the papers.

We duly acknowledge the sponsors with thanks and extend full credit to the publisher
(Springer) for accepting the proposal to publish conference proceedings with the book
title ‘Recent Advances in Mechanical Engineering’ under the series title ‘Lecture
Notes in Mechanical Engineering’.

We sincerely hope that engineering community would find this publication a valuable
source of knowledge to profess mechanical engineering in the knowledge age.

North West Delhi, India Anil Kumar
North West Delhi, India Amit Pal
Gandhinagar, India Surendra Singh Kachhwaha

Jabalpur, India Prashant Kumar Jain
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1 Introduction

The heat transfer systems are commonly associated with different types of heat
transfer equipment who is working based on sensible heat transfer, latent heat transfer
and mixed mode of these two types [1]. The heat transfer system can be designed
into single tube and multi-tube type [2], cross flow heat transfer, evaporators and
condensers, hollow cylindrical type heat pipe equipment [3], etc. The motivation
for making an experimental setup of heat pipe insulated with vacuum chamber is
to obtain high exchanger compactness in given surface area having size, position
and weight limitations [4, 5]. The heat transfer systems are normally based on the
transferring heat from hot fluids to cold fluids with the help of different types of
equipment which are used in a variety of engineering applications. The heap pipe
system has been divided into three sections, i.e., evaporator, adiabatic and condenser
section.[ 1] The heat transfer inside the heat pipe between hot and cold fluids is by the
forced convection or natural convection. The manufacturers normally depend upon
the local vendors for procurement of accessories including heat exchangers working
under natural or forced convection which may not be optimally designed. Since these
heat exchangers are to be acquired in a new design of model with configurations and
layout, therefore, even well composition of heat exchangers in a particular configu-
ration is subjected to change in thermal performance [6]. There are a lot of methods
to amplify the transferring heat from hot fluids to cold fluids with the help of heat
exchanger equipment; one may look for a solution in the given situation. If the area of
heat transfer is increased, then heat transfer will be increased, and the other solution
is increasing the flow rate of working fluids may be increasing the heat transfer. The
first solution takes more space, so it is not helpful for minimum space area and the
other solution required more pressure drop between inside section of heat pipe and
atmosphere. All these types of studies are limited to forced convection because they
need some external forces for transferring the heat by heat pipe in heat exchanger.
Therefore, to make heat pipe, heat exchanger under natural convection is required
for transferring the heat without any external forces [7] (Fig. 1).

The literature survey reported that the temperature difference between the surface
and the working fluids is created natural convections without any external forces.
And a model can be developed for transfer the heat through a heat pipe under natural
convection conditions [7]. The size and thermo physical properties of material of
heat pipe also involve transferring the heat under natural convection conditions [8].
The temperature difference between surface and fluids indicates that good working
conditions under natural convection conditions and huge amount of heat transfer
through the heat pipe insulated with vacuum chamber. The heat transfer through
the natural convection also depends on the properties of fluids, design of heat pipe,
position of heat pipe [9] and working environments [3, 9]. These all are critical
parameters that affected transferring the heat under natural convective conditions.
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Fig. 1 Heat pipe

2 Design Considerations

The present investigation aims at low temperature application, such as cooling of
transformer oil, cutting fluids and generated heat from the CPU should be dissipated,
and therefore, the operating temperature range of 40—61 °C has been considered.
The availability, cost, properties and operating conditions of fluids are the basic
parameters of fluids for selection as working fluids working under natural convection
at low temperature range [10]. The viscosities of fluids should be low at liquid
and vapor conditions. Based on all above parameters, water, ethanol, methanol and
butanol are used as working fluids [11]. The maximum possible heat transfer occurs
when water is used as working fluids as compared to the other working fluids.

2.1 Development of Analytical Model

An analytical model of heat pipe has been developed to calculating coefficient of
heat transfer and heat transfer rate when heat pipe working under natural convec-
tion conditions at 40-61 °C inlet heating temperature range [3, 12]. The different
heat transfer correlations available in the literature have been used to compute the
coefficient of heat transfer, rate of heat transfer across evaporator system of the
HPHE.

The analytical considerations for analyzing the HPHE are

1. Laminar flow or turbulent flow regime has been assumed in the evaporator side

[2].
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2. A temperature range of 40—61 °C is assumed for the heating (hot) fluid in the
evaporator section for low temperature applications [3, 12].

3. The thermodynamic properties of heating fluids (water, ethanol, methanol[12]
and butanol) and ambient air have been evaluated at the mean temperature of
fluids [11].

4. Glass vacuum chamber is used as insulating material surrounding the heat pipe
for minimum heat loss to atmosphere [13].

2.2 Mathematical Formulations

To determine the CCHT, the HPHE has been modeled as a thermal resistance network
[4]. The CCHT have been computed on the internal surface of evaporator. For natural
convection condition, the correlations have been taken from a text book of Engi-
neering Thermodynamics written by G.F.C. Rogeks and Y. R. Mayhew. The calcu-
lation of CCHT and RHT across the heat pipe under natural convection is described
below:

Nu = C(Gr x Pr.)" (D

Natural convection heat transfer from inclined tube from y-axis is computed by
the correlations of

Nu = C(Gr x Pr x cos6)" 2)

where Gr, Pr and Nu represent the value of Grashoff number, Prandtl number [10]
and Nusselt number [7, 6], respectively, C and n are constant. 6 is angle of inclination
of heat pipe from vertical axis or y-axis [4].

The fluid flow will be laminar flow

Nu = 0.590 x (Gr x Pr x cos )", 3)

For 10* < (Gr x Pr x cos 6) < 10°.
The fluid flow will be turbulent flow

Nu = 0.590 x (Gr x Pr x cos8)'/3, “4)

For 10° < (Gr x Pr x cos 6) < 102

htx L1
Nu = Jex ED

e ®)
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where ht or Aeoretical T€pPresents the theoretical value of coefficient of convective heat
transfer in W/m? °C, L1 is the length of heat pipe in m, and K represents the thermal
conductivity of fluids in (W/m °C).

The heat transport rate by HPHE has been computed by following correlations:

Q theoretical = V.1 (6)

where V = Voltage in Volt, I = Current in ampere.

3 Experimentation

The test rig has been designed in a manner such that calculates the value of coefficient
of heat transfer and heat transfer rate at different tilt angles under natural convection
conditions. A test setup is shown in Fig. 2. The total length of heat pipe is 500 mm,
and thickness of heat pipe is 4 mm. The evaporator, adiabatic and condenser lengths
are 100 mm, 300 mm and 100 mm, respectively. The evaporator section is insulated
with glass chamber when the internal pressure of glass chamber is less then vacuum
pressure. The adiabatic section is insulated with glass chamber when the internal
pressure of glass chamber is less than vacuum pressure. The condenser is exposed to
a chamber made of glass box having length, width and height are 100 mm, 100 mm
and 100 mm, respectively, which filled with flowing water at ambient temperature.
The condenser removes the heat by natural convection. The working fluids (water,
ethanol, methanol and butanol) heated through an electrical heater. Temperature
data logger has been used to measure the value of temperature with the help of
thermocouples. There are ten thermocouples used for measuring the temperature

Fig. 2 Experimental setup of heat pipe insulated with glass vacuum chamber
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from different—different locations of heat pipe. Two thermocouples are mounted with
the external surface of evaporator, three thermocouples are mounted with the external
surface of adiabatic section, and other four is mounted with the condenser section.
One thermocouple is left open in the atmosphere to take a reading of atmospheric
temperature. A voltmeter is used to measure the voltage reading in volt, and ammeter
is used to take the reading of current in ampere.

The coefficient of convective heat transfer under natural convection was deter-
mined with the help of experimental reading. The practical value coefficient of
convective heat transfer in W/m? °C was computed as follows:

__ 9
AxdT

hp )

The transferring heat by the heat pipe has been calculated with the help of
experimental reading. The practical heat transfer rate in W/m? °C was computed
as follows:

Qpractical =4q1 — 42 — 43 ®)
q1 = Heat input to the evaporator in W [5]

m.cp.At
q1=—— 9
time

¢» (Heat loss from adiabatic section) [5]
q» = h.Aa.(Tadiabatic — T atm) (10)
g3 (Heat loss from condenser) [5]

q3 = h.Ac.(Tcondenser — T atm) (11D

where m represents the value of mass flow rate, cp represents the value of specific heat
at given inlet heating temperature, and At = temperature difference between walls
of heat pipe to atmosphere, Aa = area of adiabatic section, Ac = area of condenser
section, i = coefficient of convective heat transfer.

4 Results and Discussions

The experimental values of CCHT and RHT of the heat pipe insulated with vacuum
chamber under natural convective conditions have been calculated. The analytical
values are used to validate the experimental model whether model worked under
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natural convection conditions or not. This paper shows the results and comparisons
of experimental values of different—different working fluids.

4.1 CCHT When Water, Ethanol, Methanol and Butanol
Used as Working Fluids

The practical value of CCHT has been calculated with the help of experimental setup
for different—different fluids separately. The results of practical value with respect
to the inlet temperature of evaporator and tilting angles of heat pipe from vertical
axis [11] for water [11, 10], ethanol, methanol [12] and butanol are used as working
fluids are shown in Table 1 and Figs. 3, 4, 5, 6 and 7.

Figures 3, 4, 5, 6 and 7 show the results of practical values of CCHT with respect
to the inlet heating temperature for water, ethanol, methanol and butanol used as
working fluids at different inlet temperature of evaporator.

The value of CCHT is influenced by angle of inclination of heat pipe from vertical
axis. It has been observed that the angle of inclination of heat pipe increases from
vertical axis 0° to 15°, the coefficient of convective heat transfer increases, and it
starts decreasing beyond 15° tilt angles for inlet evaporator temperature 61 °C and
methanol, ethanol and butanol used as working fluids.

4.2 RHT of HPHE for Water, Ethanol, Methanol
and Butanol Used as Working Fluids

The practical value of RHT has been calculated with the help of experimental setup
for different—different fluids separately. The results of practical value with respect to
the inlet temperature of evaporator and tilting angles of heat pipe from vertical axis
[4] for water [11], ethanol, methanol [12] and butanol are used as working fluids are
shown in Table 2 and Figs. 8, 9, 10, 11 and 12.

Figures 8, 9, 10, 11 and 12 show the results of practical values of RHT of HPHE
with respect to the inlet heating temperature for water, ethanol, methanol and butanol
used as working fluids, and the arrangements of heat pipe inclined at different—
different tilt angles from vertical axis of HPHE.

The result shows that the HPHE gives the maximum heat transport rate when water
is used as a working fluid as compared to ethanol, methanol and butanol. In the case
of inclination of heat pipe from its vertical position, it gives good thermal execution
when heat pipe is inclined at 45° tilt angles at all the range of inlet temperature of
the evaporator and methanol is used as a working fluid.
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Fig. 3 CCHT when heat pipe inclined at 0° angles and different fluid used

2000
-
5 @\
=
e 1500
E i et BUTANOL
z2
w 1000
S é METHANOL
w -
h. 500 - ETHANOL
o
v i \WATER
0

40 43 46 49 52 55 58 61
TEMPERATURE RANGE IN °C

Fig. 4 CCHT when heat pipe inclined at 15° angles and different fluid used
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Fig. 5 CCHT when heat pipe inclined at 30° angles and different fluid used

5 Conclusions

The significant observations and conclusions obtained from this investigation are as
follows:
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Fig. 7 CCHT when heat pipe inclined at 60° angles and different fluid used

5.1 Forthe CCHT of a Heat Pipe

1. The fluid temperature increases, then CCHT increases, and the inclination of
heat pipe increases from vertical axis, then the CCHT decreases.

2. The maximum practical value of CCHT is 1839.22 W/m? °C at 0° angle of
inclination of heat pipe from vertical position at 61 °C inlet fluid temperature
of evaporator when water used as working fluid.

3. The minimum practical value of CCHT is 264.94 W/m? °C at 60° tilt angle of
heat pipe from vertical position at 40 °C inlet fluid temperature of evaporator
when ethanol used as a working fluid.

4. The result shows that the HPHE gives the maximum heat transport rate when
water is used as a working fluid as compared to ethanol, methanol and butanol.
In the case of inclination of heat pipe from its vertical position, it gives good
thermal execution when heat pipe is inclined at 45° tilt angles at all the range
of inlet temperature of the evaporator, and methanol is used as a working fluid.
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5.2 For the Heat Transport Rate

1. The inlet heating temperature of fluids increases, then RHT also increases, and
the inclination of heat pipe increases from vertical axis, then the value of RHT
decreases.
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2. The maximum practical value of RHT of HPHE is 775.90 W at 0° tilt angle of
heat pipe from vertical position at 61 °C inlet fluid temperature of evaporator
when water used as working fluid.

3. The minimum practical value of RHT of HPHE is 43.80 W at 60° tilt angle of
heat pipe from vertical position at 40 °C inlet fluid temperature of evaporator
when ethanol used as a working fluid.

4. It has been observed that water gives the good performance of heat pipe heat
exchanger under natural convection condition for high heat transfer.

5. It has been observed that ethanol gives the good performance of heat pipe heat
exchanger under natural convection condition for low heat transfer.
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Commissioning Process and Energy )
Analysis in the Building: A Case Study L
for Ranchi City

Om Prakash @, Bharath Bhushan®, Anil Kumar @, and Ankish Aman

1 Introduction

Hospitals come under the category of high electricity consuming buildings because
of their high-cost operative equipment, human gathering and ecological parameters.
Hospitals are the second biggest vitality buildings with energy utilization per square
foot twice that of other buildings. The energy utilization of hospital buildings is
intricate than that of standard commercial or corporate buildings. Its day-to-day
utilization of electricity for lighting, lifts, ventilation, cooling and heating water is
more. Fuel and natural gas are being used as the main source for high-temperature
water, stream, sanitization and disinfectant washing and so forth. This paper uses
a hospital building layout located in a composite climatic area like Ranchi city. A
design case is prepared which is compared with a baseline model of the hospital
building which is based on ASHRAE 90.1-2010 standards.

As per energy analysis, eQuest software is used for generating results of this
building. It is analyzed that current design of the building is nearly 11.37% better
than baseline. Building’s energy simulation is performed to analyze annual energy
consumption of the building. Energy modeling takes into account of different factors
like climatic data (weather data) of the specified site location, building envelope
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parameters, lighting factors, air-conditioning parameters, etc. The commissioning
plan serves as a reference for the entire commissioning team includes user, design
professionals, contractors, commissioning authority, vendors and various activities
that comprise the commissioning process. Working together, the commissioning team
will pursue the user’s goals including optimizing operational performance, energy
efficiency, durability, maintainability and flexibility of the building systems.

2 Methodology

2.1 Building Specifications and Commissioning

The hospital is located in the composite climatic area of Ranchi, capital city of Jhark-
hand state, India. The total construction area of the hospital is 35,000 ft2. built-up area
100,000 ft?. where operation zone is built and hospitalization area is 68,842.5 ft,
500 ft2. logistics area which include laundry room, cafeteria and equipment rooms
and the area of 900 ft?. is built for apartments where doctors and nurses reside. The
post-installation plan of equipment and systems is required for commissioning in
this building and it includes [1]:

1. Mechanical ventilation and air-conditioning (MVAC) system

e Terminals in owner scope.
e Air handling units in auditorium and basement back of house (BOH).
e MVAC controls in store.

2. Lighting system

e Artificial lighting fixtures.
e Emergency lighting systems.
e Lighting controls relevant to above.

3. Electricity system

e All distribution boxes and their accessories.
e Two electricity meters in store.

4.  Solar rooftop plant

e I-V curve.
o Voc, Isc measurement.
® PV panel adjustment.

2.2 Responsibilities in Commissioning Process [2]

e Organize the commissioning team.
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Facilitate and prepare a commissioning plan that portrays the commissioning
procedure to achieve the Owner Project Requirements.

Verify that the Commissioning Process exercises are expressed plainly in all
extents of work.

Review and remark on the capacity of the plan report to accomplish the Owner
Project Requirements for the authorized frameworks and congregations.

Review the plans and specification for their fulfilment in all territories identi-
fying with the commissioning procedure. This incorporates confirming that the
Owner Project Requirements have been accomplished and there are satisfactory
gadgets remembered for the structure to appropriately test the frameworks and
congregations and record the presentation of each design.

Schedule and document review, coordination of meetings, issues resolution and
disposition.

Review contractor’s submittals for compliance with the Owner Project Require-
ments and Basis of Design.

Prepare the pre-functional test procedures based on approved equipment and
systems submittals and provide them to the contractor for execution.

Author the Functional Performance Test procedure and provide then to the
contractor for review and comments.

Supervise and whiteness the commissioning team members in completion of
testing systems and assemblies.

Verify the results and prepare a list of deficiencies.

Repeat implementation of tests to accommodate seasonal testing or to correct
recorded deficiencies.

Schedule initial owner training session before the contractor training.

Prepare the final commissioning process report.

Assemble all details of final documentation including commissioning process
report and systems manual.

Submit this documentation to the owner or user for audit and acknowledgment.
Recommend acknowledgement congregations to the owner and executing the
recommended details.

2.3 Design Professional’s Responsibilities [2]

Assist in the documentation.

Obtain approval from the owner for revisions to the Owner Project Requirements.
Document the Basis of Design.

Prepare the Contract Documents, including the commissioning process require-
ments and recommendation by the commissioning authority.

Respond to commissioning team plan accommodation, audit remarks and issues.
Provide design information varying by the commissioning authority.

Specify and confirm that the activity and support of the frameworks and
congregations have been sufficiently itemized in the Construction Documents.
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e Review and fuse the commissioning authorities’ remarks from the submittals audit
process.

e Participate in the underlying activities and support faculty and tenants’ instruc-
tional courses by introducing the venture Basis of Design.

e Review and comment on the commissioning authority’s commissioning reports
and issues log.
Participate in issues resolution.
Review and comment on the last commissioning report and issues log.

2.4 Mechanical Ventilation and Air-Conditioning (MVAC)
and Cx Plan

The MVAC designer by taking the responsibility to draft the Basis of Design
document and reviewed it to ensure the document include all the following items

[3]:

e Primary design assumptions for the MVAC system.
e Standards and guidance referred for the MVAC design.
e Narrative descriptions of the MVAC systems.

The observation is positive. The document is clear and complete and addresses the
requirement raised in the documents. As indicated in the first section, Cx plan is an
important guidance to the entire Cx process adopted in the project. OPR development
and review process are as follows: [3]:

BOD development and review process.

Design review process.

Specification development requirement and review process.

Contractor review process including checklist.

Testing method statements, development requirement and review process.
Pre-commissioning review process including checklist.

Functional testing review process including checklist.

System manual development process and required documentation list.
O&M training requirement and review process.

After occupancy performance review process.

2.5 Requirements in Commissioning Process

MVAC designer and engineers develop the technical specification in tabular form.
The document details include the commissioning requirements, technical acceptance
level, referred standards, tools to be used, documentation requirements and O&M
requirements [4]. The requirements for the commissioning process are as follows:
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e Verification of Installation and Performance
During construction phase, site visits need to be conducted to ensure the instal-
lation and performance of the major energy consumption systems to satisfy
owner’s requirement. To ensure the observation accurately, all the on-site checking
including mechanical checking, electric checking, functional and performance
testing shall follow the method statements/checklists as agreed by the MVAC
contractor [4].

e Activities for IGBC NB Commissioning Credit
The design review document issued before the construction was to ensure the
design’s compliance with OPR and BOD, as well as related to IGBC credits
which will be pursued by the building. During the design evolving stages, regular
design review should be done to ensure all the design changes will not affect the
compliance with above-mentioned requirements [5].

¢ Contractor Submittal Review
Equipment specification, construction drawings, testing documents were
submitted by the main contractor. Lucas Wang conducted the review to ensure
equipment to be installed, installation methods and testing methods fulfill
requirements raised in OPR, BOD, design documents and specification [5].

e Training
The main contractor provided operation and maintenance training for ICAI, Pune
Chapter O&M staffs. Training review was conducted by Sprout through reviewing
the training documents. Post-occupancy review need to be conducted at the site
after 12 months to review the performance of commissioned systems [5].

3 Result and Discussion

Tables 1 and 2 explain the observations recorded for building analysis. Building
resolution and its status are given by providing the issues of the building. Deadlines
to the issues to be resolved and present status of the building are also discussed in
Table 1.

3.1 Energy Consumption Analysis in the Building

The power feeding is acknowledged by means of three 8 kV high-voltage links and
utilizes eight transformers with a diesel generator set for hardware use. Electrical
energy is utilized for heating, ventilation, air conditioning, lifts, lighting, offices,
kitchens and clinical. The primary energy utilization equipments are central air-
conditioning framework, ventilation, lighting framework and high-temperature water
heating system.

The building has cold source system of three 750-standard ton centrifugal units
and a lot of one 360-standard ton screw conveyor, with COP of 5.8. The heat source
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Table 1 Issue log record

O. Prakash et al.

S. No. | Issues Date Resolution Responsible | Status | Action
party deadline
1 All 2017.11.22 | Improve MEP Solved |2018.04.22
incandescent drawings
light bulbs
must be
replaced by
LED
2 Please clarify |2018.12.22 | Improve MEP Solved |2019.02.22
the control drawings
logics of
terminals
group running
and controls
3 Recommend 2018.12.22 | Improve MEP Solved |2019.03.27
adding proper drawings
grills for the
air outlets
4 In the MVAC | 2018.12.22 | Improve MEP Solved |2019.03.29
schematic drawings
drawings, no
amount of
supplied fresh
air is label
5 The power of |2018.12.24 | Improve MEP Solved |2018.12.24
lighting drawings
fixtures is not
consistent
between the
drawing sand
6 Dust has 2018.12.24 | Remove Dust | MEP Solved |2018.12.31
solidified in through water
PV panel sprinkling
7 Overheating of | 2018.12.24 | Troubleshoot | MEP Solved |2018.12.31
solar PV faulty wiring
conductors system
(cables)
8 Auditorium 2018.12.26 | Modify the MEP Solved |2018.12.31
lighting switch installation
is not working
9 The amount of | 2018.12.26 | Improve MEP Solved |2018.12.31
fresh air is not drawings
marked in the
drawings

(continued)
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Table 1 (continued)
S. No. | Issues Date Resolution Responsible | Status | Action
party deadline
10 Lamps are 2018.12.26 | Replace lamps | MEP Solved |2018.12.31
required to by LEDs
replace by
LEDs, as
required before
Table 2 Construction phase
S. No. | Issue Date Resolution Deadline
1 The air ducts need to protect | 2017.06.29 | Protect the air duct 2017.06.29
well from dust before
construction
2 In auditorium area, the air 2017.07.05 | Protect the air outlets 2017.07.07
outlets need to protect
3 The installation of wiring 2017.08.30 | Modify the installation 2017.09.06
supporter not meet the
specification
4 All air vents need to be 2017.11.26 | Protect the air vents 2017.11.30
cleaned well before
commissioning
5 The installation of lighting is | 2017.12.28 | Modify the installation 2018.01.10
askew
6 Unusual noise from one 2018.02.12 | Fix it or reduce noise by 2018.02.17
terminal during operation methods
7 One circuit cannot 2018.02.13 | Re-connect the wiring 2018.02.17
self-locking when push the
button
8 One switch (classroom) 2018.02.13 | Replace 2018.02.17
cannot turnoff
9 Two lighting circuits are 2018.02.17 | Modify the installation 2018.02.23
different as the design
drawings
10 One emergency lighting (1F) |2018.02.17 | Re-connect the wiring 2018.02.23
doesn’t light on when cutting
out the power
11 Readings on one thermostat | 2018.02.23 | Calibrate thermostat 2018.02.27
are difficult To read
12 Add labels for terminals as its | 2018.02.23 | Label each controllers with | 2018.02.27

serving area

its terminal
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is given by a lot of three 2791 kW vacuum high-temperature water boilers. Table 3
shows the building energy analysis.

Table 3 Energy analysis of the building

Parameter

Baseline case (ASHRAE
90.1-2010)

Design case

Roof U value (Btu/h {2 °F)

0.063 Btu/h f2 °F

0.05 Btu/h > °F (150 mm thick
RCC slab + 75 mm thick XPS
over deck insulation)

Wall U value (Btu/h 2 °F)

0.124 Btu/h ft? °F

0.11 Btw/h ft2 °F (U) (200 mm

thick AAC blocks)
Glazing U value (Btwh 2 °F) | 1.2 Btw/h fi® °F (glazing | 0.26
U-Value)
Glazing shading coefficient 0.29 (glazing shading 0.31
coefficient)
‘Window-to-wall ratio (%) 5.0 5.0
LPD parking (W/2) 0.19 0.19
LPD corridor (W/f2) 0.66 0.66
LPD other space ASHRAE 90.1 Same as base case
EPD 9.35 W/ft? Same as base case
Fenestration N/A 50% (glazing VLT)
Window-to-wall ratio 5.0% 5.0%
Elevator load Same as design case 228 kW
Escalator load 327 kW
Lighting power density (space | Corridor—0.66 W/ft? 0.66 W/ft?
area method) Parking—0.19 W/ f? 0.19 W/f?
Other space: ASHRAE ASHRAE 90.1
90.1
Occupancy 5800 ft?/Person 5800 ft?/Person

HVAC system

2 nos. equally sized
water-cooled centrifugal
chiller

2 nos. screw chiller + 4 nos.
centrifugal chillers

Coefficient of performance 6.17 Chiller (multiplex)—4.68
Centrifugal chiller—5.5

Fan power 0.0010 kW/cfm 0.0008 kW/ft3/min

Fan control Variable speed Variable speed
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eTr?:rl;y"sa\ljirl?g solslf(:h]icbll\l/{f dfi(:g Proposed ECMs Energy savings (%)
Proposed design 11.38
Improved lighting in parking and corridor | 12.1
Screw chiller COP 5.0 12.2
Centrifugal chiller COP 6.10 13.7
VSD-driven centrifugal chiller 14.9
VED controlled pump 17.0
Centrifugal chiller COP 6.30 17.5
Centrifugal chiller COP 6.50 17.8
Screw chiller COP 5.50 17.97

3.2 Building Energy Optimization

The building analysis is done by energy simulation at first to provide the best suit-
able recommendation and renovation purpose of the building. The analysis simula-
tion input parameter result is present in the given Table 4. This analysis provides
insight about how the project shall perform and how the building’s energy systems’
performance integrated with each other. This simulation results also provides
results to assess how building shall perform in its various end uses like air condi-
tioning, lighting, miscellaneous equipment, pumps etc. Figure 1 shows the energy
consumption of building components.

It is prescribed to modify the air supply as indicated by the indoor CO; level such
that it spares energy utilization. It is prescribed to set up an air source heat siphon
unit that supplies residential high temperature water as per the real needs to improve
energy productivity. It is prescribed to utilize numerous channels to freely control the
lighting in open territory, to rework the lighting in the zone, and to utilize the light
sensor to naturally control the daylight to accomplish energy investment funds. The

Wall Conduction
6%  window Glasseframe

“’"‘:‘“"“" Underground surface
Condition
%

Heat Reject.
Space Heat

Pumps & Aux.
Ext. Usage

Fig. 1 Comparison of building energy components and its consumption
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garage and open region lighting are consistently on for 24 h leading misuse of energy.
Therefore, utilize microwave induction system and light detecting sensor in open-air
lighting of the carport by this lighting is consequently controlled off in the daytime.
Miscellaneous equipment consume 35% of total building energy incorporates PCs,
machines, refrigerator, individual space radiators and other clinic gear stacks typi-
cally served through ordinary electrical repositories. Container power does exclude
task lighting, gear utilized for HVAC purposes, open or shut refrigeration cases,
stroll in coolers and fridges, lifts and electrically operated clinic hardware. In order
to increase building operational, proposed ECMs if implemented can escalate the
building’s energy savings to 17.97%.

4 Conclusion

In this paper, the main purpose of the simulation is to find the possible energy savings
of the hospital layout as baseline. The result generated in the simulation is 17.97%
energy savings, and this percentage obtained is based on energy conservation and
management factors. The conclusions of the study are as follows:

1.  Optimum utilization of the electricity, daylight energy savings, building enve-
lope, renewable energy generation and adopting it as a major source of electricity
to the building are the parameters for energy efficiency and conservation.

2. Inthe process of energy conservation management techniques, design drawings
of the building are reviewed before construction and documents are issued.

3. All equipment specification, construction drawings, testing documents were
submitted by the main contractor. These documents focus particularly on
operating the interactions between equipment and systems.

4. The on-site inspection after 12 months to review the performance of commis-
sioned systems. As a result of commissioning work, the owner is satisfied with
the performance of both MVAC system and lighting systems.

As project’s commissioning for building equipment and systems succeed in
getting such achievements, the further energy analysis and optimization suggestion
would provide user the future trend and advanced technology.
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Fabrication of Metal-Doped Polymer )
to Study Its Thermal and Mechanical Cestte
Properties

Isha Joon, Subhra Das(), and Chandra Mohan Srivastava

1 Introduction

Polymers are abundant in nature, and they are found in all the living systems. Mate-
rials like paper, wood and leather all are part of polymers only. During early civi-
lization, all a man needed was food and shelter to protect him from extreme harsh
conditions of weather. These shelters were primarily made of wood, bamboo, dry
grass, animal skin/leather which may be classified as natural polymers [1, 2]. With
the changing need of the people, polymers have undergone major changes in its
fabrication technique, thereby leading to its usage in wide range of industries.

Natural polymers are having their intrinsic importance, but it is synthetic poly-
mers that are widely used in today’s lifestyle [3]. First manmade polymer was made
by modification of natural materials in nineteenth century, whereas fully synthetic
polymers were produced in twentieth century during chemical expansion. These
synthetic polymers are called plastics in modern society [4, 5]. Today, synthetic
polymers have become an important part of construction materials and many other
applications due to its superior properties like high compressible strength, corrosion
resistance, insulation properties and lower cost [6, 7].

Polymers together with ceramics are an important part of construction industry,
automobile industry and household product industry. The rapid growth of these poly-
mers is due to the availability of basic raw materials, ensemble of technical properties
specific for polymers such as lightweight, stability, strength and easy, efficient and
flexible processing methods [5, 8].
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Research in the field of polymer has taken a greater leap with new advancement
in technology and new inventions and metal-doped polymer (coordination polymer
type) is one of them [9]. The metal-doped polymers find its application in major
areas like aerospace industry, ship and building constructions because of high specific
and compressive strength [10, 11]. Fibres in the form of metals reinforcement are
the major reason for providing stiffness and strength to the composites. Several
researchers have put their efforts to improve the properties of polymer composite
based on the growing demand of the industry. Silica-epoxy nanocomposites are
showing significant enhancement of mechanical properties such as Young’s modulus,
tensile stress and yield stress with increasing particle loading. Fracture toughness of
silica-epoxy nanocomposite also increases with increase in particle loading [12].

The thermal conductivity of epoxy resin composites filled with combustion-
synthesized hexagonal boron nitride (h-BN) particles was found to be a factor of
particle size. Thermal conductivity increased with increase in filler content to a
maxima and then starts deceasing with the increase in filler content because of hori-
zontal orientation of h-BN particles at higher loadings [13]. Struzziero et al. [14]
developed a methodology for the measurement of thermal conductivity of thermoset-
ting polymers during their cure. Researchers have also studied the impact of loading
epoxy resin with silicon carbide nanowires and had reported 106% enhancement in
thermal conductivity [15].

In this paper, an attempt has been made to fabricate metal-doped polymer with
the expectation to improve its mechanical and thermal properties. The metal-doped
polymer has been fabricated using epoxy resin as base polymer which is doped with
aluminium powder. Hand layup technique has been used for the fabrication of the
polymer. This technique is quite cost-efficient and requires less tool to fabricate
polymer in a smaller scale [6, 16]. Thermal and mechanical properties of the metal-
doped polymer thus synthesized are studied and compared with epoxy resin and
polyvinyl chloride (PVC).

2 Materials and Methods

2.1 Material Used

Polymer used: Epoxy resin.

Metal used: Aluminium. The main reason for combining aluminium with epoxy is
because of its availability, high thermal conductivity, malleability and ductility.

Hardener used: Xin-900.
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2.2 Fabrication Technique of Epoxy Resin

Hand layup technique has been used for fabrication of epoxy resin [6, 17].

Step I. Mould preparation: A simple wooden sheet covered with plastic sheet is
used to prepare the mould. The mould of required size is cut out of cardboard sheet
and is fixed on the wooden sheet using cello tape. Clay is applied inside the mould
to lock it from every corner so that there is no leakage. Mixture when poured in this
mould can take desired shape.

Step II: Mixture Preparation: Resin and hardener were taken in the ratio of 5:4.
The resin is poured in a dry beaker. It is heated on a hot plate. The resin is rotated
with glass rod in a slanted manner in order to remove air bubbles. Resin is removed
from hot plate time to time so that it does not start decomposing. Temperature of
resin should not exceed 70 °C else it starts decomposing. After removal of all air
bubbles, the resin is removed from hot plate and hardener is then added slowly by
continuously stirring the mixture to form a homogeneous mixture. The mixture is
heated again for a few minutes so that excess moisture can be removed.

Step III: Sample Preparation: After removing the mixture from hot plate, it is
poured into the mould and is spread evenly in a Long Line form. After pouring the
sample in mould, the wooden plate is tapped gently along a table or slab so that
any air bubble formed during pouring is removed and the mixture does not become
brittle.

Polymerization: The mixture is allowed to set at room temperature for about 3—
4 h. Then it is kept in oven for 24 h at temperature between 24 and 26 °C so that
polymerization takes place completely. If polymerization is not complete (i.e. after
removing sample from the mould it bends easily), then it is again kept in oven for
12 h at same temperature. After solidification, post-curing is done by putting the
solidified sample at 40-50 °C in oven for 24 h more.

Step I'V: Cutting of Sample: The sample is then cut using a cutter into desired shape
and size.

2.3 Fabrication Technique of Metal-Doped Polymer

Hand layup technique has been used to dope aluminium to epoxy resin [16]. The
steps to prepare a sample are described below:

Step I: Mould preparation: A simple wooden sheet covered with plastic sheet is
used to prepare the mould. The mould of required size is cut out of cardboard sheet
and is fixed on the wooden sheet with the help of tape. Clay is applied inside the
mould to lock it from every corner so that there is no leakage. Mixture when poured
in this mould takes desired shape.
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a b

Fig. 1 a Powered form of sample, b mixture poured in mould

Step II: Mixture Preparation: A beaker is taken and dried completely. No moisture
should be present inside the beaker as it will lead to bubbles formation inside the
resin. The resin is being poured in the beaker. It is being heated on hot plate and is
rotated with glass rod in a slanted manner to remove air bubbles. It is removed from
hot plate time to time so that it does not start decomposing. Temperature of resin
should not exceed 70 °C else it can start decomposing.

Addition of Metal: After removal of air bubbles, the resin is allowed to cool a little
and then hardener (28 ml) is added slowly by continuously stirring the mixture to
form a homogeneous mixture. The resin and hardener should be taken in a ratio of
5:4. After addition of hardener, it is heated again for few minutes more and metal is
added slowly by continuously stirring the mixture.

Step III: Sample Preparation: After removing the mixture from hot plate, it is
poured into the mould and is spread evenly in a long line form as shown in Fig. 1.
After pouring the sample in mould, wooden plate is tapped gently along a table or
slab so that any air bubble formed during pouring is removed and the mixture does
not become brittle.

Polymerization: The mixture is allowed to set at room temperature for about 3—
4 h. Then it is kept in oven for 24 h at temperature between 24 and 26 °C so that
polymerization takes place completely. If polymerization is not complete (i.e. after
removing sample from the mould, the sample bends easily), then it is again kept in
oven for 12 h at same temperature.

Step IV: Cutting of Sample: The sample is then cut using a cutter into desired shape
and size as shown in Fig. 2. A schematic diagram for the fabrication technique is
shown in Fig. 3:
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Fig. 3 Fabrication technique for epoxy resin doped with aluminium

3 Characterization Techniques

Three samples were prepared with different concentration of aluminium in epoxy
resin, viz. Sample A (with 1% wt. metal in polymer), Sample B (with 3% wt. metal in
polymer) and Sample C (with 5% wt. metal in polymer). A simple heat transfer test
was conducted in laboratory to check thermal characteristics of the three samples.
Three samples were kept under a solar simulator in such a way that only the top
surface receives heat and the bottom is exposed to ambient air. Temperatures of top
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and bottom surfaces were measured at an interval of 15 min and are plotted in Fig. 4
to identify the sample which transfers heat efficiently.

It was observed that Sample C outperformed other two samples. Hence, only
Sample C was sent to various laboratories for characterization.

3.1 Dynamic Mechanical Analysis (DMA)

Sample C of metal-doped polymer was first sent for dynamic mechanical analysis at
Netaji Subhas Institute of Technology, New Delhi.

Composition of Sample C
Total polymer = 63 ml (9 cm/7 cm/1 cm = vol of mould).
Resin + hardener = 35 4 28 ml.

Metal = 5% of 63 ml = 3.15 ml.

The rheological material behaviour of the sample is measured as a function of
temperature.

The DMA curve for epoxy resin measured at a temperature range of 30.5-93.75 °C
is shown in Figs. 5 and 6. From the graph, it is clear that the drop in storage modulus
(E") and peak in damping factor between 60 and 70 °C is due to glass transition
temperature (T,) of the polymer. This drop indicates that the polymer starts melting
after this temperature. It can be concluded that melting point of the metal-doped
polymer is around 60 °C and thus can used for applications requiring temperature
below 60 °C. In Fig. 5, the viscoelastic properties were studied and the results are
shown in graph. In the graph, it is clear that the value of G’ is more than G”. The
drop in storage modulus of the sample is due to the thermal relaxation of the polymer
chain.

Glass transition temperature 7', is also observed between 30 and 60 °C which
are called beta and gamma transitions. The reason for these transitions is due to the
internal motion of polymer mixture as opposed to large scale motion that accompanies
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the T,. These small transitions are very difficult to observe in differential scanning
calorimetric technique but can be observed clearly in DMA. These transitions are very
important as they help to determine resistance of the polymer. The glass transition
temperature of the metal-doped polymer (Sample C) has shown a significant growth
as compared to a polymer without metal whose T, is less than 60 °C.
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3.2 Tensile Strength

The Sample C has been tested for thermal conductivity, compressive strength
and tensile strength at Laboratory for Advanced Research of Polymeric Materials,
Bhubaneswar (LARPM).

When tensile strain is low, the sample obeys Hooke’s law to a reasonable approxi-
mation, so that stress is proportional to strain as shown in Fig. 7. As strain is increased,
the sample slowly deviates from this linear proportionality and this corresponds to
0.5% tensile strain. This nonlinearity is usually associated with stress-induced plastic
flow in the sample. In this stage, the material undergoes rearrangement of its internal
molecular or microscopic structure, in which atoms are moved to new equilibrium
positions. Materials lacking this mobility are usually brittle rather than ductile. It has
been observed that tensile stress that the sample can withstand at maximum load is
38.3 MPa.

3.3 Compressive Strength

The compressive strength is the measurement of pressure that the sample can with-
stand by putting a considerable amount of weight on it [7]. A weight placed on the
sample at a particular point and the compression of the sample is noted down till
it reaches its breaking point. The compressive strength test has been conducted on
Sample C at 23 °C. A maximum load of 28,824 N has been applied on the polymer,
and corresponding stress has been observed. From Fig. 8§, it is observed that that the
Sample C is the able to bear stress around 55 MPa with less than 1 mm of compres-
sive extension in the sample; beyond this point with the increase in compressive
stress, there is stretching of the polymer. The stretching continues till stress reaches
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Fig. 8 Compressive stress Graph 1
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Tabclle 1, Therlfnal l-doped Thickness of | Temperature | Thermal Thermal
conductivity of metal-dope the sample (°C) resistance conductivity
polymer (Sample C) (cm) (m2K/W) (W/mK)
0.3450 32.89 2.05e—002 | 0.168
0.3450 4291 1.85e—002 | 0.187
0.3450 53.04 1.79e—002 | 0.193

153.6 MPa which corresponds to the break point for the aluminium-doped epoxy
resin.

3.4 Thermal Conductivity

Sample C was sent to LARPM to conduct thermal conductivity test. Table 1 gives
thermal conductivity and thermal resistance of sample at different sample temper-
ature. It is observed that thermal conductivity of aluminium-doped epoxy resin
increased with increase in temperature.

4 Comparing Properties of Aluminium-Doped Epoxy Resin
with Epoxy Resin and Polyvinyl Chloride

The tensile strength, compressive strength and thermal conductivity of aluminium-
doped epoxy resin are compared with that of epoxy resin and polyvinyl chloride
(PVC) and are given in Table 2. It is observed that tensile strength of aluminium-
doped epoxy resin increased by 16%, compressive strength increased by almost
43% and thermal conductivity increased by 12%. This shows that there is significant
increase in thermal and mechanical properties of epoxy resin due to metal doping.
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Table 2 ffe.n.sﬂe strength, Properties Metal-doped | PVC Epoxy resin
compressibility and thermal epoxy resin
conductivity of metal-doped
polymer, polyvinyl chloride Tensile 38.302 52 [18] 33[19]
(PVC) and epoxy resin strength (MPa)
Compressive 153.69 66.18 [20] 68.94 [21]
strength (MPa)
Thermal 0.168 0.16 [18] 0.15[13]
conductivity
(W/mK)

The properties of aluminium-doped epoxy resin are compared with PVC which
is commonly used in various industrial applications. It is observed that metal-doped
epoxy resin has higher thermal conductivity and compressive strength than PVC but
lower tensile strength.

5 Conclusions

This paper has dealt with fabrication and characterization of metal-doped polymer.
For the fabrication of metal-doped polymer, epoxy resin is used as base polymer to
which aluminium powder is added. Hand layup technique is used to fabricate the
metal-doped polymer because of its simple and cost-effective technique.

Initially, three samples were made with different concentration of aluminium
in epoxy resin (1 wt%, 3 wt% and 5 wt%). The samples were tested under solar
simulator to test for heat transfer through these samples. It was observed that Sample
C having 5 wt% concentration of aluminium in epoxy resin transfers heat efficiently
compared to other two samples. Sample C was then sent to various laboratories for
further characterization.

DMA of Sample C suggests that melting point of the sample is around 60 °C and
thus is suitable for applications which require temperature below 60 °C. The glass
transition temperature of aluminium-doped epoxy resin (Sample C) is 60 °C.

It was observed from tensile strength test that tensile stress that Sample C could
withstand at maximum load is 38.3 MPa. The compressive strength test on Sample
C reveals the fact that sample can bear stress around 55 MPa with less than 1 mm of
compressive extension in the sample, and beyond this level, stretching of polymer
was observed with the increase in compressive stress. The stretching continues till
stress reaches 153.6 MPa which corresponds to the break point for the polymer.
Thermal conductivity of aluminium-doped epoxy resin (Sample C) increased with
the increase in temperature. It was observed that thermal conductivity varied from
0.168 to 0.193 W/mK.

Significant improvement in thermal and mechanical properties was observed
in aluminium-doped epoxy resin in comparison with normal epoxy resin. Tensile
strength increased by 16.06%, compressive strength increased by 121.93% and
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thermal conductivity increased by 12%. Also, a comparison of these properties with
PVC shows that tensile strength of Sample C is less than PVC but compressive
strength and thermal conductivity of Sample C are more than that of PVC. Thus,
it can be concluded that thermal and mechanical properties of epoxy resin can be
enhanced by doping aluminium.
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Investigation on Heating Load )
for Polyhouse Located in Agra: A Case L
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and Ashok Yadav

1 Introduction

Protected cultivation is a specific horticultural framework where plants are devel-
oped by methods for controlling their typical habitat to drag out the collecting
time frame, improve item quality, balance out creation, and give items when open
field cultivation is limited [1]. Polyhouse development has extended during the most
recent couple of years around the globe of various territories due to restriction of
the ecological conditions. The general target of protected cultivation is to modify
the habitat, through various procedures to identify the ideal habitat the condition
of the harvest. In specific locations, the limitation of solar radiation or the insur-
ance against the wind, slope, or other environmental conditions is additionally the
goal of protected cultivation. Protected cultivation is additionally utilizing accessible
soil, water, energy, space, and climatic assets; for example, sun-oriented radiation,
humidity, temperature, and carbon dioxide present in the environment. Modern poly-
houses are furnished with different warming and cooling gadgets, for example, radi-
ators, coolers, fans. Since warmers and coolers expend a considerable measure of
energy in inadequately protected polyhouses, sparing the energy has been a signifi-
cant assignment for producing the agro-items, especially in long periods of high oil
costs. Polyhouse cultivating is gradually picking up prevalence in India as well. A
farmer can make immense benefits from polyhouse cultivating [2]. Be that as it may,
numerous individuals do not know about polyhouse or even nursery; thus, through
this study, they will become more acquainted about polyhouse and its advantages.
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Polyhouse cultivations are significantly gaining popularity in India too to nourish-
ment creation, yet require a lot of vitality to keep up their microclimate in locales with
cruel atmospheres. This paper evaluated the internal heating load required to main-
tain ideal conditions for a polyhouse nurseries situated in DEI, Agra, during winters
utilizing inside temperature changes and heat transfer coefficients. Polyhouse nurs-
eries have a significant job in supporting stable vegetable production and supply
in everywhere throughout the world. In any case, one of the significant limitations
of nurseries is their energy cost because an appropriate microclimate for vegetable
production must be maintained regardless of extreme climate conditions, particularly
in winter [1, 2]. The increase of the world population and energy consumption has
directed researchers and scientists to produce an ample quantity of food and energy by
mistreatment different sources. Additionally, climate changes and inadequate water
resources reveal that protected cultivation in 493 greenhouses has become the favored
thanks for develop the agricultural sector. Polyhouse production is distributed, taking
advantage of favorable climate (air temperature, ratio, and lighting) whereas keeping
the operational price at a minimum [3].

The worldwide protected cultivation was 280,000 ha (without taking into consid-
eration China wherever the area coated is calculated in 1,250,000 ha) in 2002. In
Europe, the entire space of protected cultivation in 2005 is predictable to 126,000 ha
[4]. The European nation is in the first place with 38% of the entire E.U. space
of protected cultivation installations, followed by European nations with 22%.
In contrast, Greece is within the sixth place with only 4%. Regarding Greece,
protected cultivation production represents one among the foremost essential sectors
of agriculture [5].

2 Material and Methods

2.1 Description of Polyhouse

A polyhouse generally referred to as a polytunnel has semi-circular, square, or elon-
gated in form. It is made of steel structure and covered with polythene. The inside
heats up as aresult of incoming radiation from the sun warms plants, soil, and alterna-
tive things within the building quicker than heat will escape the structure. Air warm
by the heat from hot interior surfaces is preserved within the building by the roof
and wall. Temperature, humidness, and ventilation are controlled by instrumentation
mounted within the polyhouse or by manual gap controlling of vents. Polyhouses
are employed in temperate regions in similar ways that to glass greenhouses and
row covers. Polyhouses are accustomed to providing a higher temperature or humid-
ness than that is out there within the space. However, they may also shield crops
from intense heat, bright daylight, winds, hailstones, and cold waves. It enables
fruits and vegetables to be fully grown from time to time typically in the off season;
market gardeners usually use polyhouses for season extension. The most purpose
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of polyhouse is to form a microclimate that simulates the temperatures and alterna-
tive weather conditions of a location. Every aspect influencing a crop is controlled
in an exceedingly polyhouse. Polyhouses are usually employed in horticulture and
plant nurseries because the revenue price of the plants will justify the expense [2,
6]. There is a range of polyhouses regarding form, dimensions, and materials used
for frame and coverage. Most conventional materials for the greenhouse frame are
wood, aluminum, and steel, whereas for coverage are synthetic resin. The selec-
tion of polyhouses depends upon climate conditions specific location, technological
development, economy characteristics, and also the nature of the crop. Because of
the ecological management framework, polyhouse are of two categories: (1) Natural
aired polyhouse—this sort of polyhouse or nursery does not have any ecological
management framework except adequate ventilation to spare the harvests from unfa-
vorable environmental conditions. (2) Environmental controlled polyhouse—they
are developed primarily to expand the developing time of harvests or to create the
slow time of the year yield by dominant the sunshine, temperature, dampness, and
so on [7]. The adjustment of every variable influencing the indoor surroundings
of a polyhouse could be an effective procedure. The dynamic behavior of poly-
house climate could be a combination of physical processes involving energy and
mass transfer happening within the polyhouse further as between the polyhouses
and also the outside surroundings. These processes depend upon the surface climate
conditions, the polyhouse structure, kind and growing part of the plant. Typically,
ventilation and heating will be accustomed to modifying within the temperature,
humidness, and CO, concentrations, whereas shading and artificial lightweight to
boost radiation conditions for the plants [8]. The structure of a polyhouse typically
is not sufficient to stay within air temperature at an acceptable level for optimum
growth, particularly in a cold climate.

Additionally, the shortage of heating systems has adverse effects on the yield,
cultivation time, quality, and quantity of the polyhouse products; therefore, auxiliary
heating systems must be needed [3]. Heating systems square measures either of
local or central. Local heating systems accommodate heaters from biomass, diesel,
or paraffin, or maybe electricity. On the opposite hand, heating system systems used
alone or together, looking on depending on the particular polyhouse installation [9].

2.2 Construction and Methodology

Single span polyethylene plastic is chosen for this study. Experimental polyhouse is
wrapped of a single-layered sheet of 4-mm-thick polyethylene film. It is installed in
the cultivation division of DEI Agra (27.1767° N, 78.0081° E). A variety of models
for polyhouse calculations are developed that classified as static, dynamic, and inter-
mediate. Static models calculate energy consumption through overall thermal losses.
They are simple, and their precision is restricted (£25% error). Dynamic models, on
the other hand, show precision exactness (£10% error); however, they are compli-
cated and challenging using in simulation over long periods [8]. Static models have
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Fig. 1 Measurements of experimental polyhouse
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Fig. 2 Front view of experimental polyhouse [11]

been used to calculate the heating load of a reference polyhouse in Dayalbagh Educa-
tional Institute, Agra. Calculations were performed using meteorologic information
(ambient air temperature, etc.), besides as thermal characteristics of the cover mate-
rial. The necessary meteorologic data for the calculations data of heating loads
(ambient air temperature with the help of RTD PT100 temperature indicator, the
thickness of the sheet using a vernier caliper, etc.) are measured.

The polyhouse has dimensions of 12.40 m x 7.80 m x 5.23 m (Fig. 1). Total
covered area is 104.34 m?> with 460 m? volume. Covering material is synthetic
resin plastic (PE). The interior climate conditions consult with the optimum growing
conditions for the plants that range from 25 to 32 °C for the day hours. Hence, in
our calculations, the internal reference temperature to be maintained once removing
additional heat from polyhouse is 30 °C [2, 10] (Figs. 2 and 3).

2.3 Measurement and Energy Analysis

The internal atmospheric temperature and outside air temperature were measured
using the RTD PT100 temperature sensor. This sensor is connected with a digital
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Fig. 3 Side view of experimental polyhouse [11]

temperature indicator that shows the temperature with a resolution of 0.1 °C. Sensors
were placed at gutter height, to avoid the shading from the crop. Temperatures were
recorded at three distinct locations; at the center, and the other two are at a distance of
one meter from north faced and south faced walls. All three locations are in a straight
line within the polyhouse. Observations were recorded at an interval of 2 h from 8
am to 6 pm placing the sensor at 2.0 m altitude to avoid any temperature variation.
Daily average temperature recorded is given in Table 1. Other measurements like
height, length, width were measured using a 10-m-long measuring tap.

Volume Calculation [12, 13]

For the measurement of volume, polyhouse is divided into two parts, so that, the
volume can be calculated easily. Part 1 is cuboid of size 12.4 m x 7.8 m x 3.45 m,
whereas Part 2, is a Quonset having a width of 7.8 m, length 12.4 m, a radius of
curvature 5.16 m and central incident angle of curvature is 98.17° (Fig. 4).

Volume of Polyhouse = Volume of Part 1 + Volume of Part 2
= Ibh + [(Pi* 0 x R* % 1/360) — {b* (R — h1)/2}] *1

where

| = length of polyhouse = 12.4 m

b = width of polyhouse = 7.8 m

H = total height of polyhouse = 5.23 m
h = Side height of polyhouse = 3.45 m
Pi=3.143

6 = angle of intercept at center by curved part 2 = 98.17°, [12]
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Table 1 Daily average temperature and heating load

P. Kumar et al.

Day Average Heating load | Day Average Heating load

temperature in | (KW) temperature in | (KW)

°C °C
1-Dec-19 26 17.7378 16-Dec-19 |20 4.43445
2-Dec-19 28 8.8689 17-Dec-19 |18 53.2134
3-Dec-19 27 13.30335 18-Dec-19 |22 35.4756
4-Dec-19 29 4.43445 19-Dec-19 |19 48.77895
5-Dec-19 28 8.8689 20-Dec-19 |21 39.91005
6-Dec-19 27 13.30335 21-Dec-19 |23 31.04115
7-Dec-19 29 4.43445 22-Dec-19 |18 53.2134
8-Dec-19 27 13.30335 23-Dec-19 |17 57.64785
9-Dec-19 28 8.8689 24-Dec-19 |21 39.91005
10-Dec-19 26 17.7378 25-Dec-19 |18 53.2134
11-Dec-19 27 13.30335 26-Dec-19 |17 57.64785
12-Dec-19 28 8.8689 27-Dec-19 |16 62.0823
13-Dec-19 24 26.6067 28-Dec-19 |19 48.77895
14-Dec-19 23 31.04115 29-Dec-19 |21 39.91005
15-Dec-19 25 22.17225 30-Dec-19 |15 66.51675
Month’s average temperature in °C 22.9
December’s average heating load in KW 31.484595

Fig. 4 Schematic diagram of experimental polyhouse [11]

R = radius of curver part 2 = 5.16 m, [12]

Le., Volume V = 460 m? (Approximate).



Investigation on Heating Load for Polyhouse Located in Agra ... 49

Heat flow rate in the polyhouse [14, 15]
The required heating load for maintaining the ideal environment within the polyhouse
is calculated using Fourier’s law of heat transfer [16].

QO =—-Kx*xAxdT/dx

where

Q = Heat flow rate per second in kW

A = Surface are of Polyhouse = 104.34 m?, [12]

K = Thermal conductivity of polyethylene sheet = 0.17 W/m k, [13], 15]
dT = Temperature difference b/w inside and outside of the polyhouse

dx = thickness of polyethylene sheet = 4 mm.

3 Results and Discussion

Measurements were carried out during daylight hours for December 2019. The
monthly average temperature was significantly lower than inside the polyhouse
(22.9 °C) compared to the required average environmental temperature (30 °C)
that generates a heating load of 31.5 kW. The lowest temperature was observed on
30/12/2019, where it was 15 °C that generates a heating load of 66.12 kW. In contrast,
the maximum temperature was observed on 07/12/2019, where it was 29 °C, which is
very close to the required temperature range and generates a heating load of 4.43 kW
(shown in Table 1 and Fig. 5).

Temperature Heating Load

100

e~

Temperature / Heating
Load

S S N R R A - A &
Day

Fig. 5 Warming load pattern and temperature pattern throughout the month
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4

P. Kumar et al.

Conclusion

The present study on heating loads of polyhouses is focused on—460 m* volume
polyhouse used for potato cultivation. Potato is a dominant crop cultivated in the
northern part of India. Meteorological data such as air temperature, solar radia-
tion, humidity, and wind speed are in high temporal resolution (semi-hourly). Static
models calculate energy consumption through the total thermal losses methodology
is used to determine heating load requirements. Results show that the heating load
during the whole month is quite realistic and easy to achieve with an average value
of 31.5 kW. The after-effects of all heating loads vacillations during the long stretch
of December are comparative.

References

—

Castilla, N.: Greenhouse Technology and Management, 2nd edn., pp. 1-10 (2007)

2. Ministry of Agriculture, Food and Rural Affairs (MAFRA). The Status of Vegetable

10.

11.

13.

14.

15.

16.

Greenhouse Facilities and Vegetables Production in 2014

. Hassanien, R.H.E., et al.: Advanced applications of solar energy in agricultural greenhouses.

Renew. Sustain. Energy Rev. 54, 989-1001 (2016)

Likoskoufis, J.H.: Development of a system to decrease relative humidity in greenhouses using
GSHP and hygroscopic materials. Ph.D. thesis, Agricultural University of Athens (2011)
Hellenic Statistical Authority, Annual Agricultural Statistical Research for the year 2012.
(2015) in Greek

Polytunnel, https://en.wikipedia.org/wiki/Polytunnel. Last accessed 2020/06/18

Horticulture: Greenhouse cultivation, https://agritech.tnau.ac.in/horticulture/horti_Greenh
ouse%20cultivation.html. Last accessed 2020/06/18

Sethi, V.P,, Sumathy, K., Lee, C., Pal, D.S.: Thermal modeling aspects of solar greenhouse
microclimate control: a review on heating technologies. Sol. Energy 96, 56-82 (2013)
Vandiee, A., Martin, V.: Energy management in horticultural applications through the closed
greenhouse concept, state of the art. Renew. Sustain. Energy Rev. 16, 5087-5100 (2012)
Steduto, P.: FAO irrigation and drainage paper 66, https://www.fao.org/3/i2800e/i2800e.pdf,
pp- 184-189

3-D drawing, created in solid works, of experimental polyhouse installed at DEI, Agra
(27.1767° N, 78.0081° E)

. Nemali, K.: Calculating greenhouse heating requirements, https://www.purdue.edu/hla/sites/

cea/article/calculating-greenhouse-heating-requirements

GROWSPAN greenhouse structures, https://www.growspan.com/news/how-to-size-a-greenh
ouse-heating-system.

George, N.J.,Obianwu, V.I., Akpabio, G.T., Obot, I.B.: Comparison of thermal insulation effi-
ciency of some selected materials used as ceiling in building design. Arch. Appl. Sci. Res. 2(3),
253-259 (2010)

Ettah, E.B., Egbe, J.G., Takim, S.A., Akpan, U.P., Oyom, E.B.: Investigation of the thermal
conductivity of polyvinyl chloride (Pvc) ceiling material produced in Epz Calabar, for
application tropical climate zones. IOSR J. Polym. Text. Eng. 3(2), 34-38

Thermal conduction, https://en.wikipedia.org/wiki/Thermal_conduction. Last accessed
2020/06/18


https://en.wikipedia.org/wiki/Polytunnel
https://agritech.tnau.ac.in/horticulture/horti_Greenhouse%20cultivation.html
https://www.fao.org/3/i2800e/i2800e.pdf
https://www.purdue.edu/hla/sites/cea/article/calculating-greenhouse-heating-requirements
https://www.growspan.com/news/how-to-size-a-greenhouse-heating-system
https://en.wikipedia.org/wiki/Thermal_conduction

Levelized Cost Computation of Novel m
Thermoelectric Modules i
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Nomenclature

TEG Thermoelectric generator

ZT Figure of merit of thermoelectric module

n Performance efficiency

Pyen Power generated by thermoelectric module

Vv Thermoelectric voltage

R Internal resistance

R; Load resistance

m Ratio of load resistance to internal resistance

S, Seebeck coefficient of p-type thermoelectric material

S Seebeck coefficient of n-type thermoelectric material
AT Temperature difference

A Area of the metallic plate

F Fill factor

L Length of thermoelectric leg
op Electrical conductivity of p-type thermoelectric material
oy Electrical conductivity of n-type thermoelectric material
G Cost-performance metric

C Total capital cost

0 Density of thermoelectric material

Cp Thermoelectric material cost
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Cu Thermoelectric manufacturing cost

Ca Areal manufacturing cost

Cux Cost of heat exchangers

U Heat transfer coefficient

Cp, Capital cost of p-type thermoelectric leg
C, Capital cost of n-type thermoelectric leg
LCOE Levelized cost of energy

C Overnight capital cost

O, Operation cost for a lifespan of ¢ years
M, Maintenance cost for a lifespan of ¢ years
F, Fuel cost for a lifespan of ¢ years

E, Energy generated for ¢ years

r Discount rate

t Duration in years

Pymax  Maximum power generation
Maximum cost-performance metric

Q
5
=

1 Introduction

Thermoelectric generator (TEG) uses Seebeck principle and converts thermal energy
directly into electricity, without using any moving parts [1]. Thermoelectric couple
is a pair of thermoelectric legs. Thermoelectric couples connected in series form
a thermoelectric module or TEG. TEG has applications in automobiles, industries,
deep space exploration, thermal power plants, military, etc. It has longer lifespan,
weighs less than a battery, has no moving parts, makes no noise and is a convenient
power source.

In spite of longer lifespan, TEG face many commercialization challenges due
to high material cost and low performance efficiency. Efficiency of typical TEG
remains below 10% and has limited applications due to high toxic materials and
manufacturing challenges of such materials [2]. Zhang et al. [3] have reported that
organic thermoelectric materials were cost effective, easy processing and non-toxic.
They have also suggested that organic polymer thermoelectric materials showed
lower performance efficiency than inorganic thermoelectric materials. Wang et al.
[4] suggested that the system performance with organic polymer-inorganic thermo-
electric composites was good. Developments in nanotechnology resulted to achieve
efficient thermoelectric materials [5]. Li et al. did a comprehensive review on the
recent progress of two-dimensional nanomaterials for bulk and thin-film thermo-
electric materials [6]. An extensive review of the thermoelectric characteristics of
bulk phases of boron nitride, boron nitride nanotube, boron nitride nanoribbon, boron
nitride quantum dots and boron nitride composites was presented by Sharma et al. [7].
Recently, superconductivity and magnets showed significant increase in performance
efficiency of TEG [8-11].
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Fig. 1 Global 800
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Many automotive companies like BMW, Honda, Ford, GM, Toyota, etc., have
showed their interest in TEG to convert exhaust waste heat into electricity. This
technology was experimentally verified to achieve fuel efficiency of 25-50% [12].
Alphabet energy invested $49.5 M into low-cost thermoelectric generator for indus-
trial applications [13]. Their product named E1 had efficiency of 2.5% during its
launch in 2014. The company assures that with further research and development,
El willreach efficiency up to 10%. Using E1, thermoelectric generator saves 50,000 L
of diesel fuel annually. NASA used radioisotope thermoelectric generators (RTGs)
to power Voyager spacecrafts, Curiosity rover, Cassini spacecraft, New Horizons
spacecraft, etc. [14, 15]. RTGs developed and used by NASA had efficiency of 3-7%
and development cost of more than $83 M for each space missions. Thermoelectric
generators have lifespan of minimum 10 years and can go up to 50 years without
maintenance [15].

A research on global thermoelectric generator market was carried out by Zion
Market Research [16]. The study provided historic data of year 2015 and forecasted
for 2016-2021 on basis of revenue (USD Million) (Fig. 1). It displayed global ther-
moelectric generator market revenue from 2015 to 2021. The global thermoelectric
generator market was valued at $279.3 M in 2015 and expected to be valued at
$610 M in 2021, growing at a compound annual growth rate (CAGR) of slightly
above 13.8%.

The study was carried by segmenting the market based on regions, applications and
sources. The results indicated that TEG market is growing globally. North America
was a leading region for thermoelectric generator market followed by Europe and
Asia Pacific where Asia Pacific expected to show promising growth in upcoming
years due increased demand of TEG by automotive manufacturers and industries.
Applications of TEG in automotive, industrial, aerospace and defense sectors were
studied. Applications of TEG in automotive sector shared the largest TEG market
share of 57.8%, whereas TEG in industrial sectors expected to grow moderately
in upcoming years. The research analyzed that the global thermoelectric generator
market was dominated by waste heat recovery systems and expected to grow over
the estimated period.

LeBlanc et al. [2] investigated fabrication cost, device efficiency and commercial
feasibility of 30 thermoelectric materials. They have also evaluated manufacturing
process and system cost was also evaluated to provide product development and
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commercial feasibility contexts. Optimization and analysis of novel thermoelec-
tric module were proposed by Mane and Atheaya [17]. The simulated results indi-
cated Pb;_,Mg,TeggSep, and n-type PbTe, Pb;_ Mg, TeyggSep, and CoSbs_, Te,,
Cuj»SbyS ;3 and CoSbs_, Te, thermoelectric modules to show efficiency above 10%.
This research paper analyzes the cost for these novel thermoelectric modules, esti-
mating the levelized cost of TEG integrated thermal power plant and comparing the
TEG with other renewable sources are the novelty of this research paper.

2 Manufacturing Process Used for TEG Production

Manufacturing is a major challenge for TEG. The manufacturing process for ther-
moelectric devices varies based on the type of thermoelectric material. Figure 2
displays typical manufacturing process flowchart for TEG [18]. Ball mill and spark
plasma sintering (SPS) are the typical machineries used in the manufacturing process.
The ball mill is a type of grinder used to grind and blend materials for use in
mineral dressing process, paints, ceramics and selective laser sintering. Spark plasma
sintering machine uses spark plasma sintering technique which sends pulsed or
un-pulsed DC or AC current through the graphite die. Thermoelectric materials
are synthesized through ball milling powders of the constituent elements. In the
ball milling process, the constituent elements are completely mixed. Then, they are
consolidated into ingots through hot pressing or spark plasma sintering. The consol-
idation process depending upon the thermoelectric operating temperature may occur
at higher temperature (1000 K) in order to densify the material.

5
B

Ball Milling Process Compaction and Cutting and Finishing Metallization Process
Sintering Process Process

—
A —~ ==

Thermoelectric Soldering Process
Module

Fig. 2 Steps for manufacturing of TEG
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The ingots are then diced to form the thermoelectric legs, and the material brit-
tleness would be a primary concern in this step. Any chipping of a thermoelectric
leg changes the leg surface area and influences both the leg’s thermal and elec-
trical resistance. This in turn affects the system’s performance, particularly, when
the geometry of each leg not same. Connections are made between thermoelectric
legs and conductive metal plate. Achieving perfect contact at the interface is a major
challenge. Microscopic roughness on the surfaces forms air-filled voids when the
surfaces are pressed together. These voids decrease the surface area that is actually
in contact. Potential surface coatings, such as oxides or other impurities, affect both
the thermal and the electrical conductivity over an interface. The magnitude of the
thermal contact resistances is decreased by minimizing the area of the voids, either
by smoothing or softening the surfaces, or by increasing contact pressure. Another
way to lower contact resistances is by filling the voids with a material with high
conductivity. A thin layer of thermal grease or graphite is commonly used to fill the
voids and enhance thermal contacts. Such a material has far better thermal conduc-
tivity than air, but much lower than metals. A common method for lowering electrical
contact resistances is to cover the surface with a soft, electrically conducting mate-
rial that is resistant to oxidization. A technically beneficial but expensive choice of
coating material is gold. Studies shows, nickel (Ni) to be a best cost-efficient mate-
rial to connect the semiconductor—-metal surfaces [19]. Nickel (Ni) is electrically
conductive material, resistant to oxidization, has diffusion ability, cost efficient and
manufacturability of connection. The completed module is tested with X-ray diffrac-
tometer (XRD), laser flash apparatus (LFA), DC four-probe method and differential
voltage to verify the phase structures, thermal conductivity, electrical conductivity
and Seebeck coefficient, respectively.

3 Cost Analysis of Novel Thermoelectric Modules

In this research paper, three novel thermoelectric modules are proposed on basis
of the simulation results achieved in previous research work. Table 1 indicates the
thermoelectric materials and efficiency achieved in the simulation [17].

Here, ZT is the unitless figure of merit of thermoelectric module whose value
important to identify the efficiency of thermoelectric module. The temperature differ-
ence was set at 800 K and 300 K at hot terminal and cold terminal, respectively. The
power generated by thermoelectric modules is calculated by following [10].

Table 1 Simulation results

Thermoelectric materials 7T n (%)
of the proposed - -
thermoelectric modules P-type material N-type material
Pb;_,Mg, TepsSep 2 n-type PbTe 1.30 |17
Pb;_xMg, TepsSeo.2 CoSbs_, Te, 1.20 |16
Cu125b4813 COSb3,XTeX 0.6 10
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P = [V_Z}L W
gen — R (m i 1)2

where thermoelectric voltage (V) is defined to product of Seebeck coefficients of
p-type thermoelectric material and n-type thermoelectric material with temperature
difference, i.e., (S, — S,)AT. The ratio of load resistance (R; ) to internal resistance
(R) is defined to be m. The internal resistance is formulated by following [10].

R [2E0[1 1 5
-{ﬁ}[aﬂ;] @

where L is the length of the thermoelectric leg and A is the area of the metallic
plate onto which thermoelectric legs are electrically and thermally connected. The
op and o, are electrical conductivities of p-type and n-type thermoelectric materials,
respectively. Fill factor (F) is the ratio of the area covered by thermoelectric material
to plate area. To identify an optimum geometry of thermoelectric module, cost-
performance metric (G) is formulated by following [10].

C
°=[7] ®

where C is the total capital required to manufacture TEG. This capital is sum of
thermoelectric material cost (Cp), thermoelectric manufacturing cost (Cy,), areal
manufacturing cost (C4) and cost of heat exchangers (Cpyx) and also depends upon
the plate area, fill factor, heat transfer coefficient (U) and density of thermoelectric
material. C, and C, are the capital cost of p-type and n-type thermoelectric legs
whose sum determines the total capital cost of TEG [10].

Cp=[(Cop+Cmp)opLyp+Cap| x AF +Cyx x UA )
Cn - [(CB,n + CM,n)ann + CA,n] x AF + CHX x UA (5)
C=C,+C, (6)

Levelized cost of energy (LCOE) is often used to estimate the cost to generate
electricity. Typically, LCOE is the ratio of total cost to power generated throughout
its lifespan. The total cost includes the maintenance, financial discount, uptime, etc.,
for the system’s lifespan. Determining LCOE is application-specific due to its input
parameters and is formulated by following [10].
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where C’ is the initial investment or overnight capital cost and O,, M, F, are oper-
ating, maintenance and fuel cost, respectively, for a lifespan of ¢ years. The E; is the
energy generated for ¢ years and r is the discount rate. The unit for LCOE is $/MW
h, whereas for cost-performance metric it is $/W [10]. The units for thermoelectric
material cost, thermoelectric manufacturing cost, areal manufacturing cost and cost
of heat exchangers are $/kg, $/kg, $/m? and $/(W/K), respectively.

4 Methodology

Figure 3 displays the flowchart of methodology which was followed throughout this
research. The values for the length of thermoelectric leg, plate area and fill factor were
considered to be 10 mm, 55 mm? and 0.91, respectively [17]. For determining the
power generation, the ratio of load resistance to internal resistance was considered
to be 1, i.e., defined to be maximum power generated and AT was considered to be
500 K. The methodology was divided into three major categories: cost analysis of
novel thermoelectric module, cost analysis of TEG integrated thermal power plant
and comparison of TEG with other renewables.

To analyze the cost of novel thermoelectric module, cost-performance metric
was evaluated by using Eq. (3). Thermoelectric module total capital cost for the
proposed thermoelectric materials was evaluated by using Eq. (6) and power gener-
ated was evaluated by using Eq. (1). The total capital cost was divided into three
divisions, namely thermoelectric material cost, thermoelectric manufacturing cost

Methodology

Cost Analysis of Novel Cost Analysis of TEG imtegrated Compazison of TEG
Thermoelectric Module Thermal Power Plant with other Renewnables

Cost-performance
roon
i y

[ Total Capital Cost [ Power Generation J Total Cost Total Power Generated
J the throughout the

Lifespan Lifespan

[
[ ] ] [ I T 1

Thermoelectric Thermioelectric ][ Areal ] o & | Manufachoring ot [ :
[ Materinl Cost ‘ Manufacturing Cost)| Manufachiring (_"U“J Carbon 1‘°°'P|‘U‘5J Cost Weight | Area Occupied

Ovemight Capital |
Cost

[ Maintenance Cost Fuel Cost ] Operation Cost

Fig. 3 Flowchart of methodology
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and areal manufacturing cost. These costs were obtained through estimates provided
by equipment vendors. The cost of thermoelectric material was considered for the
pure form of materials. The cost of heat exchangers was assumed to be zero as water
coolant would be used to maintain temperature at cold terminal whose cost would be
included in maintenance of the system while determining LCOE for TEG integrated
thermal power plant. The lifespan of TEG and thermal power plant were assumed to
be 20 years and operating duration of 365.25 days per year and 24 h per day for deter-
mining LCOE for TEG integrated and non-integrated thermal power plant. During its
lifespan, it was assumed that the TEG and the thermal power plant run in ideal condi-
tions, i.e., with minimal maintenance and no major breakdown. The values of LCOE
were determined by Eq. (7) and the discount rate was assumed to be 3%. The radius
and length of the power plant’s pipe was assumed to be 0.410 m and 4400 m, respec-
tively. The TEG integrated with thermal power plant was assumed to have 200 M
thermoelectric couples which were assumed on the basis of the ratio of the surface
area of the plant’s pipe to the area occupied by a thermoelectric couple. The load of
thermal power plant was assumed to be 210 MW. The cost-performance metric is
estimated to vary by maximum 5% for the proposed thermoelectric materials [10].
The TEG with lowest cost-performance metric was considered while comparing with
other renewable sources. These renewable sources were compared for same power
output and evaluated on the basis of carbon footprints, manufacturing cost, weight
and area occupied.

5 Results and Discussion

5.1 Cost Analysis of Novel Thermoelectric Modules

The total capital cost for a thermoelectric couple and power generated by a ther-
moelectric couple was determined by Eqs. (6) and (1), respectively. The cost-
performance metric was determined by Eq. (3) for novel thermoelectric modules.
Table 2 indicates the cost summary for every cost component while determining the
total capital cost for the proposed thermoelectric materials [10].

It was observed that thermoelectric material’s cost is the dominant cost for manu-
facturing TEG as compared to other classes. Tellurium (Te) is a rare earth metal,

Table 2 Cost summary for the proposed thermoelectric materials

Thermoelectric material o (kg/m?) Cp ($/kg) Cuy ($/kg) Ca ($/m?)
Pb;_, Mg, TepsSeo2 8160 1200 0.06 168.23
n-type PbTe 8160 1200 0.06 168.23
CoSbs_, Te, 6500 1400 1.26 168.23
Cu;2SbyS13 4900 180 1.10 168.23
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Table 3 Cost analysis of novel thermoelectric modules

Module | Thermoelectric materials Co(®) | C(®) | C®) | Pemax (W) | Gmax ($/W)
no. P-type material N-type
material
Pb;_ Mg, TepgSep. | n-type PbTe | 4.91 491 9.82 |0.845 11.62
2 Pb; Mg, TegsSepo | CoSbz_,Tey | 4.91 4.57 9.48 |0.945 10.03
Cu2SbsSy3 CoSbsz_,Te, |0.45 |4.57 |5.02 |0.230 21.83

hence, the cost of lead telluride-based materials and skutterudites (cobalt arsenide-
based mineral) is high as compared to tetrahedrites (natural mineral with similar
structure of Cu;,Sb4S|3). Table 3 indicates the cost analysis of novel thermoelectric
modules.

The module no. 3 was observed to be the cheapest thermoelectric module to
manufacture due to the use of natural mineral tetrahedrite, whereas the module no.
1 was the costliest thermoelectric module due to the use of rare earth element Te.
On other hand, the module no. 2 was observed to have highest value of maximum
power generation, whereas the module no. 3 was observed to have lowest value of
maximum power generation. As we have considered the maximum power generation
metric, maximum cost-performance metric was determined. It was observed that the
module no. 2 generates cheapest electricity as compared to other thermoelectric
modules with module no. 3 to be the most costly to generate electricity. The module
no. 3 has the lowest power output as compared to its total capital cost, thus, having
highest cost-performance metric. The module no. 2 has the highest power output as
compared to its total capital cost, thus, having a low-cost-performance metric, thus,
observed to be the best thermoelectric module than others. The values of capital
cost and power generation are for a thermoelectric couple. Since TEG has n number
of thermoelectric couples connected in series, the capital cost and maximum power
generation will be nC and nPgp.y, respectively. The value of G,y remains same for
TEG.

5.2 Cost Analysis of TEG Integrated Thermal Power Plant

LCOE was determined for thermal power plant, TEG and TEG integrated thermal
power plant for a lifespan of 20 years. Table 4 displays the total cost and energy
generated throughout the lifespan of the system. LCOE in Table 4 was determined by
Eq. (7). LCOE of traditional thermal power plant has been done by following Kumar
et al. [20] and reported in Table 4. The overnight capital for TEG was determined
by multiplying number of thermoelectric couples with the total capital from Table
3 and additional cost to integrate the TEG with thermal power plants. Module no.
3 from Table 3 was considered while determining the LCOE of TEG, since, the
cost-performance metric of it is less as compared to others.
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Table 4 LCOE of the proposed systems

System c O, M$) | M, (M$) |F;(MS$) |E; MW h) |r (%) |t (years) | LCOE

(M$) (SIMW
h)

Thermal power | 300 | 500 70 430 1,840,860 |3 20 838.26

plant

TEG 2000 |0 0 0 33,135,480 |3 20 109.25

TEG-integrated | 2300 | 500 70 430 34,976,340 |3 20 147.62

thermal power

plant

It was observed that overnight capital for TEG integrated thermal power plant
is 6.67 times higher than non-integrated thermal power plant. However, there was
a huge increase in energy output for TEG integrated thermal power plant. Thus,
decreasing the LCOE of TEG integrated thermal power plant. It was observed that
LCOE decreases by 82.4%. Thus, it was observed that TEG integrated thermal power
will produce electricity at a very lower cost than non-integrated thermal power plant.

5.3 Comparison of TEG with Other Renewables

In present research work solar, wind and battery technologies were compared with the
proposed thermoelectric technology to analyze the capability of TEG. The renewable
sources were compared (Table 5) on the basis of carbon footprints, capital cost, weight
and area occupied. Solar technology was considered as a reference line and further
analysis were carried. Carbon footprints analysis indicated that almost all renewable
sources relatively emit same carbon footprints [21-23]. Capital cost was analyzed on
the basis of cost-performance metric ($/W) [24-26] and it indicated that wind energy
is relatively expensive and TEG has been found to be cheaper than wind energy but
expensive as compared to battery and solar technology. Weight analysis exhibited
TEG to be lightest compared to others. Area occupied was analyzed on the basis of

Table 5 Pugh chart of renewable energy sources

Evaluation | Weight factor | Solar technology | Lithium—ion | Wind energy TEG
criteria battery harvesting

Carbon 10 0 0 -1 0
footprints

Capital cost |9 0 -5 —10 -2
Weight 7 0 -10 +3
Area 8 0 +4 —-10 +2
occupied

Total 0 —13 —250 +19
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same power output, i.e., 1.5 MW and it showed that TEG to be second to consume
less area after lithium—ion battery.

The results for individual criteria were multiplied by the arbitrary weight factor
and summed to analyze the total relative score. The results from the Pugh chart
indicated TEG weighted less than a battery, occupied less space than solar panels
and turned out to be reliable renewable technology.

6 Conclusion

Based on present studies following conclusions have been made.

e Pb,_,Mg,TeysSe(, and CoSbs_, Te,-based TEG has the lowest cost-performance
metric and could be used for various thermoelectric applications. This is because
it has the highest power output as compared to its total capital cost, implying to
be the best TEG than others.

® Cu;»SbsS;3 and CoSbs_,Te,-based TEG is cheapest thermoelectric module as
compared to other studied novel thermoelectric modules. This is due to the use
of natural mineral tetrahedrite.

e Pb,_,Mg,TeysSeq, and CoSbs_,Te,-based TEG has the highest power output as
compared to other studied novel thermoelectric modules. This is due to their high
efficiency which was observed while performing the simulation.

e Levelized cost of energy decreases by 82.4% in TEG integrated thermal power
plant as compared to non-integrated thermal power plant.

e Proposed TEG weighs less than a battery, occupies less space than solar panels
and is a reliable renewable technology.
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Numerical Investigation of Heat Transfer = m)
Characteristics of Al,O3-H>O Based oosk ko
Nanofluid Flow in Light Water Nuclear

Reactor

Deepak Sharma

1 Introduction

At present, energy demand is rising speedily owing to growth in population [1].
Because of lesser thermal conductivities of conventional fluids like oil, water, and
ethylene, glycol performed an important role for cooling and heating in several indus-
tries. They are not giving an improvement in heat transfer. With great effort, various
researches have been performed in the area of improvement in heat transfer like using
channels in micro form and extended surface used for enhanced in heat transfer rate.
But due to rising demand of energy, rate of cooling and heating need is rising day by
day. Solid metals have higher thermal conductivity when it is in nano-size. Several
researchers have performed investigation on thermo-physical properties of suspended
solid metals in the conventional base fluids like water and ethylene glycol. Lots of
studies have been done on micrometer- and millimeter-sized particles. Due to large
size of particle, various problems are raised like resistance in fluid flow, clogging,
etc. When the nano-sized solid particles dispersed in base fluid like water, then that
fluids are called nanofluids [2]. When particle size is smaller in size, heat transfer
will be more in comparison with large particle size. Heat transfer will be also more
when the volume concentration is small compare to more volume concentration. The
using of nano-sized particles has various advantages like less clogging, higher heat
transfer rate, large surface area, and stable in nature, that is why nanofluids are next
generation fluids. Roetzel and Xuan [3] performed theoretical studies in enhance-
ment in heat transfer of nanofluids. Nasr Esfahany [4] recently performed experiment
in horizontal pipe using CuO/water nanofluid for enhancement in coefficient of heat
transfer. Nanburu et al. performed numerical analysis of three distinct nanofluids
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(810,, CuO, and Al,03) inside a round pipe with fixed heat flux in turbulent condi-
tion. Thermal properties of nanofluid were dependent in nature with temperature.
Fotukian et al. [5] research represents when little amount of Al,O3; nanoparticles
suspended in the water, heat transfer improved, but changing particle volume frac-
tion of Al,Os; nanoparticle did not signify a sensible effect on heat transfer. The
key aim of present analysis is to numerically identify the consequences of varying
particle concentration and varying flow rate of nanofluid at the performance in heat
transfer enhancement and drop in pressure in turbulent phenomenon inside a one
sixth portion of hexagonal fuel rod assembly. The reactor in this investigation is
considered as VVER 440 reactor.

2 Computational Domain for Analysis

For the numerical investigation, the fuel rod assembly of VVER reactor is taken.
The arrangements of rods in the fuel rods bundle are shown in Fig. 1 given below.
The reactor fuel rod bundle contains 61 rods which are arranged in hexagon format.
The fuel rod bundle is divided into six symmetric sectors. As the six sectors are
symmetrical to each other. The single sector 1/6th segment of the computational
domain is selected for computational domain, which is showing in Fig. 2. The 1/6th
segment of computational domain is considered for simulation which is in triangular
shape. The selected computational domain consists a central rod, four half rods, and
eight full rods. The numerical parameters for computational domain are given in
Table 1.

For computational domain, four meshes of different element sizes are tested. For
verification, the mesh stability of annular channel and 1/6th fuel rod channel four
mesh sizes are taken (MESH 1-4). The convergence criterion is satisfied very well.

Funl Rod Pischall. Tiem
Funl Nzd O0= 9. 1men
Fuel Rod ID3 7.57mm

Fig. 1 VVER fuel rod assembly of 62 fuel rod and its 1/6th part
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Fueal Rod ID=7.S7mm

Fual Rod OD=9.1mm %
Pitch=12.7Smm (o

Fig. 2 Computational domain for analysis

Table 1 Numerical parameters for computational domain

Particular Specification
Inner radius (mm) 7.57

Outer radius (mm) 9.1

Pitch (mm) 12.75
Reynolds no 10,000-30,000
Geometry type Hexagonal
Nanoparticle size (nm) 10, 20

Heat flux (W/m?) 50,000

Inlet temperature (K) 298

Volume concentration (%) 1,2,3

Number of elements, nodes, and convergence factor of computational domain are
mentioned in Table 2 (Fig. 3).

A single-phase technique is considered in this present investigation, so few
assumptions have been considered to solve the various governing equations for steady
fluid flow:

e Non-radiation effects are considered, and viscous effect are negligible.
e The nature of flow is Newtonian, incompressible, and turbulent.
e The phase of particles and fluid are in thermal equilibrium.

Table 2 Grid test for computational domain

Details Grid 1 Grid 2 Grid 3 Grid 4
Number of nodes 284,520 284,738 287,558 352,488
Number of elements 731,575 732,321 745,055 1,105,421
Skewness 0.88245 0.88552 0.88821 0.85254
Orthogonal quality 0.16322 0.16310 0.14630 0.16099
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SIDE VIEW ROD 2 gROD 3

Fig. 3 Numerical grid for computational domain

Navier-Stokes equations for incompressible flow can also be presented in
Cartesian coordinate that are mentioned below:

Mass conservation:

V(petrV) =0 (1)
Momentum conservation:
Vo (pertVV) = =VP + 1 V2V — pesiV (V') )
Energy conservation:
V- (et CpettVT) =V - ((kest +k)V - T) 3)

3 Nanofluid Thermo-physical Properties Correlations

For heat transfer analysis in nuclear reactor, various nanofluid thermo-physical prop-
erties are required like effective thermal conductivity, effective viscosity, effective
specific heat, and effective density. So the calculations of these properties have been
calculated by some empirical correlations.

Effective nanofluid density:
Wang and Mujumdar have given the empirical correlation for calculation of density

[6]:

Pnt = (1 — @) ppr + (Q)pnp 4)
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Nanofluid specific heat:

Wang and Mujumdar have also given the empirical correlation for calculation of
specific heat [7]:

(1 = 8) pprCp.vt + (D) pnpCpnp

Cpnt = 4)
e (1= %) por + D) puy
Nanofluid viscosity:
Corcione [8] has proposed the correlation for calculation of nanofluid viscosity.
Mnf 1
Fout _ - (©)
Mot 1 —34.87(dyp/dys) 908
where dys = Molecule Equivalent diameter of base fluid, that is given below:
oM \'?
oy = 0.1 ( ) @
N7 povio

where N = Avogadro number, M = Base fluid Molecular weight, and py50 = Base
fluid mass density considered at 7 = 293 K.

Effective Nanofluid Thermal conductivity:

Incropera [9] was proposed the correlation for determination of effective nanofluid
thermal conductivity:

kng 041066 1 0 knp 00 0.66
Ml ] 4 44ROAPOS( ) (S} o 8
kpt * Fup ot T kyt ©

where T = Base fluid freezing point (around 273.16 K). The relation of Reynolds
number is presented as:

20T
Renp = _ 2 9
T gl
These relations are valid for only diameter of particles between 10 and 140 nm,
particle concentration lies in the range of 0.3-9%, and temperature lies in the range
of 294-324 K (Table 3).
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Table 3 Properties of Al;O3—H;,O based nanofluid

Properties Water 1 vol% 2 vol% 3 vol%
Density, p (kg/m?) 994 1026 1056 1085
Specific heat C,, (J/kg K) 4176 4047 3923 3806
Thermal conductivity k (W/m?2 K) 0.623 0.631 0.649 0.672
Viscosity, 1 (Pa's) x 107 8.86 9.15 9.39 9.63
Fig. 4 Numerical versus 327
experimental results 234 ] SO
comparison at Re = 3500 1 Qe
321 8 3 CR | O
L}
318
~3 g | n O
315 |
4
.E 3124 g .
& 300 < 1% Numerical
E 1 2% Experimental
| |
E 30'5—‘ < 1% Numerical
5 303 4 m 2% Experimental
1 ]
300 o
207 ]
| ]
294 -

r*Y7 Tl 1Tl flrTllLrrrrlr
01 00 01 02 03 04 05 06 07 08 08 1.0 1.4
Length [m]

4 Verification and Validation

Numerical simulation is conducted for a set of combinations of volume concentration
of nanofluid, particle sizes, and coolant flow rates. The fixed heat flux is provided to
the rod wall. Nanofluid is injected at the entry of the fuel rod channel which flows
upward to downward due to the gravity apply on the coolant. Initial boundary condi-
tion is provided at the innermost wall of annular channel and 1/6th fuel rod channel.
The intensity of turbulence is kept fixed 10% at entry. Comparison of simulated result
with analytical result signify precise in nature. Results of numerical investigation are
validated by Abbassi and Talebi [10]. The wall temperature profile near walls is
mentioned in Fig. 4 for constant Reynolds number at 1 vol% and 2 vol%.

5 Result and Discussion

For a triangular segment of fuel rod assembly, simulation has been performed to
identify the heat transfer enhancement by using advanced fluid, i.e., Al,03-H,O
based nanofluid. The range of Reynolds number in this analysis is in the series of
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Clad Wall Temperature Heat Transfer Coefficient
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Fig. 5 a Clad wall temperature, b heat transfer coefficient at @=1%

(10,000-30,000), particle diameter is in the range of 10-20 nm, and particle volume
fraction is in series of (0-3%). The consequences of volume fraction and Reynolds
number on characteristics of heat transfer are discussed and analyzed in this section.
Contours of clad temperature and heat transfer coefficient are shown in Fig. 5.

5.1 Effect of Reynolds Number of Al;03-H»0 Based
Nanofluid on Heat Transfer Characteristics

In this analysis, three distinct values of Reynolds no. have been taken to predict
the consequences of Reynolds number on profiles of clad wall temperature and heat
transfer coefficient. From graphs (Figs. 6 and 7), it is clear that heat transfer improve-
ment takes place with rising Reynolds number owing to gradient of temperature rises
at the wall. Wall temperature is reducing and heat transfer coefficient is rising with
rise in Reynolds number.

5.2 Effect of Volume Concentration of Al,03-H»0 Based
Nanofluid on Heat Transfer Characteristics

In this analysis, three distinct values of particles volume fraction have been taken to
predict the consequences of volume fraction on profiles of clad wall temperature and
heat transfer coefficient. It can be seen from graphs (Figs. 8 and 9) as the particles
volume fraction is rising wall temperature drops. But it is reducing more for 1%
volume fraction of particles with compare to 2% and 3% because of greater thermal
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Fig. 6 Clad wall temperature at varying Reynolds no
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Fig. 7 Heat transfer coefficient at varying Reynolds no
conductivity of NPs. But the enhancement in heat transfer takes place as the particles

volume fraction increases by reason of higher thermal conductivity of Al,O3;-H,O
based nanofluid in comparison with pure water.
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Fig. 8 Clad wall temperature for varying weight concentration of NPs
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Fig. 9 Heat transfer coefficient for varying weight concentration of NPs

6 Conclusion

In this present analysis, effect of advanced fluid properties on heat transfer char-
acteristics has been recognized. The 1/6th segment of computational domain has
been considered for numerical simulation. Enhancement in heat transfer is reported
in this analysis by using Al,O3-H,0 based nanofluid with single-phase technique
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and heat flux is taken as constant. Numerical results show that enhancement in heat
transfer takes place by reason of enhanced thermal conductivity of using Al,O3-H,O
based nanofluid compared to conventional fluid. In this analysis, HTC and clad wall
temperature are compared with Al,O3—H,O based nanofluid and without nanofluid.
Various consequences are obtained from this numerical investigation are:

(a) Wall temperature of clad is reducing with rising in volume fraction of NPs and
Reynolds number of Al,O3—H,0 based nanofluid by reason of higher thermal
conductivity.

(b) Enhancement in heat transfer expressively rises after mixing of Al,O3 NPs in
the base fluid in comparison with pure water.

(c)  With increase in Reynolds number and varying volume fraction of NPs local
HTC rises up to 25%.
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Nomenclature

Specific heat

Longitudinal velocity

Transverse velocity

Axial distance of the combustor

Radial distance of the combustor

Thermal conductivity of gaseous species
Turbulent kinetic energy

Solid wall thermal conductivity

Wall temperature

Temperature of combustor outer surface
Heat transfer coefficient of ambient
Enthalpy

Pressure in the gaseous zone

Species mass fraction

Heat generation rate per unit volume
Diffusion coefficient of species in the mixture
Density

Outer wall surface emissivity

Turbulent energy dissipation

Molecular viscosity

The species mass generation rate per unit volume
Equivalence ratio of the incoming mixture
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1 Introduction

Recently, the progress of MEMS (Micro-Electro-Mechanical Systems) technology
has brought about extremely good demand for portable electronics devices [1].
These micro-scaled devices such as robots, micro-gas turbines, satellites, and propul-
sion devices are continuously evolving. Conventional lithium-ion batteries used
as power inputs in MEMS have several drawbacks such as shorter life durations,
time-consuming recharging times, bulky design, and lower energy densities.

Combustion of hydrogen or hydrocarbon fuels releases their high energy density
which is utilized by the micro-power generation devices [1, 2]. The micro-scaled
combustor is a vital module of these power generating systems. The conversion of
chemical energy of fuels into heat energy takes place by means of combustion. The
micro-combustors are required with an extensive and stable functioning range.

Researchers [2] lately have been focusing on combustion-based direct micro-
power generation devices such as Micro Thermo Photo Voltaic (MTPV) and Micro
Thermo Electric (MTE) generators. These power devices are better because of the
greater energy densities of hydrocarbon fuels and elimination of moving parts. MTPV
[3] electricity generation is appealing due to a dramatic increase in their extensive
applications. They are also attractive because of the widespread range of fuel sources
and high dependability.

Micro-combustor being the core component of MTPV systems needs attention
to improve flame stability and conversion efficiency [4-8]. The hydrocarbon fuel
releases the heat energy in the micro-combustor and the combustor wall serves as
an emitter. PV cells convert this emitted thermal radiation energy from the wall into
electrical energy. The conversion efficiency related to the PV cell can be increased
by an enhancement of emitter temperature.

High surface to volume ratio of the micro-scale combustors offers appropriate
opportunity to attain superior radiation power yield per unit of input energy as
compared to the macro-scale devices. A major challenge for micro-combustor design
is to achieve an optimum equilibrium between the capability of the combustor mate-
rial to sustain heat and maximization of heat output per unit volume. Extreme heat
loss from the outer wall of combustor not only suppresses ignition but even quenches
the reaction. The combustor size reduction leads to a decrease in the residence time
of the reactants hence deterring efficient mixing and combustion process.

Combustion stability can be achieved during combustion when the mixture
residence time is greater than the time of chemical reaction and the combustor
dimension is sufficiently larger than the thickness of adiabatic flame [9]. MTPV
micro-combustors face two crucial challenges in the form of flame stability and
non-homogenous temperature distribution of the wall.

Tangetal. [11] studied baffles inserted micro-planar type micro-combustor numer-
ically and demonstrated that the combustor efficiency is enhanced because of the
presence of baffles. Bluff bodies were also found to influence the micro-combustor
performance positively, principally the flame stability. Bluff body shape was also
found to affect the micro-planar combustor performance as investigated by Bagheri
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et al. [12], who resolved that the micro-combustors having wall-blade bluffs had
the maximum temperature on the outer surface and an unwavering flame. Fan et al.
[13] studied the dimensional influence of the bluff body in a micro-combustor on the
blow-off limit. Zhang et al. [14] investigated the conversion rate of methane along
with blow-off limit in a cubical combustor of micro-scale size with a hemispherical-
shaped hollow bluff body. The presence of the insert was found to enhance the limit
of flame blow-off.

Though a substantial amount of literature is available related to simple micro-
combustors having bluff bodies but micro-combustors with a backward-facing step
and obstruction parametric study still needs to be explored in detail.

In this study, the performance of the suddenly expanded micro-combustor with
an obstruction was compared with the one without any obstruction. The aspect ratio
of the block insertion was varied and studies were conducted for a range of mixture
inlet velocities.

2 Mathematical Model

2.1 Micro-combustor Computational Domain

Figure 1 shows the physical geometry model of a simple micro-combustor with
a backward facing step used in the present numerical work. Premixed H, and air
arrives into the micro-combustor at a particular velocity (x) and equivalence ratio
(¢) through the inlet. Exhausted gases leave the combustor from the right side located
outlet.

The swirl component of velocity is assumed to be zero, which implies that a
symmetrical flow can be considered in regard to the centerline. Simplification of the
geometry leads to a two-dimensional axi-symmetric model. By considering half of
the geometry, the reduction in computational time is achieved.

Several assumptions are made to further simplify the problem:

(1) Dufour effects are neglected;

(2) Gas radiation is considered insignificant;
(3) Pressure and viscous stress work are absent;
(4) Combustion process is steady-state.

For the cylindrical axi-symmetric micro-combustor, the equations of continuity,
momentum, species, and energy in the gaseous phase are listed [15] as:

; Radiation thermal energy
Combustor outer wall RGN L SRl

e : |
3 = Combustion chamber 10u.tlet

Axis

Inlet

Fig.1 Schematic diagram showing boundary conditions
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Continuity equation:
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Species conservation equation:
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Energy balance equation in the solid combustor wall is:
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Fig. 2 Design features micro-combustors with block inserts having variable aspect ratio

2.2 Geometric Model

The design features of micro-combustors with and without triangular block insert
are shown in Fig. 2. In the micro-combustor, total length (L) and inlet length (L;)
are 27 mm and 7 mm, respectively. The dimensions h; (inlet channel height) and
hs (step height) are 0.5 mm each. The thickness of the solid combustor wall (%)
is also 0.5 mm. A triangular block is inserted into the micro-channel which is at
a distance from the combustion chamber inlet. The height (b) and location (4) of
the obstruction are fixed at 0.5 and 2 mm, respectively. The length of the block
(d) is a variable geometric parameter. With the intention of showing the impact of
obstruction on the outer wall temperature of the micro-combustors (MC1, MC2,
MC3), the dimensionless block length-to-height ratio (Aspect Ratio) is expressed as
AR =d/b =1, 2, and 3 respectively.

2.3 Computational Scheme

H, and air have been chosen as the fuel and oxidizer, respectively, and steel was
considered for the combustor and block. Gas mixture density was obtained from
ideal gas equation and C,, u, and k were calculated from mass fraction weighted
average of the species properties. Piecewise polynomial fitting of temperature was
done for the specific heat of each species. For stainless steel, a reduced value of
thermal conductivity was used [16].
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A global Hp—air oxidation mechanism is employed. Two-dimensional fully elliptic
simulations based on the governing equations are carried out such that heat transfer
in the solid phase besides heat and mass transfer in the gas phase is treated explicitly.
The computational domain was created and discretized by using ANSYS Design
Modeler and Workbench Mesh Preprocessing Software. The principal equations
together with pertinent boundary conditions were resolved by using the commer-
cial finite volume solver ANSYS FLUENT 16.0. The convergence criterion that
is set for all the equations is 107%, including continuity, specie, energy, and turbu-
lence. For the k—¢ turbulence model, k = 1 x 102 and ¢ = 1 x 1073 are fixed. A
second-order upwind scheme is used for discretization of governing equations and
pressure—velocity decoupling is done by the application of Semi-Implicit-Method-
for-Pressure-Linked-Equations (SIMPLE) algorithm. Finite Rate/Eddy Dissipation
Model is used for chemistry-turbulence interaction modelling.

Uniform H—air mixture velocity (4—48 m/s) and species distribution (¢ = 0.8),
temperature (300 K) is considered. At the outlet, the species and temperature gradi-
ents are given a value of zero and a far-field pressure boundary condition is specified.
Inlet and outlet walls of the combustor are considered as adiabatic as the heat losses
through these surfaces are quite insignificant. Coupled boundary condition is valid at
the gas—wall interfaces since the surfaces experience both conduction and convection
heat transfer. At these interfaces, zero diffusive flux of species and no-slip boundary
condition are indicated. The surface to surface radiation is ignored while both radia-
tion (¢ = 0.6) and convection (h, = 10 W/m? K) effects are considered for the outer
wall.

3 Results and Discussion

Simulations are a great means to examine the experimental results and to obtain an
in-depth insight into the combustion phenomenon occurring within the micro-scaled
combustors which are otherwise difficult to visualize. The present numerical study
has been carried out to comprehend the crucial factors that decree the wall temperature
distribution rather than to obtain an extremely refined computational model having
accurate estimation. Inherent stiffness of the equations makes it difficult to obtain
numerical convergence. In numerical simulations, a quad multi-zone mesh is used
with 1.1 x 10° numbers of nodes (see Fig. 3). Finer grids were also verified (not
presented here), with no noticeable difference of T, witnessed.

The numerical result for the case with inlet velocity = 12 m/s, ¢ = 0.8, and ¢ =
0.6 was verified against the results (Fig. 4) that were obtained experimentally by Li
et al. [10]. Difference in the temperature profiles may be due to various assumptions
and problem simplifications in the numerical simulations. Consideration of global
H,—air reaction scheme which does not have several intermediate reactions [6] that
are otherwise considered in the detailed mechanisms also causes such differences in
numerical and experimental results.
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Fig. 3 Demonstration of mesh near the block inserted in the micro-combustor

Fig. 4 Validation of
numerical results with
experimental results of Li
etal. [10]
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Figure 5 summarizes a comparative study of temperature distribution and 7y
plots of different micro-combustors as the inlet mixture velocity varies from 4 to
48 m/s while the equivalence ratio of the H,—air mixture is set to 0.8. The flame
is located in the combustion chamber where the presence of maximum temperature
gradient is observed. It is witnessed that as the inlet velocity is augmented, the outer
wall temperature for all the micro-combustors increases dramatically. As observed
from the figure, when the inlet velocity is increased, rise in 7'y is observed with
the location of peak temperature shifting downstream. With an increase in the inlet
velocity, the high-temperature region behind the block gets enlarged gradually as
well as its position moves downstream. The increase in the inlet velocity lowers the
temperature in the area before the block but a greater temperature is observed near
the micro-combustor outlet. This takes place due to shifting of the flame toward the
combustor exit.

An increased amount of incoming fuel leads to larger amount of heat released
in the combustion chamber as well as the lengthening of the flame. Upon further
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increase in the inlet velocity, sustenance of combustion in the combustion chamber
is difficult due to greater amount of heat loss from the combustor.

As also observed from the contours shown in Fig. 5a, it is shown that the flames
are attached on the upper side of the backward-facing step due to the recirculation of
high-temperature gases in the step corner. In this case, even though at higher velocity a
lengthier and stretched flame is observed, the flame site is affected marginally, which
qualitatively clarifies the reason of downstream shifting of the peak wall temperature.
For Fig. 5b—d, the flame moves behind the obstruction and two recirculation zones
are formed—one after the step and other behind the block.

Figure 6 summarizes a comparative study of 7', distribution of the geometries,
at a particular inlet velocity. It is seen that for all the micro-combustors with blocks,

U=4am/s
U= 12m/s

U= 20m/s_

&

0005 001 0015 002 0025
Axial distance (mm)

- (b)

U=4am/s

u=12m/s |

U=20m/s

U=32m/s

@
3

Outerwall temperature (K)

8

U = 40m/s

-
g

L 1 ) E—  ——
0.005 001 [T} 0.02 0025
Axial distance (mm)

U= 48m/s

Fig. 5 Temperature contours and 7oy plots for micro-combustors: a without block [MC], b with
block of aspect ratio 1 [MC1], ¢ with block of aspect ratio 2 [MC2] and d with block of aspect ratio
3 [MC3]
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Fig. 5 (continued)

the maxima of T, is more as compared to the combustor with no obstruction (of
the order of 40 K) for the entire velocity range. A slight shift in the maxima with
respect to the aspect ratio of block is also observed along the axial direction. Overall
performance of the micro-combustors with block insertion is better and a higher 7'y,
is observed as compared to the case without block.

4 Conclusions

Premixed H,—air combustion in micro-combustors with a backward-facing step and
triangular obstruction was studied numerically for varying inlet velocities and aspect
ratio of block insert. The outer wall temperature was observed to increase with an
escalation in flow velocity, with the peak temperature location shifting downstream.



82

Outerwal temperature (K)

A. Qamareen et al.

O otk O vt bock ot Bock
a U =am/s a2 u=12m/s 1440 A2 U =20m/fs
1
3 3
E13500 g
2 ump
1 E H
g 2
: ] 3
1400 -
. :
2 H
-] <]
1020
\Y EE S
i 1 1 L g
008 0008 [ 0012 (=7 (L] [11H (]
Axial gistance (mm) Axial distance (mm)

‘Outerwall temperature (K)

1560,

‘Outerwall temperature (K)
£
S

3

1530

1475

o 3 L L L 1 L
Wo0E L] [I1H [T U008 (L] (11 [ a0l 0012 [T 0

Acxial gistance (mm) Axial distance (mm) Axial distance (mm)

Fig. 6 Comparison of outer wall temperature distribution between different micro-combustors at
different inlet velocities

The micro-combustors with block insertion performed better and a higher outer wall
temperature (approximately 40 K difference) were observed as compared to the case
without block but the aspect ratio of the block only slightly effected the temperature
profile along the outer wall.
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Impact of Roof Colour Paints )
on the Indoor Temperature i
in a Non-conditioned Building

of Composite Climate

S. P. Singh ® and Mohan Rawat

1 Introduction

Climate change creates discomfort levels in buildings due to rapid urbanization.
Green areas replaced by roads, roofs and facades in cities and all of these compo-
nents absorb heat from the Sun and cause the warming of these spaces to produce
urban heat island effect [1]. About 45% population of the world lived in urban
areas, and 60% population will shift till 2025. The temperature of the metropolitan
regions is always higher than the rural areas, so the requirement of thermal comfort
is an essential concern in urban areas for human health quality [2]. In buildings,
thermal performance is influenced by the solar absorptance and reflectance of the
roof, particularly for non-conditioned buildings. High albedo paints are a passive
building strategy to reduce the energy demand in building [3]. Different strategies
have adopted for energy-saving measures for buildings worldwide. An increase in
solar reflectance of the outer surface of roof layers is a cost-effective technique to
resolve the problem of high cooling load in buildings [4].

The peak electricity demand increased by 1.5-2.0% for every 0.5 °C increase in
temperature due to the urban heat island effect in urban areas. It reduced the coeffi-
cient of performance of air-conditioning systems. An urban surface with high albedo
paints is a verifiable and measurable urban heat island (UHI) mitigation strategy to
cool the cities [5]. In composite climate, summer characterized by substantial solar
isolation therefore, the outdoor temperature is higher with low relative humidity (10—
25%) in India. Major parts of India are located in a composite climate where heat
gains through the roof create indoor discomfort. Mostly construction materials used
in the buildings are reinforced concrete cement (RCC) followed by concrete, brick,
tiles and mud. So the requirement of thermal comfort is an essential need due to

S. P. Singh - M. Rawat ()

School of Energy and Environmental Studies, Devi Ahilya Vishwavidyalaya, Indore, MP 452017,
India

e-mail: mrawat.seesrtc @ gmail.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021 85
A. Kumar et al. (eds.), Recent Advances in Mechanical Engineering, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-981-15-9678-0_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9678-0_8&domain=pdf
https://orcid.org/0000-0001-6448-695X
https://orcid.org/0000-0001-7321-3865
mailto:mrawat.seesrtc@gmail.com
https://doi.org/10.1007/978-981-15-9678-0_8

86 S. P. Singh and M. Rawat

the higher heat gain entered in the buildings [6]. Cool paints with higher reflectance
(0.3-0.80) improved comfort and also provide opportunities for energy efficiency in
non-conditioning buildings of composite climate. High albedo roof reduced energy
consumption and cooling load to a large extent and maintained indoor temperature
at a comfort level [7].

In this paper, the study presents a modified Fourier admittance method to see the
effect of the different roof structures with cool colour paints and prediction for hourly
floating room temperature for the non-conditioning building of composite climate,
New Delhi. No major research work is carried out for the selection of suitable roof
structures in buildings with colour paints or surface treatment of roofs for composite
climates. Therefore, this study presented a comparative analysis for the selection of
the roof configuration with paints in the summer season (April-July).

2 Analysis

For time-varying functions like solar radiation and ambient air temperature can be
expressed in terms of the Fourier series in relationships of harmonic components [8]:

+x
Ty(t) = Real Y " Ty—q p.w exp(iner) (1)

—X

where w =27 /(24 x 3600) is the daily frequency and subscripts y = a, R, w represent
ambient temperature, dry bulb room temperature and wet bulb room temperature,
respectively.

The ambient temperature and solar radiation can be expressed individually in
terms of Fourier analysis [9]

T, =Y Tunexplinot) )
H, = Z H,, exp(inwt) 3)

The room temperature is an important parameter and determined by the net amount
of heat gain loss through all its components. The energy balance equation written as
follows [10]:

d [ :
Mra = |:_ZX Ty=a.rw exp(inwt):| = Z oF 4)

where M. is the thermal mass of the room air and Q,- is a heat gain due to the infiltra-
tion from ambient into room. The solution of Eq. (4) governs different harmonics of
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the room air temperature, and same can be combined together to give hourly floating
room temperature, i.e.

+x

T,(t) = Y Ty—a.r.w exp(inot) )

—X

3 Results and Discussion

For simulation, a building (7.5 x 6.5 x 2.7 m) of roof area (48.75 m?) was analysed
monthly from April-July of the summer season of composite climate. A room of a
building had two windows (size 1.05 m? each) on east and west sides and door (size
2.0 m?), which was assumed to be located on the east side, as indicated in Fig. 1.
In the composite climate of New Delhi, the thermal performance of the non-
conditioned building was characterized and demonstrated for a room using eight
different roof configurations. Seven composite roof structures with a layer of cool
paint (coating) and one without paint as a base case examined for the summer months
(April-July). The different roof structures and details of all roof composition are
described in Table 1. The climatic parameters, i.e. mean monthly radiation and an
ambient temperature of New Delhi (28.6° N, 77.2° E) have been shown in Fig. 2. In
the simulation, hourly floating room temperatures are evaluated for different config-
urations for eight roof structures, i.e. base case, R-1, R-2, R-3, R-4, R-5, R-6 and R-7.
The study assessed hourly floating room temperature for four months (April-July)

|
|
[
|
|
|
|
A

Fig. 1 Test room of a building
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Table 1 Details of different roof structures

S. P. Singh and M. Rawat

S. No. Illustration

1

Base Case

Brick Tile (50 mm)
——— Mud Phuska (75 mm)
RCC (120 mm)

'«—— Plaster (60 mm)

4—
4—

Cool Coating (0.5 mm)
Galvanized Steel (8 mm)
Concrete (100 mm)
Plaster (10 mm)

4—
«—
<—

Albedo bright white paint (10 mm)
Cement Mortar (20 mm)

Dense reinforced concrete (150 mm)
Cement plaster with sand aggregate
(20 mm)

>

4—

Cool Coating (0.5 mm)
Ferro Cement (30 mm)
Concrete (100 mm)
Plaster (10 mm)

[ 4—

<«—— Cool Coating (0.5 mm)
<«—— Plaster Concrete Block (125 mm)
Plaster (10 mm)

Aerogel Based Coating (40 mm)
Concrete ( 250 mm)

Glass Wool (160 mm)

Plaster (13 mm)

Cool Coating (0.5 mm)

Mortar (20 mm)Mortar (20 mm)
Concrete (250 mm)

Plaster (13 mm)

R-7
—— .
«—

<&
<

Aerogel Based Coating (40 mm)
Mortar (20 mm)

Concrete (250 mm)

Plaster (13 mm)

(continued)



Impact of Roof Colour Paints on the Indoor Temperature ...

Table 1 (continued)
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and its variation for twenty-four, as shown in Figs. 3, 4, 5 and 6. The thermo-physical
properties of roof and wall structures used in the simulation is described in Table 2.
Figure 3 represents an hourly floating room temperature across all roof structures
in April month. The maximum room temperature about 34.9 °C achieved in the roof
structure, R-4 with variation in maximum and minimum temperature was 9.7 °C. On
the other hand, roof structure, R-6 performed better with a maximum temperature of
32.6 °C and temperature variation about 4.9 °C throughout the 24 h cycle period.
Room temperature distribution for May is represented in Fig. 4, and the maximum
temperature is attained in the roof structure, R-4 about 38.6 °C. The variation in
maximum and the minimum hourly floating temperature was 9.6 °C in this struc-
ture. While the best performance found in the roof structure, R-6 with maximum
temperature of 36.4 °C and variation of maximum and minimum temperature are
about 5.0 °C. In June, the maximum temperature is found in roof structures, R-4,
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Fig. 5 Hourly floating temperature in June
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Fig. 6 Hourly floating temperature in July

about 38.9 °C with a variation of 7.4 °C of maximum and minimum temperatures,
as indicated in Fig. 5. In this month roof structure, R-6 performed better in terms of
maximum and minimum temperature deviation of 3.9 °C. Remaining roof structures,
base case, R-5 and R-7 also have shown better results with minimal temperature vari-
ation. Roof structures, R-1, R-2 and R-3, were not performed better in this month. In
July, temperature variations achieved in roof structures were quite low as compared
to May and June, as shown in Fig. 6. Maximum temperature is found in the structure,
R-4, around 34.4 °C with the variation of 5.1 °C hourly floating room temperature
during day and night time operation. Roof structure, R-6, performed better with
minimum temperature variation.

Simulation results are compared to all roof structures for hourly floating tempera-
tures deviation in all four months (April-July). In the composite climate, the average
hourly floating temperature for the roof structure, R-4, is higher in all four months. In
all four months (April-July), the average maximum temperature of roof structure-R4
is 36.7 °C. Because of high thermal conductivity and lower thermal mass of plastered
concrete block compared to other roof structures, it is more sensitive for heat gain in
the summer period. Simulation results also assessed that average temperature varia-
tion of four months is about 7.9 °C. The comparative analysis revealed that the best
thermal performance of the roof is achieved in the roof structure, R-6. The average
of maximum and minimum temperature variation in all four months is 4.2 °C for this
structure (R-6). This structure is a combination of concrete and mortar with a surface
coating of paint with less diffusivity, and lower heat is gain entered in daytime oper-
ation. Higher reflectance and emittance properties of cool paints also reflect most of
the heat flux towards the surrounding, which leads to lower temperature variation.

In the case of other remaining roof structures, thermal performance of the roof
structures base case, R-5 and R-7, performed better in terms of minimum hourly
variation of floating temperatures because of effective thermal conductivity and
lowered thermal mass compared to other roofs. Simulation results also proved that
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cool paints are most effective in composite climates where maximum diurnal vari-
ation is achieved. The average variation in hourly floating room temperature for all
roof structures for four months (April-July) for composite climate, New Delhi, has
shown in Table 3.

4 Conclusion

The following conclusions are drawn from a simulation study aiming to evaluate
the impact of using cool coatings on comparative hourly floating room temperature
profiles to construct a better roof in non-conditioning buildings for composite climatic
zone.

1. Roof structure (R-6), i.e. concrete, mortar with colour paint coating combina-
tions should be preferred for composite climates for non-conditioning buildings
in the composite climatic zone.

2. Roof structures, R-2, R-5 and R-7, are the best roofs in attaining a minimum
hourly floating room temperature. However, roof structure, R-4, revealed the
worst performance. So all types of roofs with a surface coating of paint with
higher reflectance showed better thermal performance compared without surface
coating of paints.

The simulation assessed that roof structures, i.e. R-2, R-5 and R-7 with aerogel-
based coating are a useful technique for reducing indoor room temperatures and
maintaining thermal comfort in non-conditioning buildings in composite climate.
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An Overview of Various Techniques )
of Atmospheric Water Extraction oo
from Humid Air

Vikrant Mishra® and Kushal Saxena

1 Introduction

Water is one of the most precious resource available on the earth which is essential
for existence of life. Water is available in plenty amount on our earth but only 3%
of the total water resources can be stated as fresh drinkable water [1]. Specially in
desert areas, many people face scarcity of fresh drinkable water. Many researchers
have described numerous methods to solve this problem of fresh water scarcity.
There is a need to develop new sources of pure water at low cost. Extraction of water
vapors from surrounding air can be a viable approach at humid locations. India have
a potential of utilizing this atmospheric water extraction technique due to humid
weather at many locations throughout the year [2].

The atmospheric air is an abundant source of water which has huge potential
in form of water vapors. These water vapors can be restored from humid air by
practice of condensation of moisture and this water can be stored for its future use
in harvesting, drinking, etc. In the present work, an attempt is made to discover
these techniques to condense the moisture present in air with the help of atmospheric
water generator. Water extraction from the air can be done using Peltier modules
or by refrigeration method, mechanical method, adsorption method, or absorption
method [4]. In this paper, an overview of solar assisted chemical desiccant-based
adsorption and absorption method is firstly presented in which desiccants (Mostly
CaCl, and its composites) are used to adsorp or absorp the water vapors from the
surrounding air and solar energy can be utilized to regenerate the water vapors and
these regenerated water vapors can be condensed in the form of fresh water.

In the later part, literature review of recent work in atmospheric water extrac-
tion using Peltier modules has been presented. Peltier device is composed of
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ceramic substrates with n-type semiconductors and p-type semiconductors sand-
wiched between them. A Peltier device works upon Peltier effect in which when the
device is provided an emf through an electric power source then it produces two
junctions as hot and cold sides. This popular Peltier effect can be combined with a
number of equipments such as heat sink, fans, cold fins to develop an atmospheric
water generator as a solution to scarcity of water [19].

2 Review of Water Extraction Techniques Based
on Adsorption and Absorption Methods

Fresh water can be generated from the humid air by various methods such as mechan-
ical, refrigeration, adsorption and absorption. Many researchers have focused on
adsorption and absorption method with various kinds of adsorbent and absorbent
materials. In this section, an overview of some of the previous works have been
presented.

Alayli et al. carried out an experiment to extract fresh water from humid air. In
this experiment, authors used several mineral adsorbents to adsorb the water vapors
present at the surroundings. Then, the adsorbed water vapor particles were evaporated
using solar energy and lastly, 1 L of fresh water produced after condensation at the
expanse of 1 m?> composite material [3].

Abualhamayel et al. discussed an absorption method of extracting fresh water from
surrounding air. In this work, authors selected CaCl, as absorbent and suggested a
system with flat, one side glazed inclined surface and insulated bottom (Fig. 1). Strong
absorbent, due to its less vapor pressure, absorbed the atmospheric water vapors at
nighttime. Further, this weak absorbent get heated by means of solar energy in the

Wieak ADsdrdent

Day-lime operation
Night-Time Operation

Fig.1 Schematic diagram of model proposed by Abualhamayel et al. [4]
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daytime and the regenerated water vapors get condensed under glazed layer. The
temperature of glazed layer should be kept minimum to provide ease in condensation
process. Authors also presented mathematical analysis to estimate the performance
of water extracting system [4].

Aristov et al. proposed the use of SiO,-based selective water sorbents in solar
assisted air to water extraction process. 10 tonnes of the dry sorbents were employed
in this experiment. The results showed that around 3-5 tonnes of fresh water produced
after sorption and desorption stages [5].

Gad et al. used CaCl, as the working absorbent and presented a system comprised
of a flat plate collector with a removable glass shield, a corrugated bed, and a
condenser. The fresh water was produced after absorption and regeneration process
consecutively in night and daytime. The results indicated that this system can provide
1.5 L of drinkable water per m? per day. In this work, mathematical analysis of absorp-
tion and regeneration process also presented and more than 17% system efficiency
was estimated based on this analysis [6].

Kabeel proposed a solar assisted water extraction system of pyramidal structure
with aluminum casings, glass faces, and CaCl, as employed desiccant. The system
procedure included absorption of water vapors from surrounding air at night after
the four sides of pyramidal structure are opened to surrounding air. All sides are
shut in the daytime and regeneration of desiccant occur due to solar energy which
subsequently followed by condensation of water vapors. The results showed that the
volume of fresh water generated was 2.5 L per m? per day. The system efficiency was
little less than twice the previously reported efficiency. The use of cloth bed system
was recommended for greater efficiency [7] (Fig. 2).

Ji et al. proposed the use of a new composite adsorbent material which was
prepared by a crystalline material MCM-41 as host material and CaCl, as a hygro-
scopic salt. The results indicated that this new composite material has a greater impact
on performance of solar assisted atmospheric water extraction system. The amount
of fresh water generated per day was more than 1.2 kg per m? of collector area [8].

Hamed et al. estimated the performance of solar assisted atmospheric generator
using CaCl, as desiccant with sand bed. Experimental results showed that approx-
imately 1.0 L/m? of fresh water can be produced using proposed system at the
surrounding conditions of Taif, Saudi Arabia [9].

William et al. proposed an atmospheric water extraction system comprised of a
trapezoidal prism solar collector with multi-layered bed. Hence, the surface area of
bed (desiccant carter) was maximized. In this work, two types of bed, i.e., cloth bed
and sand bed with CaCl, solution, were employed and the results depicted that the
amount of water evaporated was 2320 g/m?-day and 1235 g/m?-day respectively for
cloth and sand bed for initial saturation concentration of CaCl, at 30%. Similarly,
system efficiency was calculated in both the case as 29.3% for cloth bed and 17.76%
for sand bed [10].

Kumar and Yadav proposed the use of ‘CaCl,/Floral foam’ as desiccant in solar
assisted fresh water generation from surrounding air. The system used in this work
is shown in Fig. 3. The results depicted that the amount of water generated with the
use of this new composite desiccant was 0.35 mL/cm?/day [11].
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(a)

Dim. in cm

S,

Elevation view

1= pyramid sides 2- glass cover  3- pyramid base

4-collected water 5- -bed 6- collected cone

T7- condenser 8- shelves 9- graduated glass 10- glass support
(b)

Fig. 2 a System used by A.E. Kabeel. b Elevation view and pyramids with open glass faces at
night [7]

Kim et al. demonstrated an atmospheric water extractor even under low humidity
condition (around 20%). In this work, a metal-organic framework-801 [ZrsO4 (OH)4
(—=COO)g] was used due to its better ability of water adsorption. Solar irradiation
(less than 1000 W/m?) caused the desorption process and water vapors entered the
refractive enclosure due to porous nature of MOF-801. Then these water vapors
are condensed in the condenser placed at bottom and its latent heat is rejected by
condenser to outside by means of a heat sink. This system could produce 2.8 L/day
of fresh water at the expanse of 1 kg of MOF-801 [12].
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Fig. 3 Water extractor with CaCl,/Floral foam desiccant [11]

Srivastava and Yadav performed experiments on solar-driven atmospheric water
extraction technology at the location of NIT Kurukshetra, India. In this work, authors
used sand bed as host material and three different types of materials LiCl, LiBr and
CaCly,, as salts to make composite desiccant. The setup used in this work is shown in
figure. A Scheffler reflector (1.54 m? surface area) was installed with a receiver box
at its focal point. Composite desiccants were placed into receiver box. All the sides
of box were insulated with glass wool except the side in front of Scheffler reflector.
The composite desiccant absorbed the water vapors from the surrounding air in
the nighttime till the saturation condition is reached. The amount of water vapors
absorbed can be determined by calculating the weight of desiccant before and after
the absorption by means of a weighing machine. In the daytime, the desiccant was
placed in the receiver box in front of Scheffler reflector and the regeneration of water
vapors began due to solar energy. The regenerated water vapors condensed into water
after passing through condensing tube and the condensate is stored in an air-tight
vicker. The total water produced from atmospheric air was 90 mL for LiCl-based
desiccant in 330 min at average solar irradiation 511.3 W/m?. Similarly with LiBr
and CaCl,-based desiccant, water produced was 73 mL and 115 mL, respectively,
in time duration of 270 min for both. The annual cost was lowest (0.53 $/L) with
CaCl,-based desiccant and highest (0.86 $/L) with LiBr-based desiccant [13] (Fig. 4).

Talaat et al. designed and studied a water extraction system at the location of
Mansoura University, Egypt. This system comprised of conical see-through surface
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composite desiccant
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Fig. 4 Schematic diagram of a Absorption of water vapors at night. b Regeneration and
condensation process using Scheffler Reflector and condensing tube [13]

which is made up of cloth bed and CaCl, (desiccant) solution. At night, when the
desiccant is exposed to surrounding air, water vapors are absorbed and in the daytime,
the system is enclosed with a transparent conical layer which is open to receive
solar irradiation upon it. Due to heat provided from solar irradiation, water vapors
evaporate and then condense into water after rejecting its latent heat to the adjacent
surface. The condensed water is stored in a flask. The amount of water stored was
calculated in the range 0.3295-0.6310 kg/m?/day [14].

Elashmawy proposed an atmospheric water extraction system incorporated with
tubular solar still and air circulation fan. The results depicted that the system could
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generate water up to 467 mL/m? in a day at 4 m/s speed of air under low humidity
condition (12%) at Hail city, Saudi Arabia. Under natural speed of air, 230 mL/m?
water could be generated in a day. The maximum thermal efficiency at natural
airspeed was 12.2% while in case of air circulation 4 m/s by means of a fan, thermal
efficiency was 25%. Hence, authors suggested to use such system with greater speed
of surrounding air to augment the performance of system [15].

3 Recent Developments in Air to Water Extraction
Technique Based on Peltier Modules

Kabeel et al. proposed a solar-based atmospheric water extraction technique incor-
porated with thermoelectric cells to enhance the temperature difference between
evaporating and condensing regions (Fig. 5). Authors also performed CFD simu-
lation of this solar and thermoelectric-based system under three different climatic
conditions. This system could produce fresh water 3.9 L per hour per square meter
[16].

Suryaningsiha Sri et al. performed an experimental work on a prototype of
atmospheric water generator using Peltier modules techniques at the rural areas
of Indonesia. Experimental investigations led to the development of a prototype
of atmospheric water generator using Peltier modules with 12 V DC supply and
single unit PWM controllable Brushless DC fan. The prototype comprised of four
units of Peltier modules (Model number TEC1-12706) connected in parallel. The
experimental tests were conducted for different configurations of Peltier modules

Sun Light

Solar cell
Thermal Insulation

Produced Water
(heat recovery cycle)

Cold side 4/
Hot side Peltier

Produced Element
Water

Fig. 5 Solar and TE based system used by Kabeel et al. [16]
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Fig. 6 Schematic diagram of the atmospheric water generator based on Peltier Module [17]

and different airflow conditions. Certain performance parameters including conden-
sation ratio and production ratio were calculated. The results of the prototype were
compared with the other available products of this category. The comparison leads to
achieve a big success in the experimental effort. The production ratio for the amount
of water derived from moisture of the air was obtained nearly 2 which fit the quantity
of drinking water for approximately two persons. The results also concluded that the
quantity of water from moisture can be increased by increasing the rate of humid
airflow and also with increase in the power supply. The quality of water obtained by
this method also accords to the standards of WHO [17] (Fig. 6).

Joshi et al. executed an experimental investigation to design and develop a ther-
moelectric fresh water generator which worked on the principle of thermoelectric
cooling effect using Peltier modules. In this work, a prototype was built up consisting
of a long cooling channel with ten Peltier modules arranged in an array. The exper-
imental prototype was made to run for ten working hours. Peltier modules were
arranged thermally in a parallel circuit while electrically in a series circuit. At the
hot side of Peltier modules, the set up has an external heat sink serving the purpose
of heat rejection. Heat sink also incorporated with four cooling fans to increase the
rate of heat transfer through forced convection. An internal heat sink was used as an
additional member in this set up to enhance the surface area for cooling the air and
condensing the moisture. It also acts as a device which enhanced the turbulence in
the motion of the moist air. In the experimental tests, observations were made on the
amount of moisture condensed from the air by varying its mass flow rate, humidity
and the amount of electric current supply provided. The experimental efforts derived
direct proportionality relation of the amount of water condensed from the moist air
with the mass flow rate of air, humidity of the air, and the electric current power
supply. An important conclusion in this experiment was that the amount of water
condensing from moisture rises up by 81% after employing the internal heat sink
[18].
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Kiara et al. projected a solution to cater the needs of a large number of human
beings who are facing a very severe situation due to depleting fresh water resources.
The research work explored out an experimental and numerical solution to the
problem by designing two prototypes based on cross flow heat exchanger and
Peltier effect, respectively. One prototype included a cross flow heat exchanger in
an underground chamber where temperature was generally low, water performed as
coolant cooled by the low temperature underground chamber. Another prototype was
designed on the basis of Peltier effect. The prototype worked efficiently in a defined
range of relative humidity of 52-100%. Mathematical modeling was executed to
solve the governing equations of thermodynamics and heat mass transfer analysis
to find out the variables which affect the performance of the prototypes and calcu-
late the amount of water generated. The theoretical model results obtained from the
mathematical equations were compared with experimental work. The observations
concluded that the amount of water generated was nearly eight times in case of
prototype based on heat exchanger model in comparison with Peltier effect-based
prototype. However, the power consumption was low in case of Peltier effect-based
prototype [19].

Anandhulal et al. developed a device for extraction of water from air whose
working was based on the Peltier effect. The device developed for the research work
was comprised of heat sink, cold sink, temperature regulator, fan and Peltier module.
Fan brought the humid air in the assembly. The Peltier module was given electric
force through a DC source of power due to which it produced hot and cold sides
due to Peltier effect. The air when passed over the cold side, its temperature was
brought down to the dew point due to which the moisture retained by the air gets
condensed and can be collected. The research concluded that the device is simple in
its configuration with no movable mechanical components, no harmful chemical as
CFC’s and a sufficient amount of drinkable water can be derived which might help
for mountaineers, fishermen and several other purposes and it can also be transported
easily from place to place [20].

Shanshan et al. developed a lightweight easy to transport device to generate water
by condensation of the moisture present in the air with the help of two Peltier thermo-
electric devices. A set up was designed to perform the research experimentally. The
set up comprised of a humidifier, a mixing assembly, an air conduit, and a thermoelec-
tric Peltier water generator. A cross flow fan led the atmospheric air into the mixing
assembly where its relative humidity was controlled with the help of humidifier and
forwarded to the air conduit. Finally from the air conduit, air was passed through
the Peltier device where it brought down the temperature of air to its dew point. As
the temperature reached the dew point, moisture in the air started to condense on the
surface and for collection of water a pan was installed. Amount of water collected
in the pan was measured every hour during the run of the experimental work. Three
different flow rates of air were varied with the help of cross flow fan. The flow
rates were quantified with the help of an anemometer. Temperature and humidity
were quantified by the hygrothermographs. All the measured variables were fed to
a data acquisition system. An enhancement was recorded with the increase in the
relative humidity of the air for 6-7 h after the initiation of the test but afterward
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experiment reached to a stage where quantity of water generated approached to a
constant mark. The above result was explained as the adhesion force of water to
the condensing surfaces exceeds the force of gravity so the amount of water starts
to become constant. For variation of relative humidity, current power source and
inlet air temperature were kept unchanged. At the initial stage of the investigation,
amount of water generated was less at higher flow rates but after stabilization it starts
to increase. The experimental investigation explored that two thermoelectric devices
were not sufficient to offer the cooling ability and the air was not able to come in
contact with the condensing surface for a sufficient time at higher flow rate. The
maximum amount water generated was 25.1 g/h with two Peltier devices and less
power consumption [21].

Carson et al. conducted a research work in order to utilize the water present as
moisture in the air. In this work, authors depicted the effects of fin orientation of heat
sink on the amount of water extracted from atmospheric air. Four different surfaces
were brought into examination—a plane plate of aluminum, a PTFE coating equipped
aluminum plate, a fanned aluminum plate and a finned aluminum heat sink. All the
stated surfaces were oriented vertical and the air with high humidity was forced to
flow over the surface in a horizontal direction. Two conditions as clear and unclear of
the surfaces were compared for all the cases. PTFE coated plate showed an enhanced
rate of water condensation as compared to aluminum plate. Clearing of the surface
also enhanced the rate of collection of water. Seven orientation angles starting from
0° with an increment of 15° till 90° were experimented. The orientation of 60°
provided the maximum rate of water collection. Several conclusions drawn from the
research including an enhancement in the rate of condensation of moisture with the
use of hydrophobic materials, clearing the moisture condensing at regular intervals
enhanced the performance of the device, the finned heat sinks have a high condensa-
tion compared to flat plate heat sinks, with the increase in angles of orientation the
water condensing gets filled up in large quantity between the spacing of the fins [22].

Wei et al. conducted a number of experiments for evaluation of an equipment of
transportable atmospheric water generator. In the experimental work, two models A
and B were designed and fabricated. Their performances were compared for various
factors affecting the amount of water generated from the atmospheric air. Both the
models were very much similar in their geometrical constructional features. Both
the models comprised of a humidifier, a mixing assembly, an air conduit and a
thermoelectric cooling device for water generation. Air channels worked to transport
the air through the mixing assembly on the thermoelectric cooling device. Humidifier
worked to control the moisture in the air. Thermoelectric device possessed a hot side
and a cold side on the basis of Peltier effect. Both the sides have extended surfaces to
promote rate of convection heat transfer. The cold surface brought the temperature
of the air near to its dew point which led to the condensation of moisture in the air. In
model A, the cooled air is bypassed on to the hot side to support the heat rejection from
the hot side while in model B, cooled air is discharged directly outside system. Besides
it, a hydrophobic substance was employed over the cool side surface fin to enhance
the rate of condensation in the air in model A as compared to B. Several equations
were incorporated in the work based on the psychometrics to calculate the amount of
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water generated and it was compared with the experimental observed values with the
help of statistical graphs. The observations were taken for a test run of 10 h and the
graphical comparison denotes a range of deviation between calculated and measured
values. The calculated values were far above than the measured experimental values
for the first 6 h run of the procedure. During the first hour the measured values ascend
in a slow manner, increased in a fast manner for 2-5 h, the slope of the increment
was sharp in the 5-6 h and afterward measured and calculated values have no range
of differences. During the first hour, the process was just initiated so the amount was
less, as the process progressed the rate of condensation got increased, the effect of
gravity and air turbulence together contribute to the increased rate of condensation of
moisture into water droplets. For the experimental work, an additional hydrophobic
material is employed to enhance the rate of condensation. To acquire the variation
of relative humidity, the airflow rate was kept constant and low. It was noticed that
the amount of water accumulated due to condensation of moisture in the air gets
increased up. The model A has a higher rate of condensation than model B for the
above-stated variations. Graphical variation of rate of water accumulation was drawn
with changing the rate of flow of air while the other parameters were kept unchanged.
The yield of water was increased with increased airflow rates; it was higher for model
A than B due to hydrophobic material [23] (Fig. 7).

Sajil et al. carried out an investigation to derive water from condensing the mois-
ture present in the air. The investigation involved computational design and a model
was assembled on that basis. Four Peltier devices (TEC 12706) were used for the
research work carried out. The cooling draft fans were used to cool the moist air and
also to create a vacuum for the moist air to enter the assembly. As the experiment was
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9 — Outlet Air 10 — Humidifier

Fig. 7 Schematic diagram of Peltier module based water generator by He Wei et al. [23]
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carried out the Peltier devices were provided the EMF the water starts condensing at
the colder side and starts to accumulate over the surface, which decreases the rate of
heat transfer and reduces the amount of moisture condensing, to prevent this to happen
a wiping mechanism was incorporated in the assembly. The dew point temperature
calculations were made using the data of the humidity of the air, temperature of the
ambient air, and other parameters. At the completion of the experimental work the
rate of work output of the assembly was recorded which was the amount of moisture
condensing per unit time and it appeared as 5 mL/h. The results were not found to
be very satisfactory but was a great attempt to cater the needs of the areas where a
lot of lives faces the threat of scarcity of water [24].

Kadhim et al. executed an experimental research for deriving the water present
in a moist air. Experiments were performed on an atmospheric water generator in
which source of power was solar energy and the device for accumulation of water
was based on the Peltier effect. The experimental prototype was build up on a small
scale and only single thermoelectric Peltier module was used. The set up used in this
experimental investigation includes a thermoelectric Peltier device, a finned heat
sink, a fan, a cold side conical fin attached on the cold side of the Peltier module,
a solar panel with a charge storage battery and a structural support to grasp and
balance all these components. The experimentation aimed to determine the amount
of moisture condensing from the air for that it includes variation of airflow velocities,
relative humidity and temperature of the dry air. In the Peltier device as it receives
the current from the power source one part gains temperature while other loses and
becomes hot side and cold side, respectively. As the air comes into contact with the
cold side and its temperature approaches dew point condensation of the air begins.
A large number of observations were done for deriving any conclusion regarding
the variation of the parameters on the amount of moisture condensing from the air.
When airflow velocity was varied, the temperature and the relative humidity of the air
were kept constant and the observations was recorded in the patterns of graphs. The
graph for the variation of airflow velocity was plotted at 65% relative humidity for air
temperatures 27 °C and 31 °C and an airflow velocity of 1 m/s produced satisfactory
result of 10 mL/h of water condensing from the air. When the relative humidity was
varied, it was observed that quantity of water generated almost gets constant with
slow deviation as the relative humidity reaches 65% but when the air temperature
was raised up the rate of condensation of moisture reaches double at 20 mL/h. The
outcome of variation of air temperature is recorded with the time taken by the cooler
surface to reach dew point of air and it was resulted into an increase of time required.
To design an optimum surface for the further the experiment was concluded with the
remarks that to improve the efficiency of the system more number of thermoelectric
Peltier modules should be used [25].
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4 Mathematical Analysis of Solar Assisted Absorption
Method for Atmospheric Water Extraction

In this type of system, the desiccant solution is prepared by mixing of salt (e.g. CaCl,)
in distilled water. If the mass of salt is ‘m,’ and mass of distilled water is ‘m,,’, the
total mass of desiccant solution given as:

Mgl = M + My (1)
also,
mg
X = 2)
Mol

where ‘X’ is the fraction of amount of salt in desiccant solution.

The performance of system is primarily based on the rate of absorption and regen-
eration. The rate of absorption (G, ) and the rate of regeneration (G;) can be calculated
as [26]:

dw
G, = (msq + ml)a €))
G dw @
¢ = Mgl —
Sol- 3

Here, m; is the mass of water vapors absorbed by the desiccant in the nighttime
and (dw/dt) is rate of change of moisture content. The maximum amount of water
generated will be equals to m; when the complete water vapors absorbed by desiccant
are regenerated and stored in the form of water.

The efficiency of the solar assisted absorption-based water extraction system can
be estimated using the following formula:

M,L
n = 5)
IA(ta)
where
M, mass of water produced
L Latent heat of water at mean bed temperature
1 Intensity of solar radiation
A aperture area
T transmissivity
o absorptivity.

The above analysis is valid only in case of absorption method. For AWG with
peltier modules, thermoelectric principles are used.
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5 Conclusions

The present work has tried to summarize the different solutions to the scarcity of
fresh drinkable water at remote locations. In this chapter, various methods of atmo-
spheric water extraction have been presented. Mainly, solar assisted adsorption—
regeneration or absorption—regeneration-based water extraction methods and water
extraction methods using Peltier modules have been presented.

Based on the review, the adsorption method is less effective than the absorption
method, as absorbents require less regeneration temperature in comparison with
adsorption methods. Also the chances of mixing of dirt and dust with collected water
vapors are greater in case of adsorption method. In a solar assisted absorption method,
composite of CaCl, with sand bed can be effectively used as desiccant material which
should absorb the water vapors up to saturated condition at the nighttime. The speed
of air, surrounding temperature and the concentration of desiccant should be higher
at the nighttime operation. Humidity condition also should be higher (not less than
20% relative humidity). The surface area of desiccant bed should also be higher
so that maximum amount of moisture can be absorbed from the surrounding air.
Once, the desiccant absorb water vapors from humid air up to saturated limit, it
must be placed in an insulated box. In the daytime, solar radiations are impinged
on the desiccant material in such a way that water vapors evaporate and then stored
in a receiver and then water vapors are condensed into fresh water. For the better
performance of this system in daytime, the surrounding air temperature and the solar
irradiation should be higher and concentration and mass flow rate of desiccant should
be less. It can be concluded that the quality of water produced through these methods
can be safely used for drinking purpose. Still future research should be focused on
chemical analysis of water produced through such methods, as when the higher
ambient condition prevails, the concentration of desiccant can be high and it may
possibly question the quality of water.

In this paper, a method of atmospheric water extraction using Peltier modules
has also been presented. In this method, Peltier modules are arranged and incorpo-
rated with heat and cold sink fins, fan and an external power source to bring down
the air to its dew point and condense the moisture present in the humid air. Future
efforts should focus on design optimization of the system in such a way that more
contact surface area is exposed to air. There is a need to enhance the rate of drop-
wise condensation and there should be less adhesive force between contact surface
and condensed water drops. Some experimental and computational works were also
reviewed to discuss the Peltier effect on water generation from air. This method
involves high energy consumption in comparison with absorption method. Future
research should be focused to make this method cost-effective and to minimize the
effects of various environmental parameters on system. With these modifications,
the methods explained in the paper would be viable options to deal with the scarcity
of fresh water at remote locations.
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Single Slope Single Basin Active Solar m
Still Integrated with ETCs: A Review oo

Manish Sanserwal ©® and Pushpendra Singh

1 Introduction

With the increasing events of climate change in the world, lots of places face water
scarcity and waterflood. Both the cases are not suitable for living creatures on earth
because water scarcity increases the water deficiency in living creature body and
flooded water become so much contaminated that unable to use for drinking purposes.
According to a report presented by United Nations International Children’s Emer-
gency Fund (UNICEF) and World Health Organization (WHO) in 2015, it was found
that about 663 million peoples of the world are still using untreated drinking water,
which includes contaminated water from wells, springs (due to heavy rain) and unsafe
surface water. According to the international energy agency, it is expected that the
power consumption of the world increases by up to 35% by 2035, and for meeting
this, water requirement also increases by 35%. Most of our freshwater resources are
available in glaciers and ice caps foam, in which only 1.2% water is surface and other
freshwater. Therefore, there is a strong requirement coming for water purification
from saline or contaminated water.

Today, we are using lots of technologies for purification of water like activated
carbon, electrodeioinzation, ion exchange, reverse osmosis, nano-filtration, sub-
micron filtration, ultraviolet, etc. All these technologies required electrical energy
for working, which greatly affect the environment as it is powered by fossil fuels
(mostly from non-renewable resources) which again add up environmental pollution
[1], and if it produced from the sun (Solar cell), then this does not remain economical.
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For attaining both requirements of water purification and lower energy consumption,
solar still is the most suitable purification system.

Solar still is an environment-friendly attractive option to attain drinkable water
from available saline/contaminated water and can be successfully used domestically.
Fabricating of solar still can be done from locally available material which is also
low cost, easy to operate and maintain [2]. Lots of advantages are there in using
solar still over other water purification technologies, in which some of them are no
need of membranes, pre or post filters, non-renewable power sources etc., and these
advantages lead to the low initial investment cost and approximately no impact on the
environment. Solar still works on a natural process whose working principle is same
as of rain system. In the solar still, water evaporates from the basin due to absorption
of sunlight and condensate on the inclined glass cover (also called condensing glass)
used for the covering of solar still and finally, collected in the collecting trough which
is discharged in a measuring flask. The amount of water thus collected is not up to
mark concerning time, and this is the only disadvantage of solar still and makes
its performance lower as compared to other purification systems. Publicly usage of
solar still can be increased by enhancing its water yield productivity and also by
decreasing its cost per litres [3]. However, distilled water productivity of solar still
depends upon lots of parameters (solar radiations, ambient temperature, air velocity,
solar still design, etc.), which ultimately affect the evaporation and condensation of
water [4].

Lots of researchers studied different type of passive (stepped, spherical, hemi-
spherical, V-shape, pyramid, wick type, tubular, etc.) [S—12] and active solar still
(incorporated with reflector, PV/T system, flat plate, or evacuated tube, or inverted
absorber solar concentrators and heat exchanger) [13—17] for the improvement in
yield productivity. Whereas, various single-effect and multi-effect type of passive
and active solar still are studied by Kumar et al. [18]. Lots of useful review on active
solar stills have been done representing different aspects of solar stills like the use
of reflectors, photovoltaic and integrated PV/T [15, 19, 20]. This paper reviews the
different active solar still with evacuated tube collector developed by the number
of researchers with a comparative study and also included the economic analysis of
various active solar still.

2 Various Single Basin Single Slope Active Solar Still
with ETC

The water temperature can be increased in conventional solar still by the means
of additional solar—thermal technologies, which further increases the productivity
of solar still. Whereas, evacuated tubular collector (ETC) is used for water heating
purposes. Both systems (solar still and ETC) integration helps in improving the
evaporation rate and yield output from a solar still.
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Fig. 1 Schematic arrangement of experimental set-up [21]

Sampathkumar et al. [21] investigated an active solar still incorporated with ETC
and reflector plates (just below the ETCs) of corrugated structure as shown in Fig. 1.
Proposed experimental still made up of aluminium with black paint on the basin and
a thermal model was also developed. Also studies the effect of water depth, various
heat transfer coefficients, temperature and solar radiation on the productivity of solar
still. Results revealed that average daily production and energy payback time (EBT)
were 72% (as compared to simple solar still) and 235 days, respectively.

An ETC integrated with single slope active solar still (EISS) has been analysed
experimentally by Dev et al. [22] as shown in Fig. 2. The main purposes of EISS
system are recovering the heat loss (occur off-sunshine time) for getting more distilled
water from the solar still, develop a thermal model to validate experimental results
and compare it with single slope solar still. Hence, this system can be used for
both distillations as well as heating purpose. From the results, it is revealed that
maximum overall and annual average thermal efficiency has been found 30.1% and
21.3%, respectively, on 16 May 2008 for EISS system. Also, annual distilled water
produced by EISS system is 630 kg/m? as compared to single slope SS of 327 kg/m?.
Further, Sampathkumar et al. [23] also investigated a solar still integrated with ETC
(tubes are in a horizontal direction) and without using the pump (natural mode) and
compared the results with a fabricated passive solar still for comparative studies
(Fig. 3). An increment in yield water productivity is found to be 129% and 83%
during sunshine hours and night hours, respectively, when compared to passive solar
still.

A thermal analysis of solar still is directly coupled with ETC in natural mode
and forced mode (with modified geometry) done by Singh et al. and Kumar et al.
[24, 25] as shown in Fig. 4. Due to disfavour condition (two water streams in tube
move in opposite direction) occurs in natural mode during thermal energy extraction,
force mode has been analysed later for better heat removal and avoid the effects of
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stagnation and internal recirculation of cold water in the reservoir. Results revealed
that annual yield for forced mode is 567.3 kg per m? area (radiation collector area)
and it is higher than the natural mode. Moreover, forced and natural mode efficiency
is found to be 33.8% and 5.1-54.4%, respectively, based on energy analysis; and
2.6% and 0.15-8.25%, respectively, based on exergy analysis.
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Panchal et al. [26, 27] experimentally analysed single slope solar still (directly
coupled with vacuum tubes) over a whole year (Fig. 5) and also compared its results

Measuring Jar

Fig. 5 Schematic arrangement of solar still with vacuum tubes [26, 27]
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Fig. 6 Solar distillation system with ETC [28]

with other similar work based on distilled output. Results revealed a closed relation-
ship between experimental and theoretical values. Moreover, EBT and the annual
cost of water were found to be 176 days and 0.716 INR per litre, respectively.

An experimental study was investigated by Issa et al. [28] to evaluate the perfor-
mance feasibility of a solar still under working conditions of passive and active mode
(coupled with ETC using a parabolic solar energy collector) with and without using
insulation (for still) as shown in Fig. 6. Results showed that, yield output of the solar
still using ETC increased by a factor of 2.63 with an increment of water temperature
(at least 20 °C). As per the author, EBT of 6 years is feasible for the farmers for
using it in their farmland. A cost reduction of 16.8% also observed with a solar still
integrated with ETC as compared to the passive solar still system.

Singh [29] theoretical investigated a single slope solar still (SS) integrated with
N (found max. 12 in number) ETC (N-ETC-SS) and compared it with SS integrated
with N photovoltaic thermal (PVT) flat plate collectors (N-PVT-FPC-SS), SS inte-
grated with N-PVT compound parabolic concentrator collectors (N-PVT-CPC-SS)
and conventional SS (CSS) on the basis of energy metrics (Fig. 7). Results revealed
that, for the proposed system N-ETC-SS, the values of EPT are lowered by 40.38%,
102.78% and 166.58%; life cycle conversion efficiency and energy production factor
are higher by 44.83%, 65.52% and 75.86%; and 28.57%, 50.79% and 61.90% than
N-PVT-FPC-SS, CSS and N-PVT-CPC-SS, respectively, on the basis of exergy.

A solar still coupled with ETC using waste engine oil as a working fluid (natural
flow) is experimentally investigated by Bhargva et al. [30, 31] as shown in Fig. 8.
Further, for improving its yield output, four cases studied by coupling solar still with
heat exchanger (HE), internal reflector (IR) and condenser and compared it with
conventional passive solar still at different water depths (4 cm, 5 cm and 6 cm). Exper-
imental results revealed that, modified solar still (consist of HE + IR + condenser)
achieved maximum daily efficiency of 33.4%, whereas it is only 30.5% for still
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Fig. 9 Photograph of solar still with and without ETC [32]

with HE alone and also, heat exchanger effectiveness of 0.58 at 4 m water depth.
Recently, Shehata et al. [32] improve the yield productivity of a single slope solar still
incorporated with the internal reflector by using ultrasonic humidifiers (USH is six in
number), phase change material (PCM) and ETC (for hot water spraying inside still).
Four cases were investigated by embedding different component in solar still: PCM;
USH and PCM; ETC and PCM and forth case with PCM and USH combined with
ETC (Fig. 9). From results, it is found that forth case having maximum daily distilled
productivity of 5.34 and 7.4 kg and daily productivity in case USH integrated with
ETC improved by 25 and 44% for 25 and 35 mm water depths.

Literature revealed that, yield increases with the increase of numbers and size of
ETC used and decreasing water depth (during sunshine hours) in still, whereas high
water depth required in off-sunshine hours due to higher storage effect (sensible heat
storage capacity of water) and volumetric effect. However, it is also observed that,
heat exchanger inlet temperature is independent of water depths. Moreover, ETC
performance declines (up to 60%) to a great extent as the transmittance ratio of ETC
glass declines (0.98-0.6). Table 1 shows general specification of various active solar
stills.

3 Economic Analysis of Some Active Solar Still with ETC

Initially, cost analysis of water desalination system was introduced by Govind and
Tiwari [33]. Later, Kabeel et al. [34] and El-Bialy et al. [35] presented economic
analysis of different configuration of passive and active solar still. There are lots of
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Table 2 Economic analysis formulas applied for most of the still system

Economic method Formulas

Present capital investment (P) CRF =i(1 + )n/[(1 + i)n — 1]
Capital recovery factor (CRF) AFC = P(CRF)

Annual first cost (AFC) SFF = ()/[(1 + i)n — 1]

The sinking fund factor (SFF) ASV = (SFF) x S (Salvage value)
The annual salvage value (ASV) AC = AFC + AMC — ASV
Annual maintenance cost (AMC) = 15% of AFC AC/L = AC/M (Annual Yield)
Annual cost (AC)/m? AUE =M x 0.65

The annual cost per litre (AC/L) AC/KkWh = (AC/m?) x AUE
Annual useful energy (AUE) S=xxP)

Annual cost/kWh

Percentage of degradation rate (x)

Cost per litres (CPL)

cost included in economic analysis of the solar still like capital or fabrication cost,
operational cost, maintenance cost (including the subsidy if provided by govern-
ment). Whereas, the fabrication cost includes frame cost, sheets cost (for making
still), insulation, glass and pipe cost. Also, with the increase in the rate of interest, a
decrement in net cost of the system is observed due to increment of capital recovery
(CR) and decrement of SFF. Economic analysis parameters can be expressed in Table
2 by Sanserwal et al. [36].

In this analysis, assumed values of i (interest per year), n (number of life years),
sunny days (number of days in which availability of sun energy was there) and x are
12%, 10, 260 and 20%, respectively, taken for calculation and also prepared a excel
program for the same. Table 3 shows a small overview of estimated costs analysis
for some active solar stills with ETC.

Single slope solar still with materials like internal reflector, ultrasonic humidifiers,
PCM and ETC shows excellent performance. These material contributions to overall
price of the solar still are not as high as compared to increment in yield output from
the still.

Table 3 Economic analysis of solar still with ETC

S. P M (L/m2) | CRF | FAC SSF | S ASV |AMC |AC |CPL
No.

[21] | 244.89 | 642.72 0.177 | 43.342|0.057 |48.978 |2.791| 6.5012 | 47.05 | 0.0732
[22] | 694.64 | 865.28 0.177 | 122.94 |0.057 | 138.928 | 7.917 | 18.441 |133.5|0.1542
[25] |380.95|1014 0.177 | 67.422|0.057 |76.19 |4.342|10.113 |73.19 |0.0722
[27] 158.32 | 1167.4 0.177 | 28.02 |0.057 |31.664 |1.804 | 4.203 |30.42|0.0261
[28] |550 936 0.177 | 97.341|0.057 | 110 6.268 | 14.601 |105.7 | 0.1129
[30] 105.8 |1918.8 0.177 | 18.725|0.057 | 21.16 1.206 | 2.8087 | 20.33 | 0.0106
[32] |421.6 |1924 0.177 | 74.617|0.057 | 84.32 |4.805|11.192 |81 0.0421
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CPL has a great importance in economic analysis of the solar still because it gives
us overall performance criteria. Even some solar still has larger distilled water output
but due to their higher capital cost, CPL come out with higher value. Solar still with
heat exchanger and ETC [30] shows the lowest CPL and establishment cost of 0.0106
$/1 and $ 105.8, respectively.

It is also found that solar still with ETC (indirectly connected with forced flow)
[22] has highest overall cost of $ 694.64 which is 82.34% higher than the solar still
(directly coupled with ETC) [25] but still has 17.18% less distilled water output.

4 Conclusion

ETC integrated with active single slope single basin solar still used for improving the
yield productivity and an economic analysis also carried out for different modification
in stills. Above review made some following conclusions:

1.  Lower angle of solar still increases the productivity. Whereas, productivity of
still inversely depends upon water depth of still (for sunshine hours).

2. Use of natural convection for the circulation of water inside the active solar
still integrated with ETC accelerates the scale formation inside the tubes due
to saline water. Whereas, forced mode (using pump for flow) overcomes this
problem but increases the cost of still with the yield productivity of 6% only.

3. Experimentally higher annual productivity of 1924 1/m? is found in a solar still
with internal reflectors using ultrasonic humidifiers, PCM and ETC, while lower
annual productivity found in EISS system of 642.72 1/m?

4. Solar still using natural convection with heat exchanger has lowest CPL of
0.0106 $/1, whereas highest CPL of 0.1542 $/1 found in solar still using forced
mode without heat exchanger.
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1 Introduction

Nowadays, research momentum is focusing on the hydrogen economy because of
worldwide huge energy consumption. In the energy market, clean hydrogen supply
is essential. As secondary energy carrier, hydrogen is a potential candidate to meet
most green energy demands replacing the hydrocarbon fuel without harming envi-
ronment. Currently, the global hydrogen production mainly relies on processes that
produced by using three various energy sources such as fossil fuels, renewable and
nuclear energy (Fig. 1). It is important challenge to produce hydrogen as clean
energy from fossil fuels which emit significant amount of GHGs; in the other hands,
renewable alternative energy sources consider environmentally friendly to produce
green hydrogen but still have to reach sustainable large-scale production. Therefore,
nuclear energy is getting more attention because it can run a nuclear reactor without
generating carbon dioxide and agree with industrial demand. However, hydrogen
production for nuclear energy sector is not currently developed enough, but it will be
increased attention as potential energy source because of its no greenhouse emission.

1.1 Nuclear Energy and Its Reactors

An energy which exists between an atoms’ nucleus is termed as nuclear energy.
A nuclear reactor is used to produce nuclear fission-based high amount of energy
using uranium or thorium element. The various kinds of Generation IV nuclear reac-
tors have received increasing attention a high level of inherent safety heat source to
produce nuclear-based hydrogen for large industrial sources than previous genera-
tions. It will catch technical maturity 2030 because of its highly economical, prolifer-
ation resistant and release the lowest waste [1]. For thermochemical production, SFR
system is similar to LFR, where sodium replaces leads-bismuth, GFR can produce a
secondary steam and MSR have long-term potential because of its low temperature
and heat delivered at high. SCWR has a higher thermal efficiency. For hydrogen

Primary Energy Sources

USES

Fossil sources Heat Petrochemical
and

Agricultural
Coal Petroleum Neutral gas Electricity

Food industries
Nuclear Energy

Electronics

Renewable Sources

Hydrogen Production Metallurgical

Aerospace
Geothermal Hydro Solar Wind Biomass Process

Fig. 1 Hydrogen productions methods from primary energy sources and its uses
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production, it can also reduce the challenges of load balancing, either by conven-
tional electrolysis or thermochemical water splitting. Modern version of HTGR,
VHTR, can supply energy to several exothermic process, such as steam forming,
electrochemical and thermochemical water-splitting processes [2, 3].

1.2 Hydrogen Storage

Hydrogen is storable which is convenient for an energy carrier. In the usage of
economic source hydrogen, how to store hydrogen safely, efficiently and econom-
ically is one of the most important challenges to be overcome. Liquid hydrogen
requires an extra economic cost and a complex technical plant. The good point of
cold/cryogenic compression is a higher energy density than compressed gas, but
cooling requires an additional energy input. The weakness is to find more economic
ways. Stationary hydrogen storage in underground is the most promising materials
for future hydrogen storage to play key role in hydrogen economy that can be done
in large enclosed areas and kept safely away from any possible dangers [4].

2 Routes to Produce HydrogenVia Nuclear Energy

Herein, the various production pathways of hydrogen from nuclear source are

introduced in (Fig. 2).

) v v \’

Radiolysis Electrolysis Thermochemical Hybrid thermo High temperature

water splitting chemical cycle electrolysis

Electricity +H,O(liquid) — H,+ O,( conventional)
Electrolysis
Electricity +H,O(steam)— H,+ O, (HTE)
Thermochemical water splitting Heat +H,0— {cyclic chemical reaction}+ H,+ O,
Hybrid thermochemical cycle Electricity +Heat +H,O— {cyclic chemical reaction}+ H,+ O,

Fig. 2 Hydrogen production pathways
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Nuclear radiation exits in nuclear reactors, and nuclear fuel phases processing
could be applied directly to produce hydrogen from water. Generated nuclear radia-
tion is changed to high-temperature heat. As seen in Fig. 2, five general methods are
described to produce hydrogen. Directly to split water into hydrogen and oxygen,
radiolysis uses nuclear radiation, and this is not practical because of its contamina-
tion of radioactive materials. To electrolyze the water, water electrolysis uses elec-
tricity derived from nuclear radiation, and it is applicable if close to standard value
of temperatures. High-temperature steam electrolysis and hybrid thermochemical
cycle are known as hybrid using both electricity and high-temperature heat to sepa-
rate water. Thermochemical splitting directly applies high-temperature heat leading
to nuclear energy [5].

Combination of O, and hydrogen to produce water and electricity is called elec-
trolysis. Improved electrolysis methods include alkaline electrolysis, PEM and SOE
are described in (Fig. 3). High-temperature electrolysis or solid oxide electrolysis
cells can operate with steam (700-1000 °C). In SOE electrolysis process, elec-
trode materials present at the anode (LSM) and at the cathode (Ni-YSZ), and then,
conducting materials as ceramic proton represent superior ionic conductivity and
high efficiency than O, conductor conventionally. PEM electrolysis runs 20-100 °C
and transforms liquid water. Electrodes reveal high activity of noble catalysts such as
iridium as the anode and platinum Pt as the cathode. Alkaline water electrolysis oper-
ates lower temperatures such as 30-80 °C with aqueous solution KOH or NaOH as
electrode, and nickel uses as electrode materials because of its availability combined
with reasonable price and high activity. The interesting points are that SOE has the

e PEM e e
SOE | |_\ AWE > _
0» H:0 H, o
0, H, 2 M Ha
H OH
em| PEEN MR N =
Anode Cathode N \
(LSM) (Ni/'YSZ) Anode(Ir) athode(Pt) Anode Cathode
(Ni/Co/Fe) (Ni/C)
Ceramic Oxide Polymeric membrane Diaphragm
Anode: Anode: Anode:
20, — Oyt4e” 2H,0— Oy F2H"+4e” 40H —O0,+2H,0+4e”
Cathode: Cathode: Cathode:
H20+2074> H2 + 02 2H+2¢ — Hz 2H20+4€7HH2+2OH7

Fig. 3 Types of electrolysis
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highest energy efficiency (90-100%) followed by PEM has (80-90%) energy effi-
ciency and then AWE stands the lowest energy efficiency (70-80%). SOE has some
bad points related to shortage of stability and inadequate durability, and PEM faces
some challenges because of its expensive polymer membrane, while AWE also has
some issues like electrode corrosions, gas permeation and decreases operation pres-
sure. Therefore, before approaching commercial markets, some negative ascents of
SOE, PEM and AWE have to be solved [6, 7].

Thermochemical cycles (TC’s) has pointed combination chemical reactions with
heat source to separate water into its hydrogen and O, efficiently. Thermochemical
water-splitting cycles have major good points as the particular chemical process, no
need to use catalysis, not requiring O,—H, separation membranes can reach desired
temperature, require low electric sources, and then, the chemical source can recycle
except water [8]. Since 1960s, over 100 thermochemical cycles have been proposed.
For selecting the reasonable cycle, some facts occur at the same time by following.
Temperatures should be considered. The number of steps could be minimal. Each
individual step with quick reaction and proportions should be similar the other steps.
In chemical, the reaction products should not outcome by products, and any reaction
products must be minimal to reduce the energy consumption and the price. The
intermediates must be simple to handle [8].

The Hys cycle, as known as the Westinghouse cycle, hydrogen and sulfuric acid
are produced by sulfur dioxide depolarized water electrolysis (SAD). To solve the
challenging issue of Hys cycle, Ot—Hys process used the sulfur combustion process
instead of high-temperature SAD process (Fig. 4). Ot-HyS process of the net thermal
efficiency is about 25.0-30.0% higher than about 20.0% HyS cycle and then conven-
tional water electrolysis. Due to favorable sulfur statistics, at least technical chal-
lenges and higher net thermal efficiency, as securing a bridge, Ot—HyS could intro-
duce an important role in sustainable energy future but have to solve challenges to
become economically favorable [9].

Currently, two cycles (S—I and Cu—Cl) stand as the most reliable cycles because
of their costs and efficiency, while most of cycles are not feasible because of its
scientific, technical or energizing reasons.

Sulfur-iodine (S-I) cycle is to produce hydrogen which has been discussed exten-
sively (Fig. 5). Bunsen reaction is an exothermic chemical reaction that occurs at
100 °C, where H,0, SO,, and iodine react to form sulfuric acid and hydrogen iodide.
Inliquid-liquid separation, the mixed acid divide into two types of acid, which are rich
phase of HI and H,SO,. Both type of acids are decomposed, purified and concen-
trated in the other two reactions after the separation of the acids. The endothermic
H,SO,4 decomposition reaction releases oxygen, sulfur dioxide and water at about
800-1000 °C. The endothermic HI, H, and O,, the rest of the products are recy-
cled alike the reactant material [10, 11]. Thermochemical water splitting with S-I
cycle needs the high temperature to decompose SO3 in SO, the ultimate state H,SO4
decomposition, the best connection with generation IV. Sulfur-iodine cycle linked to
a nuclear reactor (600 MWth VHTR), operating at 950 °C but the necessary highest
required temperature of the cycle, around 850 °C. Iodine losses would be noted
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Fig. 4 Hybrid sulfur cycle and one-through hybrid sulfur process

because it is not only abundant but also really dare. And then, it only reaches an effi-
ciency of 36% even though a thermochemical process is to achieve an efficiency of
at least 50%. S—I process can produce 633 molH,/s in the self-sustaining agreement
of HYTHEC. For the baseline S—I plant, hydrogen production cost of 5.3 V/kg H,
(6.4 $/kg H,) has been accepted. At present, JAEA, Japan, can touch 0.065 kg/day
of hydrogen production [12].

The copper-chlorine (Cu—Cl) cycle for green hydrogen production is currently
divided into three various groups which are known three-, four- and five-step (Tables 1
and 2). Using intermediate (Cu—Cl) compounds, copper-chlorine cycle splits H,O
into hydrogen and O,. In the five-step cycle, in a closed loop, all chemical process
is performed to recycle all chemicals continuously. In the step 1, at 450 °C as an
exothermic reaction, hydrogen is produced. In the step 2, at around 25 °C, producing
copper from molten Cu—Cl shifts to the produced hydrogen, whereas the rest copper
chloride is transferred to the next reaction. The third step of dried molten CuCl,
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H,SO4

I 2S0:+2H,0
p Bunsen Reaction

2HI 2H>S04
HI H>SO4

Decomposition Decomposition
H, 0O,

Bunsen reaction 120 °C exothermic SO, +1+2H,—H,S04
Sulfuric acid decomposition 900 °C endothermic H,S0,—"202+ SO,+H,0
Hydrogen iodide decomposition 450 °C endothermic 2HI- I,+H,

Fig. 5 S-I thermochemical cycle

is used as solid CuCl, for the fourth step. In the step four, solid CuCl, reacts with
water to produce HCI and CuOCuCl,, and production HCI step sees at a temperature
of around 450 °C. In the final step, approximately 500 °C O, is produced. Heat
exchanger is applied to adjust each stage of required temperature because each stage
needs different temperature to complete their respective reaction.

The four-step Cu—Cl cycle, step 2(copper production) and step 3 (drying) are
combined to handle the solid copper and to terminate the intermediate production.
During these combinations of these two steps, the four-step copper-chlorine stands
the lowest thermal energy input but higher electrical energy input than five-step Cu—
Cl cycle. Therefore, among thermochemical copper-chlorine cycle, four-step Cu—Cl
cycle is mentioned as the most reliable production process to support hydrogen
demands. Production of hydrogen step 1 and step 2 (combine step) in the four-step
cycle by providing CuCl, (aq) to water-splitting sector directly is cooperated in step
3 copper-chlorine cycle [16]. Because of its corrosive nature of products, three-
step cycle is not applied for future industrialization. The Cu—Cl cycle is coupled to
SCWR because of its lower temperature requirements around 550 °C which thermally
decompose water into hydrogen and oxygen, through intermediate (Cu—Cl). (Cu—Cl)
cycle consists of several chemical reactions that cause a closed internal loop and
without generating any greenhouse gases, recycle the Cu—Cl compound continually.
Then, Cu—Cl cycle has decreased construction material demands, low-cost chemical
agents, solid handing insignificantly and can complete the reaction without any side
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Table 1 Three main types of Cu—Cl cycle [13, 14]

K. K. Tin et al.

Cu—Cl cycle Step | Chemical reactions Names of steps | Temperature (°C)
Five-step cycle 1. 2Cu(s) 4+ 2HCI(g) — Hj; Production 450
2CuCI(1) +Ha(g)
2. 4 CuCl(aq) — 2CuCl,(aq) + | Cu Production 25
2Cu(s)
2 CuCl(aq) — 2CuCly(s) Drying 90
4. 2CuCla(s) + HoO(g) — HCL Production | 450
CuOCuCly(s) + 2HCI(g)
5. Cu O CuCl,(s) — 2CuCl{) | Oy Production 500
+ 120,(g)
Four-step cycle 1. 2Cu(s) + 2HCI(g) — H, Production 450
2CuCI(l) + Ha(g)
2. 4CuCl(aq) — 2CuCly(aq) + | Combined Steps | 25-90
2Cu(s)
3. 2CuCly(s) + HoO(g) — C HCL Production | 450
O * CuCly(s) + 2HCI(g)
4. Cu O* CuCly(s) — 2CuCl(l) | Oz Production 500
+ 120,(g)
Three-step cycle | 1. Cu(s) + 2HCI(g) — 2CuClI(l) | Combined Steps | 100
+Ha(g)
2. 2CuCly(s) + H,O(g) — HCL Production |430
CuO * CuCly(s) + 2HCI(g)
3. CuO * CuCly(s) — 2CuCl(l) | O Production 550
+20:(g)
Table 2 Advantages versus disadvantages reducing Cu—Cl steps [15]
Cu—Cl cycles steps Advantages Disadvantages

Reducing five steps to four

steps

Fewer equipment material
challenges; No need to separate
HCI from H,O

Current and voltage
dependence on concentration
not known clearly

Reducing five steps to three

steps

Less to process solid particles
challenges; reduce steps and
less equipment

Increase heat intensity and
heat great; challenges more
equipment material; more
unwanted side products, etc.

effect. At 500 °C, hydrogen production efficiency can

achieve 33-37%. Copper-

chlorine cycle can reach 3 kg/day hydrogen production under developed by UOIT,

Canada [17, 18].
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3 Integrated Hydrogen Production

In the near future, the coupled nuclear/solar energy sources are linked with ther-
mochemical cycles to form hydrogen production nearly zero greenhouse gas emis-
sions using water and either nuclear energy or sunlight. In the transition to an almost
complete solar energy sector, nuclear energy can serve as a support and backup power
suppliers. Generally, direct cycles start fewer steps with less complex, but its higher
operating temperatures are more complicated than hybrid cycles. Thermochemical
water-splitting cycles (Cu—Cl) and (S-I) are used as comparative purposes to fulfill
coupling solar and nuclear energy sources because of their operating temperature
range and then have less complexity and safety process in the chemical reactions.
S—I cycle can be applied if it meets the required temperature by integrating nuclear
and solar system because of its high operating temperature. Combining the required
input from the nuclear with the output from the solar, Cu—Cl accepts constant energy,
and all the time may run at its design capacity which may catch 90% or higher
capacity factor significantly would decrease the cost of hydrogen and also increase
the economics markets [19].

4 Life Cycle Assessment (LCA)

The LCA process is a systematic and phased approach which considers using the four
main phases of LCA. LCA results are described which are based on unit product (1 kg
of hydrogen [20]. Producing hydrogen from high-temperature water electrolysis of
the life cycle assessment demonstrates GWP 2000 g CO, equivalentand AP 0.15 geq.
H + . Usage of alternative materials to improve the potential electrolysis, especially
50% reduction in the material requirements, will indicate into decrease 25% in the
GWP and 30% in the AP. Therefore, scientists have to find the way for the better
research for new attitudes of electrolysis [21]. S—I cycle for hydrogen production,
GWP 2900 kg CO, eq and the AP 17 kg SO, are generated [19]. Four- and five-step
Cu—Cl cycles of environmental impact are also mentioned. For the five-step Cu—Cl
cycle, GWP as 0.346 kg CO,-eq and AP as 5.0 x 1073 kg SO,-eq per kg while
GWP 0.287 kg CO,-eq and AP 2.1 x 1073 kg SO,-eq per kg in the four-step Cu—Cl
cycle are emitted, respectively [22]. The four-step Cu-Cl cycle notices the lowest
environmental impacts because of its lower heat requirement [23].

5 Conclusions

In many countries, as primary energy source, nuclear energy is introduced or being
considered because it is a stable and reliable energy supply without emitting green-
house gas. For nuclear-based hydrogen production, several types of reactors are
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being introduced, and several methods are ready to participate to produce hydrogen
including electrolysis and thermochemical cycles. A considerable research programs
are aimed to optimize these cycles underway at the various organization in the world.
Electrolysis and thermochemical cycles are used as massive hydrogen production.
Electrolysis method applies as near term option. By using heat to convert water to
hydrogen and oxygen, thermochemical cycle stands as long-term option because it
can save cost.

Therefore, based on the articles, the Cu—Cl cycle linked SCW is very cheap
hydrogen production as promising alternative production. Moreover, Cu—Cl cycle
requires lower temperature (around 530 °C), while most of the cycles need process
heat at temperatures above 800 °C, and then, it can reduce materials and maintenance
costs. The LCA results also showed that the fourth copper-chlorine cycle has the lower
environmental impact than other candidates which are based on nuclear energy to
produce H,.

References

1. Rachael, E., Ray, A.: Nuclear heat for hydrogen production: coupling a high/high temperature
reactor to a hydrogen production plant. Prog. Nucl. Energy 51, 500-525 (2009)

2. Shripad, T.: Transient analysis of coupled high temperature nuclear reactor to a therm chemical
hydrogen plant. Int. J. Hydrogen Energ. 38, 6174-6181 (2013)

3. Marques, G.: Evolution of nuclear fission reactors: third generation and beyond. Energ. Convers.
Manag. 51(9), 1774-1780 (2010)

4. Orhan, M.F, Binish, B.: Investigation of an integrated hydrogen production system based on
nuclear and renewable energy sources: comparative evaluation of hydrogen production options
with a regenerative fuel cell system. Energ 1-20 (2015)

5. Greg, F., Ibrahim, D., Calin, Z.: Hydrogen Production from Nuclear Energy. Springer Science
and Business Media, LLC, 1-44 (2013)

6. ShivaKumar, S., Himabindu, V.: Hydrogen production by PEM water electrolysis—a review.
Mater. Sci. Energ. Technol. 2, 442-454 (2019)

7. Ibrahim, D., Canan, A.: Review and evaluation of hydrogen production methods for better
sustainability. Int. Sci. J. Alternat. Energ. Ecol. 40, 11-12 (2016)

8. Olga, B., Pavel, S.: The resources and methods of hydrogen production. Acta Geodyn.
Geomater. 2(158), 175-188 (2010)

9. Jung, Y.H., Jung, Y.H., Yong Hoon, J.: Development of the once-through hybrid sulfur process
for nuclear hydrogen production. Int. J. Hydrogen Energy 35, 12255-12267 (2010)

10. Brown, N., Seker, V., Oh, S., Revankar, S., Downar, T., Kane, C.: Transient modeling of sulfur
iodine cycle thermo-chemical hydrogen generation coupled to pebble bed modular reactor.
Purdue University West Lafayette, IN. (2009). https://slideplayer.com/slide/14913193/

11. Balat, M.: Energy sources, part a: recovery. Utilization Environ. Effects. 31(1), 39-50 (2008)

12. Giovanni, C., Coriolano, S., Claudio, C., Ambra, D., Alfredo, O., Alain, L., Jean-Marc, B.,
Christine, M.: Sulfur—Iodine plant for large scale hydrogen production by nuclear power. Int.
J. Hydrogen Prod 35, 4002-4014 (2010)

13. Ogzbilen, A., Dincer, 1., Rosen, M.A.: A comparative life cycle analysis of hydrogen production
via thermochemical water splitting using a Cu—Cl cycle. Int. J. Hydrogen Energ. 36(17), 11321—
11327 (2011)

14. Ozbilen, A.Z.: Life cycle assessment of nuclear-based hydrogen production via thermochemical
water splitting using a copper—chlorine (Cu—Cl) cycle (Doctoral dissertation, UOIT). 49-04,
2706:144 p (2010)


https://slideplayer.com/slide/14913193/

A Review on Nuclear Energy-Based Hydrogen Production Methods 141

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wang, L., Naterer, G., Gabrie, S., Gravelsins, R., Daggupati, N.: Comparison of different
copper—chlorine thermochemical cycles for hydrogen production. Int. J. Hydrogen Energ. 34,
3267-3276 (2009)

Marek, J., Marc, A., Tomasz, S., Michat, L.: Hydrogen production using high temperature
nuclear reactors: efficiency analysis of a combined cycle. Int. J. Hydrogen Energ. 1, 1-1 (2016)
Rosen, M., Naterer G., Chukwul, C., Sadhankar, R., Suppiah, S.: Nuclear-based hydrogen
production with a thermochemical copper—chlorine cycle and supercritical water reactor:
equipment scale-up and process simulation. Int. J. Energ. Res. 36. 456-465 (2012)

Orhan, M.E,, Ibrahim, D., Marc, R.: Energy and exergy assessments of the hydrogen production
step of a copper—chlorine thermochemical water splitting cycle driven by nuclear-based heat.
Int. J. Hydrogen Energ. 33, 6456-6466 (2008)

Orhan, M.F,, Ibrahim, D., Marc, A., Mehmet, K.: Integrated hydrogen production options based
on renewable and nuclear energy sources. Renew. Sustain. Energ. Rev. 16, 6059-6082 (2012)
Solli, C., Stromman, H., Hertwish, G.: Fission or fossil: life cycle assessment of hydrogen
production. Proc. IEEE. 94, 10 (2006)

Utgikar, V., Thiese, T.: Life cycle assessment of high temperature electrolysis for hydrogen
production via nuclear energy. Int. J. Hydrogen Energ. 31939-31944 (2006)

Ahmet, O., Murat, A., Ibrahim, D., Marc, A.R.: Life cycle assessment of nuclear-based
hydrogen production via a copper chlorine cycle: a neural network approach. Int. J. Hydrogen
Prod. 38, 6314-6322 (2013)

Ahmet, O., Ibrahim, D., Mar, A.R.: Environmental impact assessment of nuclear assisted
hydrogen production via Cu—Cl thermochemical cycles. Sustain. Cities Soc. 7, 16-24 (2013)



Power Generation from Waste Heat )
Using Thermoelectric Modules oo

Kartik Jeph®, Keshav Kumar Tomar ®, and Kunal Lohchab

1 Introduction

In the past few decades, attempts have been made to harness waste heat to convert it
into electrical energy. The waste heat is often being derived from various technologies
that are used today for human comfort. The amount of waste heat generated differs
from industry to industry, for example, the automobile industry comes at the top in
terms of generation of heat that is not utilized (or wasted). Other industries such
as telecommunications, cooling systems, solar, and geothermal also fall into this
category.

The reason behind these attempts is to save the fuel from being wasted as much
as possible because of the scarcity of resources. And if the current consumption
rate is not reduced, then it would not take long for our resources to get exhausted.
One potential and widely used method is the thermoelectric power generation tech-
nology, for utilizing the waste heat. These generators work on the principle of the
Seebeck effect which is defined as, “temperature difference between two dissimilar
electrical conductors or semiconductors produces a voltage difference between the
two materials” [1].

Table 1 represents some important experimental and theoretical results from
previous studies on waste heat utilization using thermoelectric generators.

In this work, a theoretical model of a system is defined that uses waste heat for elec-
trical power generation. For this system, the outer surface of the catalytic converter of
passenger vehicles is considered as the heating source, and coolant from the coolant
cycle of an engine is considered as the cooling source. The amount of power gener-
ated by various thermoelectric modules depends upon different parameters such as
the temperature difference across the surface of the module, type of heating, and
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Table 1 Results from related literature

References and year | Temperatures (Th & Tc) | Number of modules used | Power output (W)
(°C) N)
Crane et al. [2] Th =90 6 0.54
Tc =125
Niu et al. [3] Th =90 56 146.5
Tc =125
Kim et al. [4] Th =095 72 75
Tc =45
Remeli et al. [5] Th = 160 1 1.72
Tc = 65

cooling source (for example, this can be water or some device). A higher temper-
ature difference means higher power generation. The use of liquid for heating and
cooling will result in high power generation because liquids have high heat capacity.
The amount of power generated also increases with an increase in the mass flow rate
of liquid used for heating or cooling.

2 Experimental Set-Up

The thermoelectric module uses temperature difference for power generation. In this
work, this temperature difference is created by using the surface of the catalytic
converter as the heat source and coolant as the heat remover or cooling source. Now
as mentioned above, the surface of the catalytic converter is the heat source, and this
surface will be feeding heat to the modules. But this heat input is not uniform as the
surface temperature of the catalytic converter varies from point to point. Although
this temperature variation is small, having a nonuniform source of heat may influence
the working of modules which is not beneficial. This can be corrected by introducing
a narrow metal plate just after the hot surface of the catalytic converter. This metal
plate will uniformly distribute heat across its surface and will act as a good source
of heat for the module. The proposed model is shown in Fig. 1.

On the other side of the module, a metal block is used which has a copper pipe
embedded inside of it. This can be understood from picture given in Fig. 2.

Coolant from the cooling cycle of the engine passes through this copper pipe and
takes the heat from the module. Hence, this whole assembly of metal block embedded
with the copper pipe having coolant passing through it acts as a cooling system for
the module. The metal block is used for better heat transfer from modules to coolant
and to increase the area of heat transfer, which increases the amount of heat collected
by the coolant.

A number of thermoelectric modules are sandwiched between the metal plate and
the metal block to facilitate the power generation process.
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Fig. 1 Proposed model of the thermoelectric generator

Fig. 2 Lateral coolant in
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2.1 Thermoelectric Module

The maximum temperature a bismuth telluride thermoelectric module can endure is
250 °C [6]. Therefore, it is suitable for the system proposed in this work. The most
common configuration that is easily available is 127 couples-6 amp. Dimensions of
the selected module are given in Table 2 [7].

Length—40 mm

Width—40 mm

Height—3.95 mm
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Table 2 Properties of the module at 7, = 200 and 7'c = 100 [8]

Sm Module average Seebeck coefficient (V/K) 0.04882
Rm Module average resistance (ohms) 3.7867
Kwm Module average thermal conductance (w/K) 1.0531

Table 3 Important properties of the coolant mixture at 90 °C [9]

Dynamic viscosity (@) (centipoise) 0.737

Specific heat capacity (C)¢) (Kl/kg C) 0.4335

Thermal conductivity (K.) (W/mK) Module average thermal conductance (w/K)
Density of mixture (p) (kg/m®) 1036

2.2 Coolant

The most common coolant used in the engine cooling cycle is ethylene glycol. In
the common application, it is mixed with water in 1:1 proportion to improve the
cooling properties. The obtained coolant of 50% ethylene glycol and 50% of water
is considered in this work.

Properties of the ethylene glycol-water mixture important for this study are given
below (Table 3).

The average flow velocity of coolant in the cooling system is 5 feet per second
[10], and the diameter of the coolant pipe at the radiator outlet is around 25 mm.

Mass flow rate can be expressed as

m. = pVA (D

where,

o (Density of the mixture) = 1036 kg/m3. V (velocity) = 1.524 m/s

A (Area at the radiator outlet) = 1 x (0.025 = 2)2 m?

By using the above formula and putting the values given above in it, the mass
flow rate comes out to be 0.775023 kg/s.

2.3 Thermal Interface Material (TIM)

The thermal interface material is selected by considering these parameters.

Type of material to be connected.
Type of bond required.

Amount of heat to be dissipated.
Temperature.

.
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The system proposed in this work has metal to ceramic surface connection, and
it requires a TIM that can provide

1. Mechanically strong bond.
2. Can handle high temperature of about 200 °C.
3. It can transmit a high amount of heat through it easily.

Considering all the properties required for the system proposed in this work,
thermally conductive epoxy adhesive is the appropriate material.

2.4 Metal Plate and Metal Block

The thickness of the metal plate is small, and the weight would not be a critical factor
here. Therefore, copper is the appropriate material for the metal plate. There are over
a thousand and even more commercially available grades of copper. Most of them
are similar in properties with only small variations. One of the common grades of
copper that can be used here is UNS C10100 that is easily available [11].

In the case of the metal block, the thickness is about 4 times the metal plate and
that would significantly affect the overall weight of the system proposed. Therefore,
aluminium is the appropriate material for the metal block. Priorities in descending
order of their respective weights (Table 4).

Given above is a table containing properties of four most commonly used grades
of aluminium. To select the best grade among these, a weighted average method is
applied.

Thermal conductivity (4) > Density (3) > Tensile Strength (2) > Melting Point (1)

Weights for highest to the lowest values of thermal conductivity, tensile strength,
and melting point:

4 (highest) >3 > 2 > 1 (lowest)

Weight for highest to the lowest value of density:

4 (lowest) > 3 > 2 > 1 (highest)

It is clear from the above analysis that the Al-6063 T6 grade is the best option
(Table 5).

Table 4 Aluminium grades [12]

Material Density (g/cm?) Thermal Melting point (°K) Tensile strength
conductivity (MPa)
(W/mc)

Al-5052 H36 | 2.68 138 607 276

Al-6061 T6 2.70 167 582 310

Al-6063 T6 2.69 209 616 241

Al-1100 H14 | 2.71 220 643 124
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Table 5 Weighted average Grades Weighted average
Al-5052 H36 4x14+3x44+2x34+1x2=24
Al-6061 T6 4x24+3x24+2x44+1x1=23
Al-6063 T6 4x3+3x34+2x24+1x3=28
Al-1100 H14 4x44+3x14+2x14+1x4=25

3 Standard Equations and Mathematical Modelling

3.1 Standard Equations of Thermoelectric Power Generation
System [13]

With no load (Rp not connected), the open-circuit voltage as measured between
terminals is

Vo = Sm X AT (2)

Here, V¢ is the output voltage from one module in volts, Sy is the average Seebeck
coefficient in volts/°K, and AT is the temperature difference in °K, where

AT =T, —T. 3
When load resistance is taken into account, the current through the load is

_ Sux AT

Jo= M2 27
© Rv + Ry

4)

Here, [ is the output current in amperes, Ry is the average internal resistance of
a module in ohms, and Ry, is the load resistance in ohms.
Heat input to the module (Qy) is

On = (Sm x Ty x Io) — (0.5 x IZ x Ry) + (Ky x AT) 5)

Here, Oy is the heat input in watts, Ky is the thermal conductance of a module in
watts/°K, and T}, is the temperature of the hot side of the module in °K. The values
Sm, Rm, and Ky must be selected at the average module temperature, where

Tavg = (Th + TC)/2 (6)
Power output from the module,

2
Sm X AT] 7

Po = Ry x
© b [RM+RL
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Considering the modules are to be connected in a series, parallel, or series +
parallel arrangement, the total number of modules in the system Nt will be

Np = Ns x Np (8)

Current passing through the load resistance Ry,

Ng x Sm x AT
= %ok g ®
=N, TR
Total output voltage,
NS X SM x AT
V=R x {W} (10)
N TR
Total output power from the modules,
Sm x AT)?
P = Np x Sm x AT)” (11)
4 x RM

Total heat input to the modules,

Smx Ty x I 1%
S 05 x (o) X Rut Kux AT (12)

P P

Qh:NTX|:

The total heat output from the modules

Qc=0n—P 13)

The efficiency of the power generation

%:&xm% (14)

Maximum power output can be achieved when the internal resistance of the
module arrangement is made equal to the load resistance Ry . This can be done
by selecting a proper arrangement of modules.

3.2 Mathematical Modelling

A conceptual model has been shown in Fig. 1 which represents the overall system.
The coolant flowing inside the copper tubes takes away all the heat coming from
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Fig. 3 Heat transfer

Aluminium
block

Enlarged view

Coolant

Copper pipe

the modules. For a better understanding of the heat transfer process between the
aluminium block and coolant, the cross section of the copper tube embedded inside
the aluminium block is shown in Fig. 3.

Q. is the heat coming from the modules, and this heat is transmitted to the coolant
via the block. So that Q. can be expressed as

0. = UAAT, (15)
Or,
ua = 2 (16)
AT,

(1/UA) is the overall resistance to the heat transfer between the aluminium block
and coolant. For making the calculation simple, the aluminium block is assumed to
have constant temperature 7" which is equal to Tc. And UA can be expressed as

1
A= — )

1 4 _1 1qn
A gz In 5

where A; = 27tr; L and K is the thermal conductivity of copper, which is 396 W/mK
at around 90 °C. AT, is the mean temperature between the aluminium block and the
coolant. So, it can be expressed as

AT, = (T _ I +T") (18)

2

T; and T are the initial and final temperatures of the coolant respectively. Also,

Oc= mccpcAT] (19)
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Or,

Qc = mecpe(Ty — T5) (20)

By using all the equations mentioned above, the heat transfer coefficient calculated

in the next section leads us to the length of the copper pipe embedded inside the
aluminium block.

3.3 Calculation of the Heat Transfer Coefficient
of the Coolant
Reynolds number is given as
R.=52— 1)
_pVD A m x D

Re=—x—=
u A AX U

(22)

Putting the values from Table 3 in the above equation, R. comes out 42,845.69
which is larger than 6000, and therefore, it is a turbulent flow.

Prandtl Number:
p=Et I?”“ (23)
Convective heat transfer
p= Do ; Ke 24)
Now, as the flow is turbulent,
N, = 0.023 x P>* x R*® (25)

Convective heat transfer coefficient can be expressed as

_0.023 x PO x RO® x K.

he
D

(26)
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After putting all the required values in the above equation, it comes out to be A,
= 5273.83 (w/m>K), and here, the diameter of copper pipe is taken as 20 mm with

1 mm thickness.

4 Results

Using the standard equations for thermoelectric power generation and the math-
ematical modelling proposed for the system, several important characteristics are
calculated for different voltage outputs keeping the temperature difference of 100 °C
(Ty, =200 °C and T, = 100 °C) and load resistance fixed, variations can be under-
stood from the graphs given in Figs. 4, 5, 6, 7 and 8. The values that are calculated

are given in Tables 6 and 7.

Table 6 Results

K. Jeph et al.

V (Volts) N E,, efficiency Power (W) Qn (W)
5.015 4 1.350 6.289 465.500
8.56 6 1.310 9.160 698.250
11.97 8 1.285 11.940 931.050
17.12 12 1.312 18.330 1396.51
20.55 14 1.227 21.120 1629.35

Table 7 Results (cont.)

V (Volts) Qc (W) Length of copper pipe (m) Temperature difference AT (°C)
5.015 459.211 0.1415 100
8.56 689.090 0.2132 100
11.97 919.110 0.2850 100
17.12 1378.18 0.4317 100
20.55 1609.35 0.5062 100
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Fig. 4 Voltage versus
Efficiency (E¢g)

Fig. 5 Voltage versus
Number of modules (N)

Fig. 6 Voltage versus power
output (P)

Fig. 7 Voltage versus
Length of copper pipe (L)
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Fig. 8 Voltage versus heat T, = 200°C and T, =100°C
input (Qp) and Heat output
(Qc)
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5 Conclusion

As a conclusion from this study, the power generation achieved from the excess heat
using the thermoelectric module can be carried out using the model proposed. The
excess heat of the catalytic converter of the passenger vehicle is utilized here. The
surface temperature of the catalytic converter and coolant temperature at exit from
the radiator was the main parameters. The hot side of the thermoelectric module
receives heat input from the catalytic converter, while the heat from the cold side is
channelled using the coolant from the engine coolant cycle. The design illustration,
the power generated, generator efficiency, total heat input, heat output from the cold
side, and the number of modules have been illustrated for different values of voltages
and for a constant temperature difference of 100 °C (T, =200 °C and T, = 100 °C)
by the use of graphs. Formulas used for the calculation of all factors mentioned
before have also been specified clearly. Many considerations have been studied and
taken care of while undertaking this study. The study illustrates that waste heat is
practically useful if it is considered as a valuable source for any reason.
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Effect of SiC Nanoparticles )
Concentration on the Tribological L
Behavior of Karanja Oil

Yashvir Singh ®, Abhishek Sharma (), Naushad Ahmad Ansari,
and Nishant Kumar Singh

1 Introduction

The increase in environmental pollution due to the extreme use of petroleum products
has focused to explore alternatives [1]. One of the petroleum products is in use in
the form of synthetic oil. The purpose of the synthetic oil is to minimize the friction
between two sliding surfaces and enhance the energy utilized during the rubbing
process [2—4]. The synthetic oils are dangerous to the environment especially aquatic
as they are toxic and non-biodegradable. Most of the pollution is caused due to their
improper disposal [5].

To meet the requirements of the synthetic oil and to provide effective lubrication,
bio-based lubricants synthesized from the vegetable oils are suitable. They contain
higher viscosity, higher viscosity index, less toxic, biodegradable and high flash point
which are considered as important properties during the lubrication process [6, 7].
There are limitations associated with the vegetable oils which limit their application.
Certain additives were added to the oils to improve their properties, but most of the
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additives contain sulfur and phosphorous resulting in pollution of the environment
[8].

The application of the nanoparticles as an additive to the non-edible vegetable
oils is one of the prominent members. The results of the nanoparticles during their
application were proved to be the better one. In the previous studies, most of the
studies were performed while considering them for engine oil and edible oil. Ren
et al. [9] examined the tribological characteristics of the ZnO coated with graphene.
The improved anti-wear mechanism was formed to maintain the capacity of the load
and the lubricant film. Silica nanoparticles provided improved tribological behavior
when added to the lubricant, but their application was limited due to their improper
dispersibility [10]. The effect of copper nanoparticles on the serpentine powder was
analyzed by Zhang et al. [11]. Up to optimum mass ratio of 7.5:92.5, improved results
in the tribological analysis were seen.

In this study, SiC nanoparticle was used as additive to the Karanja oil. None of the
studies was performed earlier while considering SiC nanoparticles to the tribological
application with Karanja oil. The purpose of using SiC was due to its more hardness
which resists in a better way to the applied pressure on the lubricant films [12]. The
Karanja oil was easily available and mostly found in tropical areas. The seeds of the
Karanja tree provide oil yield up to 45% as reported in the literature [13].

The objective of the study is to analyze the tribological behavior of Karanja
oil during SiC nanoparticles addition. The sodium dodecyl sulfate was used as the
surfactant to the Karanja oil. The test was performed at different parameters. The
worn surfaces were analyzed using the scanning electron microscope (SEM).

2 Materials and Methods

Figure 1 shows the methodology adopted during the examination. It consists of the
process followed for the test. The detailed description is mentioned in the subsequent
sections.

2.1 Sample Development for the Characterization

The SiC nanoparticle was procured from the vendor Nano Research Lab, Jamshedpur,
Jharkhand, India. The nanoparticles supplied were in the range 25-30 nm diameter
having a spherical shape. The purity of the nanoparticles was 99.9% as assured by
the supplier. The Karanja oil was collected through the local supplier from Dehradun
City, Uttarakhand, India. To improve the properties of the Karanja oil, nanoparticles
were added. The nanoparticles were added to the oil and stirred for 30 min with
300 rpm speed. For proper dispersion, the mixture was ultrasonicated for 45 min
(400 W, 20 kHz). After ultrasonication, the sodium dodecyl sulfate was used as
a surfactant, and proper mixing was done using the magnetic stirrer. The mixing
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Fig. 1 Methodology of the process

process was performed for 30 min. The nanoparticles were added to the oil in the
ratio 0.3—.2% (W/V). The following are the designations assigned to the different
samples: 1) KO 2) KO + 0.3% 3) KO + 0.6% 4) KO + 1.2%.

2.2 Physicochemical Characterization

The physicochemical characterization was done according to the ASTM standard
methods. The kinematic viscosity was evaluated through the viscometer (Swastik
systems and services, New Delhi) based on the ASTM D-445 standard. The viscosity
was measured at atmospheric pressure and temperatures (40, and 100 °C). The test
was conducted three times, and the mean value was used to reduce the error and
maintain reliability.

Flash point and pour point of the oil were measured according to ASTM D-92
(Cleveland open cup method) and ASTM D-97, respectively, using proper apparatus.
The acid value was measured using GD-246B automatic tester based on poten-
tiometric titration principle according to ASTM D664 method. Table 1 shows the
properties of the lubricants.
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Table 1 Characteristics of the blends used for the examination

Parameters | Viscosity @ 40 °C | Viscosity @ 100 °C | Flash point (°C) | Pour point (°C)
(cSt) (cSt)

KO 239.21 16.16 253.4 -35

KO +0.3% |240.13 16.88 254.6 -32

KO + 0.6% |241.57 17.72 256.8 -32

KO + 1.2% | 249.41 20.63 261.2 -2.1

2.3 Experimental Setup

For performing the tribological study, pin-on-disk (POD) machine was used as shown
in Fig. 2. Table 2 shows the specification of the apparatus. The POD was equipped
with sensors for getting the frictional force and wear of the material. The test was
performed using ASTM G99 method. During the test, 8§ mm diameter and 30 mm
height pin was used. The LM 13 alloy (chemical composition: Al-83.39%, Si-10.9,
Fe-0.527, Cu-1.31, Mg-1.05, Ni-2.32, others-0.494) was procured from the vendor

Fig. 2 Image of the machine

Pin Holder
for the set-up

! Weight ‘

Tablg 2 Specifications of the Normal load 5200 N
experimental setup
Frictional force Up to 200 N
Disk size 165 mm x 8 mm
Rotational speed 200 rpm to 2000 rpm
Wear measurement Range up to 2000 pm
Wear track diameter 140 mm or variable
Pin/ball diameter 3,6,8,10and 12 mm
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analysis Applied load 80N
Track diameter 90 mm
Velocity 200 rpm
Time 3600 s

Raine Aluminium Private Limited, Hyderabad, which was used as pin material for
the test. The purpose of consideration of this material due to its application for the
piston which faces maximum friction and the hardness is 98 HRB. This type of the
alloy is also capable to resist wear and corrosion. For the disk, EN 31 steel was
used as it contains more amount of hardness (62 HRC) and high wear resistance
[14]. Table 3 shows the process parameters undertaken for the test. The conditions
are considered based on the studies in the literature, and the maximum wear on the
piston rings occurs during low speed [15, 16].

3 Results and Discussion

3.1 Friction Analysis

Figure 3 shows the COF for the different samples with respect to time. Initially
during the test, all the lubricant shows higher coefficient of friction up to 1000 s.
This was due to the time taken by the lubricants to maintain a lubricant film on the
surface. The Karanja oil shows the maximum coefficient of friction with respect
to nano lubricants. The least coefficient of friction was obtained during the 0.6%
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concentration. The nanoparticles up to 0.6% concentration fill up the gaps on the
surfaces and provide assistance to the lubricant film in resisting the stress buildup by
the applied load. When the nanoparticles concentration increases, COF also increases
due to the agglomeration of the particles on the surfaces [17, 18].

3.2 Wear

The specific wear rate of the material was calculated based on Eq. (1). Figure 4
shows the specific wear rate of the materials with different lubricants. The more
wear were happened with the raw Karanja oil. The nanoparticles mixing to the
Karanja oil achieved less wear at 0.3 and 0.6% concentration. When more amount
of nanoparticles added, it gets agglomerated on the surface which results in more
amount of wear of the pin [16, 19].

. Volumeloss(mm?)
Specificwearrate = — (D
Load(N)xSlidingdistance(m)

The wear scar diameter of the samples was assessed using the view 7 software
employed with the microscope. The wear scar diameter was the scar formed on
the surface during the various conditions. It can be observed from Fig. 5 that the
maximum scar was shown when raw Karanja oil was used. It gets reduced during
the application of nanoparticles, and the least scar was attained when 0.3 and 0.6%
nanoparticles were added. The formation of the scar was based on the formation of
the lubricant film thickness. The addition of nanoparticles up to 0.6% concentration
results in the formation of effective lubricant film on the surface.

Fig. 4 Specific wear rate of 6.0 -
the material
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3.3 Worn Surface Analysis

Figure 6 shows the images obtained for the worn surfaces using SEM. Figure 6a
shows the images for the pin under Karanja oil lubrication. The delamination of the
surface is due to the abrasion. Figure 6b and ¢ shows the surfaces with 0.3 and 0.6%
nanoparticles concentration. The surface gets smoother when the nanoparticles were
added up to the concentration of 0.6%. Less amount of grooves were present on the
surface which can be verified by the 3D surface. Figure 6d shows the images during
the addition of 1.2% nanoparticles. The cracks and pits on the surface were formed
due to the agglomeration of the nanoparticles on the surface resulting in more wear.

4 Conclusions

The tribological analysis of the Karanja oil with SiC nanopartciles addition was
analyzed. Following are the conclusions drawn from the study.

e The coefficient of friction gets when nanoparticles are added up to 0.3 and 0.6%,
and an increment in the COF was observed with further addition of the nanopar-
ticles. The SiC nanoparticles are capable to form protective layer when added up
to 0.6% to the Karanja oil.

e The less specific wear of the material was obtained with the addition of nanopar-
ticles to the Karanja oil up to 0.3 and 0.6%. The amount of wear rate was less
with respect to raw Karanja oil.

e Maximum wear scar diameter was observed with the Karanja oil, and addition of
0.6% nanoparticles provided less wear scar diameter. The highly worn surfaces
were obtained with higher concentration of the nanoparticles.
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Fig. 6 Scanning electron microscope images with 20 um zoom a KO b KO + 0.3% ¢ KO + 0.6%
d KO+ 1.2%
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Performance Characteristics of Karanja )
Biodiesel Blends Using Energy Audit L
Technique

Sanjay Mohite ®, Sagar Maji(®, and Amit Pal

1 Introduction

Biodiesel is a mono-alkyl ester consisting of long-chain fatty acids, which is derived
from renewable sources. It is an oxygenate fuel obtained from natural biological
process [1]. Utilisation of inexhaustible energy technology is at a slow speed. But,
biodiesel is more popular as compared to other sources because it can be used as
an alternative with diesel [2]. The estimation of energy demand was 13.1473 billion
tonnes of oil equivalent on 2015 in the world. This demand has been increasing at
a fast pace to 17.7156 billion tonnes of oil equivalent in 2040. Now, there is 239.4
billion tonnes stock of estimated oil reserves, which is being consumed in a fast
manner. Therefore, it is very essential to replace this oil fuel with alternative sources
of energy. Diesel fuel is popular in the world, and it is better to replace this diesel
fuel with an alternative. According to US Legislation, biodiesel production was 30.1
million tonnes in a year of 2014, and it would rise to 35 million tonnes in a year of
2020 [3].

A vehicle’s energy audit is a systematic means to measure use of energy. Energy
audit is used to examine and save fuel. It is a preliminary step which consists of
priority set-up in a programme of energy management. Maintenance parameters
decrease losses of friction, and parameters of engine performance are computed [4].
An asset’s performance is judged by energy benchmarking and rating. Ships do not
have any scheme of energy performance benchmarking and rating. Key performance
indicators and energy rating scheme have been introduced in ships by researchers. A
proposed benchmarking and rating method could be utilised for energy performance
[5]. Energy audit has been investigated in fishing vessels. It has been performed
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on Australian fishing vessel for recommendation to get better efficiency. It has been
investigated to make recommendation to save and propose changes to construct more
efficient vessel. A vessel has been analysed for energy use in it. A sample energy
audit has been proposed to fishing vessel of Australia to improve efficiency and
reduce fuel consumption [6]. Energy audit is used to reduce consumption of energy
and environmental impact. Green energy audit is concerned with energy and envi-
ronment. It optimises building’s energy performance and provides sustainability [7].
Diesel engine of heavy duty and medium duty has been analysed to find efficiency,
energy losses and prospects to improve. Energy audit and technology forecasting
have been used to find emerging technology for reduction of fuel. Fuel consumption
has been reduced in heavy-duty diesel engine with application of future technology
[8]. An energy audit is applied to get the best energy efficiency. Energy audit has
been identified and communicated to get better energy conservation method [9].
There are various sectors to use energy audit. For this reason, an energy audit tech-
nique is needed for biodiesel engine, which takes into account its effect. It also
illustrates the utilisation of fuel energy distributions in biodiesel engines. Currently,
there is no exact energy audit of biodiesel engine. If blend is not found suitable in
energy audit, further concern of blend is not required, thus saving time and money.
A variety of performance and emission characteristics with heat flow analysis has
been discussed. In energy audit, choice of performance and emission characteristics
of biodiesel engine is one of the imperative features. In this analytical study, brake-
specific energy consumption, heat flow analysis, friction power and smoke emission
have been selected as key performance and emission characteristics which should be
integrated in energy audit of biodiesel engine. This choice is based on their control
on other parameters. This energy audit would be coordinated in research of biodiesel
as fuel [10].

The documentation of biofuel performance has been known as a valuable judg-
ment method and device to deal with biofuel utilisation and get better biofuel perfor-
mance methodically. Biofuel performance certification is found to be obligatory in
biofuel industry to validate biodiesel in diesel engine. In this paper, worldwide biofuel
use, performance of biofuel and energy audit have been reviewed to simplify research
gaps. The performance and emission characteristics of biodiesel engine have been
selected as key features to judge biodiesel engine with an energy audit at the initial
stage as follows [11].

1.  Consumption of brake specific energy.

2. Heat flow analysis dealing with brake power, jacket cooling water, exhaust gas,
radiation.

Friction power.

4. Smoke emission.

et

This might be called as preliminary energy audit to assess biodiesel engine to
save time. If a blend is found practicable, then it could be used in diesel engine;
otherwise, it should to discarded in total with no need to evaluate other parameters.
This may be documented as a system of biodiesel certification. A preliminary energy
audit method is recommended to standardise it [11].
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’sI:e:;lieﬁiatEfs[?lz?ngme,s S. No. Component Specification
1 Brand name Kirloskar
2 Type Four-stroke
3 Number of cylinder Single
4 Stroke in cm 11
5 Bore in cm 8.75
6 Capacity in cubic cm 661
7 Compression ratio 18
8 Cooling arrangement Water
9 Speed in RPM 1500
10 Rated power in kW 35

2 Materials and Methods

2.1 New Methodology

A new methodology is generated to evaluate performance and emission characteris-
tics with the use of energy audit technique. This is one of the simple and fast methods
to evaluate performance and emission characteristics in initial stage to save time and
energy. In this method, BSEC, heat flow analysis, friction power loss and smoke anal-
ysis are evaluated to decide the utility of biodiesel blends for further investigation
[10, 11].

2.2 Experimental Setup

Four-stroke single-cylinder, water-cooled, DI diesel engine was used to conduct
experiments to assess characteristics of performance and emission parameters using
energy audit technique. Engine was loaded with eddy current dynamometer. A
vertical panel box, which consists of fuel tank, air box, manometer, fuel measuring
unit, air and fuel flow measurement facilities and indicator of engine, was used.
Engine and exhaust cooling water and calorimeter water flow were measured by
rotameters (Table 1).

2.3 Methodology

Karanja biodiesel was prepared in the laboratory, and blends were prepared on basis
of volume as 10, 20 and 30% in diesel. Karanja oil was used to produce biodiesel with
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transesterification reaction. 0.696 stoke, 911 kg/m3 and 38.416 MJ/kg were found
for Karanja oil as viscosity, density and calorific value, respectively. 0.0572 stoke,
885 kg/m® and 37.425 MJ/kg were found as viscosity, density and calorific value
of Karanja biodiesel, respectively. “Engine soft LV” was utilised in online engine
measurement [12].

Engine performance characteristics were measured by Engine Soft software. The
measurement of performance characteristics was done at 18:1 compression ratio with
load variations from 0.5 to 3.5 kW. AVL Smoke meter measured smoke opacity.

3 Result and Discussion

3.1 Brake-Specific Energy Consumption (BSEC)

Brake-specific energy consumption is calculated for Karanja biodiesel blends at
loads of 0.5-3.5 kW. There is highest rise of 8.52% in between B30 and diesel with
the consideration of all fuels at 3.5 kW. Low calorific value, low volatile and high
density would be the reasons. Brake-specific energy consumptions of fuels are shown
in the bar chart at varying loads (Fig. 1). BSEC gradually decreases with increase
in load which may be caused due to corresponding reduction in brake-specific fuel
consumption. BSEC of biodiesel blends is found to have somewhat high values as
compared to diesel. It increases with biodiesel concentration in blends which may be
recognised due to lower heating value of biodiesel. This is agreed with the researchers
[13-16]. It is noted that there is rise in brake-specific energy consumptions with the
rise in concentration of biodiesel in blends. BSEC of biodiesel blend is higher as
compared to that of diesel. BSEC might be chosen as one of the basic parameters for
taking decision to incorporate energy conservation measures [10, 11]. Therefore, the
biodiesel concentration in blend fuels should be reduced to bring down the value of
BSEC. This is because of requirement of minimum BSEC in efficient diesel engine.
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Fig. 2 HBP of Karanja 30
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3.2 Conversion of Fuel’s Heat Energy into Useful Work
Output (HBP)

At a compression ratio of 18, there is significant improvement at a range of 2—
4 kW brake power in brake thermal efficiency. HBP is identical to brake thermal
efficiency. This happens due to the presence of oxygen in biodiesel and its higher
lubricity, causing good combustion and reduced friction [17]. In heat flow analysis
of Karanja biodiesel blends at 3.5 kW brake power, it is found that heat is utilised
for useful work (HBP) in the range of 27.92-29.04%. Higher limit of HBP for B20
is found to be 29.04, 29% for diesel, 28.3% for B10 and 27.92% for B30 at brake
power of 3.5 kW (Fig. 2). This is due to availability of sufficient oxygen in biodiesel
blends for proper combustion. B20 has slightly higher HBP as compared to that of
diesel. The presence of higher amount of oxygen in biodiesel causes combustion in
proper way. Higher viscosity also causes increase in lubrication. Biodiesel is found
to have 66% superior lubrication performance in comparison with diesel. A +30%
increment in lubricity would be achieved with 1% addition of biodiesel in blend
fuel. These factors would cause increment in HBP for B20 fuel. It is observed that at
lower and higher loads, B10 has lower HBP in comparison with diesel which might
be caused because of lower amount of oxygen content. It is also observed that HBP
increases at loads of 2 kW and 2.5 kW brake power in comparison with diesel which
might be the reason because of increment in lubrication at middle loads. It is also
observed that B 30 has lower HBP at all loads. Higher viscosity, improper spray and
improper combustion would be the reason [18, 19]. The conversion of fuel’s heat
energy into useful work output of B20 biodiesel blends is found to be slightly higher
than that of other test fuels.

3.3 Loss of Fuel’s Heat Energy to Jacket Cooling Water
(HJW)

There is spontaneous climb in hotness of combustion chamber, cylinder and entire
engine at time of combustion. It is noted that HIW is higher as compared to other
parameters such as HBP, HEgas and HRAD. This happens because higher amount of
heat is engrossed by the coolant as compared to other parameters which is because
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Fig. 3 HJW of Karanja 60 -
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the temperature difference between cylinder and cooling medium is high, causing
increase heat transfer rate. HIW is measured to be somewhat higher for B20 in
comparison with other test fuels (Fig. 3). This would be caused due to higher HBP of
B20 which results in better combustion and higher engine temperature as compared
to that of other test fuels [20].

3.4 Loss of Fuel’s Heat Energy to Exhaust Gas (HEgas)

The quantity of fraction of heat which is engrossed by exhaust gas is shown as HEgas
in this paper. This is found to be lower than HIW, which depicts that smaller fraction of
fuel heat energy is absorbed by the exhaust gas as compared to the cooling medium.
But B20 has slightly lower HEgas as compared to other test fuels, indicating an
effective use of heat energy and causing higher HBP. HEgas reduces with increment
in load, which is caused because of reduction in heat losses to exhaust with increase in
load. HEgas is found to be decreased rapidly at lower loads. There is more deduction
in heat loss at low quantities of load because of reduction in BSEC sharply, at lower
loads (Fig. 4). Reduction in BSEC depicts the reduction in heat losses also. In case of
diesel fuel, heat loss to exhaust varies from 22.94 to 22.02% from 1.5 kW to 3.5 kW
brake power with marginal difference of 2.92% only. This is caused due to a small
reduction in heat losses with increase in load [21, 22]. It is found that heat loss in
exhaust is higher for B30 in comparison with other test fuels.

Fig. 4 HEgas of Karanja
biodiesel blend
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Fig. 5 HRAD of Karanja 12
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3.5 Loss of Fuel’s Heat Energy to Radiation (HRAD)

It is energy of fuel heat which is lost to radiation and other non-accountable loss. It
is remaining heat energy, which is not consumed in HBP, HIW and HEgas (Fig. 5).
HRAD is found to be lower than that of HBP, HIW and HEgas [23, 24]. It is found
to increase with increase in load. At lower load, it is found to be quite negligible. At
higher loads, it is also found that B30 has more heat loss in radiation in comparison
with other tested fuels, which is due to reduced amount of heat energy conversion
into useful work. Heat loss in radiation is found to be higher for B30 in comparison
with other test fuels.

3.6 Friction Power (FP) Loss Analysis

Friction power loss reduces with the increment of biodiesel concentration in biodiesel
blends. The highest reduction in loss of friction power is observed for B30 for Karanja
biodiesel blends. It may occur because of good lubricity of biodiesel [25]. It is noted
that friction power loss is almost same with a slight deviation at all loads for a
particular fuel (Fig. 6). Friction power loss of B 30, B20 and B10 is found to be
11.49%, 6.89% and 2.29% lower than that of diesel at 3.5 kW, respectively.

During friction power analysis, maximum decrease in friction power is observed
in B30 Karanja biodiesel blend fuel as compared to other tested fuels. All biodiesel
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Fig. 7 Smoke opacity of 40 -
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blends are found to have reduced friction power in comparison with diesel. When
biodiesel concentration of blends increases, it reduces friction power loss.

3.7 Smoke Emission Analysis

There is no deterioration in trends of performance characteristics of biodiesel blends
as compared to diesel, and smoke is also reduced tremendously [26]. Reduction in
smoke emission is noted while using biodiesel blends of B10, B20 & B30 as compared
to diesel. Minimum smoke emission is observed in case of B30 biodiesel blend which
indicates that biodiesel tends to decrease smoke emission. This may be attributed
because of oxygen content in biodiesel and good combustion. Smoke opacity is lower
for biodiesel blends in comparison with diesel (Fig. 7). Itis found to be 9.64, 20.46 and
26.31% lower than that of diesel for B10, B20 and B30, respectively, at 3.5 kW. This
is in agreement with [27, 28]. During smoke emission analysis, maximum decrease
in smoke opacity is measured in B30 blend fuel. All biodiesel blends are found to
have reduced smoke opacity. When biodiesel concentration in blends increases, it
reduces smoke opacity subsequently.

3.8 Instruments List with Accuracy

The list of used instruments is given in Table 2.

3.9 Uncertainty Analysis

Uncertainty analysis of these energy audit parameters is given in Table 3.



Performance Characteristics of Karanja Biodiesel ... 175

T&}ble 2 Instrument’s list S. No Name of instrument Accuracy
with accuracy
1 Diesel engine test rig
Engine load 40.2% of Indicated value
Crank angle +0.1% of Indicated value
Engine speed +1 RPM
Temperatures +1°C
Piezo sensor 40.1% of Indicated value
Burette measurement | =+ 2 cc
2 Smoke meter + 5% of Indicated value
Table 3 Uncertainty analysis Name of parameter Uncertainty in %
BSEC +1.6
HBP +3.6
HEgas +3.7
HIW +2.9
HRAD +3.0
FP +0.6
Smoke opacity +1.0

Total Uncertainty = Square root of [(uncertainty of BSEC)?> + (uncertainty
of HBP)? + (uncertainty of HEgas)> 4 (uncertainty of HIW)?> 4 (uncertainty of
HRAD)? + (uncertainty of FP)? 4 (uncertainty of Smoke opacity)?].

Total Uncertainty = Square root of [(1.6)> + (3.6)> + (3.7)> + (2.9)> +(3)> +
0.64)? + ()2 = (£) 6.9%.

4 Conclusion

The major conclusions of this energy audit are as follows:-

1. In BSEQC, there is highest rise of 8.52% in between B30 and diesel at 3.5 kW.
Higher limit of HBP for B20 is found to be 29.04, 29 for diesel, 28.3% for B10
and 27.92% for B30 at brake power of 3.5 kW.

3.  HJW is measured to be somewhat higher for B20 in comparison with other test
fuels.

4. B20 has slightly lower HEgas as compared to other test fuels. It is found that
heat loss in exhaust is higher for B30 in comparison with other test fuels.

5. HRAD is found to be lower than that of HBP, HJW and HEgas. Heat loss in
radiation is found to be higher for B30 in comparison with other test fuels.
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It is noted that friction power loss is almost same with a slight deviation at all
loads for a particular fuel. Friction power loss of B 30, B20 and B10 is found to
be 11.49%, 6.89% and 2.29% lower than that of diesel at 3.5 kW, respectively.
Smoke opacity is lower for biodiesel blends in comparison with diesel. It is
found to be 9.64%, 20.46% and 26.31% lower than that of diesel for B10, B20
and B30, respectively, at 3.5 kW.

Karanja B-20 blends test fuels have been found to be more suitable in preliminary
energy audit method, and it would be tested further for other parameters.
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Performance of Capillary Fed Wick )
Stove Fuelled with Blends of Butanol Gedida
and Kerosene

Mohd. Yunus Khan, P. Sudhakar Rao, Md. Imran, and Sandip Kumar

1 Introduction

1.1 Need for Alternative Fuel

In India, biomass fuels (like wood, cow dung and agricultural waste) are used as
a major source of energy [1]. Significant populace is living in rural areas, and a
substantial amount in semi-urban and urban areas uses these fuels. Consumption of
firewood is increasing at a steady rate, and deforestation is causing shortage problem.
Increasing industrialization and motorization, depleting natural resources has led to
a precarious ascent in the demand for petroleum [2]. Besides all this, combustion
of these fuels causes environment pollution [3, 4]. In views of the above problems,
search for the alternative fuels is one of the biggest needs of the hour.

Kerosene is a thin and clear fluid composed of hydrocarbons. It is derived through
the process of fractional distillation of petroleum in the range of 180 and 250 °C,
bringing about a mixture of carbon chains that commonly contain between 6 and
16 carbon atoms per molecule [5, 6]. Density of kerosene is about 0.78-0.81 g/cm?>.
It is not miscible in water, but miscible in petroleum derivatives [7]. It is used as
fuel in jet engines. In rural areas of India, kerosene is primary used as fuel to cook
food and lightening purposes. Kerosene stoves have supplanted the conventional
wood-based stoves which inefficient and produce cocktail of pollutants. However,
kerosene contains impurities which include sulfur, aromatics and hydrocarbons. On
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combustion, it creates pollution and extremely unpleasant odor. It also produces
smoke which causes different respiratory diseases [35, 8].

Khan et al. [6] used blends of ethanol and kerosene in wick stove with no change
in stove design. Stove efficiency and fuel consumption rate for fuel blends were
observed to be quite close to those obtained with kerosene. Khan et al. [8, 9] evaluated
performance of unmodified wick stove fueled with blends of Jatropha curcas oil and
kerosene to establish the feasibility of using non-edible Jatropha oil as a fuel for wick
stove. Rajvanshi et al. [10] developed pressure stove fueled with 50% ethanol-water
blend. They found that the stove permits easy flame regulation and gives an output
comparable with conventional fuel. Khan et al. [11] tested blends of Karanja oil and
kerosene in wick stove. They found blend containing 10, 15 and 20% Karanja oil
can be successfully substituted for kerosene.

After undergoing available literature, it is felt that not much work on use of
butanol in kerosene stove has been conducted. The objective of this investigation is
to assess performance of capillary fed wick stove fuelled on three blends of butanol
(B) and kerosene (K). During experimentations, the stove was fuelled with 5, 10
and 20% butanol and kerosene blends. Unaltered kerosene was used as a baseline
fuel. The fuels used for all experiments belonged to single supply, to stay away from
unnecessary introduction of any variation during testing. Experimentations were
conducted out on unmodified stove.

1.2 Butanol as Stove Fuel

Butanol is eco-friendly and produces significantly less pollutants in comparison with
kerosene. It is a combustible fluid that is utilized as a fuel and as an industrial solvent.
Butanol is a hydrocarbon, implying that it is made out of the H,, O, and C. It can
be conveniently used as a fuel in IC engine [12]. Table 1 compares the properties of
butanol and kerosene.

It can be seen that properties of butanol are in good comparison with those of
kerosene and therefore can be used in existing stove design without any alteration. The
slight difference in the properties is due to the different chemical structures of these
fuels, but both are composed mainly of hydrocarbons. The kinematic viscosity and
density of butanol are slightly higher than kerosene. In blended form, this difference
becomes very less. Hence, blends of butanol and kerosene will not cause any capillary

Table 1 Properties of kerosene and butanol [5, 13, 14]

Properties/fuel | Kinematic Calorific value | Ignition Temp. | Density (g/cm?)
viscosity (cSt) at MlJ/kg) °C)
40 °C

Kerosene 2.50 43.5 55 0.820

Butanol 3.64 33.0 343 0.810




Performance of Capillary Fed Wick Stove ... 181
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action issue. The calorific value of butanol is 33 MJ/kg, which is lower than that for
kerosene. Variation of kinematic viscosity and density with respect to blend ratio is
shown in Figs. 1 and 2, respectively.

2 Experimental Methodology

2.1 Test Setup

Figure 3 depicts line diagram of test setup which consists of a capillary fed wick stove,
electronic weighing machine, aluminum vessel, stirrer and thermometer. Stove has
eight wicks of woven cotton set inside a holder such that they can be moved up and
down through a control knob. Wicks rise in an annular space encompassed by two
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Fig. 3 Test setup Thermometer

_ﬁ Aluminium Vessel

Outer Sleeve

Stirrer ——_

Inner Sleeve

Wick Lifter

il

i Weighing Machine '|I

Wicks

Table 2 Specifications of the stove

Product | Manufactured | Stove type |Fueltank |No.of |Thermal Design fuel
name by capacity wicks efficiency
(design)
Fargo MVS Capillary 1 kg 10 60% Kerosene
enterprises, fed wick
New Delhi stove

concentric perforated steel walls, which are separated marginally more extensive
than the wick thickness. The lower parts of the wicks are plunged into and absorb
kerosene from the kerosene tank. The stove is lit by removing the perforated steel
wall raising the wicks and lighting them. The holder is then put again. The flame
develops at the top and fills the gap between two walls of the holder. The flame can
be raised or brought down by means of the knob, when raised the flame burns with
more intensity and vice versa. Specifications of the stove are given in Table 2.

2.2 Method

Thermal efficiency of stove was determined according to the guideline of Indian
Standards. Water-boiling test (WBT) was performed for necessary calculations. WBT
is a laboratory test that assesses stove performance while completing a standard task
in a controlled environment (boiling and simmering water) to evaluate heat transfer
and combustion efficiency of the stove [15].

The test fuel was filled nearly in the fuel tank. Vessel of aluminum material was
chosen for testing. Measurement of water temperature during experimentation was
done by alcoholic thermometer (range 0—180 °C). Aluminum stirrer was used for
stirring the water so that heat is distributed uniformly. Electronic weighing machine
(range 10 kg and least count 1 g) was used for measuring weight of water and stove.
The weight of vessel with its cover (W »;) and the weight of water filled in the vessel
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(Wy,) were recorded. Starting temperature of water (71) was also recorded. The
weight of stove along with fuel (W) was noted. The stove was lit, and water was
heated up to 80 °C with continuous stirring. When temperature of water (72) has
arrived at 80 °C, the stove was put off. Time taken to raise the temperature from 7' to
T, and the weight of stove (W) was recorded. The difference in the weight of stove
(W,—W/) gives the mass of fuel burnt in heating water by temperature (7,_T).
The mass of fuel burnt divided by time taken gives fuel consumption rate. Thermal
efficiency of the stove is given as

(Wy x Cy +War+Ca) x T, — T
(W — W,) x CV

where Cy, and Cp; are specific heat of water and aluminum, respectively, and CV is
calorific value of fuel. By dividing, the testing was repeated thrice, and mean of the
value was taken as final reading. The same procedure was adopted for all blends.

3 Results and Discussion

Figure 4 depicts variation of fuel consumption rate with respect to blend ratio. It can
be seen that fuel consumption rate increases with the increase in percentage of butanol
in the fuel blend. Fuel consumption rate with pure kerosene was found to be 3.22 x
10~ kg/s while that with 20B:80 K was found to be 4.12 x 10~ kg/s. The percentage
increase in fuel consumption rate using 20B:80 K was 27.9% in comparison with
baseline fuel. This is because of the low calorific value of butanol than kerosene. As
result of which more fuel is consumed to produce same temperature rise.

Variation of thermal efficiency of stove with respect to blend ratio is presented
in Fig. 5. It can be seen that the thermal efficiency decreases with the increasing of

Fig. 4 Variation of fuel 5
consumption rate with
respect to blend ratio
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butanol concentration in the fuel blend. Thermal efficiency of stove using unaltered
kerosene was found to be 49.3% while that with blend containing 20% butanol was
found to be 42.1%. It can be seen that percentage decrease in thermal efficiency value
was 14.6% when 20B:80 K was used in place of baseline fuel.

Among all the blends tested, the blend with the 5:95 blends of butanol and kerosene
is observed to be most efficient.

4 Conclusions

In this experimental investigation, utility of using blends of butanol and kerosene as a
substitute fuel for capillary fed wick stove was assessed. When blends of butanol and
kerosene were used, no problem of capillary action was observed. It was observed
that wick stove was successfully operated on fuel containing 5%, 10% and 20%
butanol in kerosene without any alteration in stove design. It was concluded that
fuel consumption rate increased and thermal efficiency decreased with increasing in
concentration of butanol in blends. The blend containing 5% butanol was found to
be most efficient among all blends tested.
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Solar-Driven Vapour Absorption )
(LiBr-H,0) Cooling Systems ek
for Commercial Buildings: A Parametric
Analysis

Aseem Dubey (® and Akhilesh Arora

1 Introduction

India is developing at a continuous pace, and different sectors are undergoing facelift
changes leading to increment in energy consumption at a faster rate. Driven by the
expanding economy, rising population and a quest for improved quality of life, annual
electricity consumption per capita in India was 543 x 10° Wh per capita in 2007
which is expected to rise to 1895 x 10° Wh per capita by 2030 [1]. The overall
electricity consumption of the country was 684,324 GWh in 2010-11 [2].

The sectoral breakup of energy usage shows about 30% of total energy consump-
tion in the residential and commercial sectors collectively. India lies in the hot climatic
zone and approximately 45% of energy use in residential and 32% for commercial
buildings comes under space cooling as illustrated in Fig. 1.

Electricity consumption of the commercial sector in India has risen by 50% from
2003-2004 to 2010-2011 [3]. The overall recommended yearly energy consumption
for the commercial building is 120 kWh/ft>, but the yearly energy consumption is
200 kWh/ft? in India [4]. The year 2012 witnessed a downturn in the growth of energy
utilization globally, somewhat as a result of the economic downtrend but also because
businesses and individuals have responded to price hikes by becoming extra efficient
in their usage of energy. Concurrently, the literature reveals that the supply of energy
is coming from various diverse sources as the world’s energy market continues to
evolve, innovate and adapt. USA, Russia, Japan, India, the EU, China and Brazil all
saw a subpar increment in energy utilization. In fact, the growth in consumption of
different forms of fossil energy was below average [5].
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But presently, the increased energy demand can be reduced by using solar-assisted
cooling systems instead of compression chillers. Solar absorption cooling systems
are in use for various applications in buildings for more than a decade in European
as well as Middle East countries. Solar cooling absorption system, in a tropical
climate, has been used successfully and continuously without any backup and met
the thermal comfort requirements as well [6]. Economic analysis shows higher initial
cost of solar vapour absorption systems as compared to electric compression chillers
but the annual operational cost is 14% lesser [7].

Kaushik et al. [8] carried an excellent review of hybrid absorption and conven-
tional absorption refrigeration systems and found various gaps, including exergoe-
conomic viewpoint-based analysis of hybrid VAR systems for cooling applications.
Alrwashdeh and Ammari [9] performed economy-based analytical comparison of
photovoltaic array powered vapour compression refrigeration system and solar-
powered (Evacuated Tube based) VAR system and found absorption system handy
along with cost effectiveness, provided it operates under specified running conditions
from waste heat (or solar-assisted). Lately, Kizilkan and Yamaguchi did practicability
analysis of the new, unfamiliar solar-driven transcritical carbon dioxide (tCO;)-based



Solar-Driven Vapour Absorption (LiBr-H,0O) Cooling Systems ... 189

Rankine cycle with an absorption system [ 10]. Researchers concluded that the absorp-
tion system (H,O-LiBr) can be effectively coupled with the solar-driven transcritical
(tCO,) Rankine cycle for refrigeration applications and sustainable power generation.

Thus, from the survey it can be deduced that solar-driven vapour absorption system
is a feasible option for cooling purposes in the commerce-based office buildings.
However, energy-economic analysis of the solar-assisted absorption chiller has not
been reported in the open literature for cooling applications in Indian commercial
buildings.

In this paper, solar vapour absorption systems have been analysed from the
energy viewpoint for commercial Indian buildings for the first time in literature,
and economics of the proposed system are compared with the vapour compression
cooling system.

2 Availability of Solar Energy

Average global solar radiation available in India is 19 MJ/m? daily (Table 1), which
is higher than the average value of 10.44 MJ/m? for most of the European countries.
Annual sunshine differs from 2400 to 3200 h in the country. The western region of
India receives bright sunshine for 3000 to 3200 h in a year, and rest of the regions
receive for 2600 to 2800 h except the north-eastern states and Jammu and Kashmir
where the sun shines for appreciably lower period. When it comes to the availability
of global solar radiation, more than 2000 kWh/m? year are received over western
regions of the country, while east Bihar, North West Bengal and the north-eastern
states receive less than 1700 kWh/m? year [11].

;232;0;\123;21@ vide Country Insolation level (MJ/m?/day)
Belarus 72
France 10.9
Germany 9.0
Greece 12.7
India 19
Ireland 7.3
Italy 12.5
Norway 7.2
Russia 9.0
Spain 14.4
Turkey 14.4
UK 9.0
USA 16.2
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3 Solar Absorption Cooling

In European and the Middle Eastern countries, solar-assisted absorption cooling
systems (LiBr—H,O) are being used extensively, and research shows that in the long
run, this technology is superior to the conventional electric compression chiller. The
absorption cooling system utilizes the solar energy through a flat plate collector (FPC)
to provide the heat required in the generator, and this will replace the auxiliary boiler.
A single effect LiBr—H,O absorption chiller is shown in Fig. 2.

The single effect absorption cooling system is largely used for cooling purposes
in buildings, where chilled water is fed at 67 °C. This operates at a generator
temperature ranging from 70 to 95 °C. Mostly, the energy performance ratio (EPR)
ranges from 0.6 to 0.8 [12]. Working of an absorption refrigeration system is similar to
that of a conventional vapour compression refrigeration (VCR) system during process
7-8 and 9-10. Nevertheless, post evaporator, vaporized refrigerant is absorbed by
the absorbent, resulting in a liquid solution which is then pumped to the generator
(process 1-2 and 2-3). In generator, the mixture (absorbent-refrigerant) is heated
to separate the two. Refrigerant vapour is ultimately brought to condenser which is
condensed to saturated liquid while absorbent is brought back to absorber (process
4-5 and 5-6).

Q Generator

10

Fig. 2 Schematic of a solar-assisted absorption cooling system



Solar-Driven Vapour Absorption (LiBr-H,0O) Cooling Systems ... 191

3.1 Classifications

Solar-driven absorption (LiBr-H;,O) chiller can be classified into two types.

Single-Stage Absorption Chiller: It is the conventional type of vapour absorption
chiller. The heat required by the generator is around 88 °C. The COP of the system
approximately ranges between 0.65 and 0.8 [7]. The amount of heat required in a
single-stage system is higher as compared to double-stage absorption chillers. The
single-stage chiller system is costlier as it requires costly high-grade solar collectors
to provide a generator temperature of 90 °C. Also, the single-stage system cannot
always perform at its normal rating during periods of low solar radiation and high
cooling water temperature. The usable temperature drop is observed in the range of
6-7 °C.

Two-Stage Absorption Chiller: This system is advantageous as it requires a lower
temperature for heat supply, i.e. 65-80 °C [7] and usable temperature can range from
12 to 17 °C. Thus, it requires less expensive solar collectors. This attribute provides
flexibility to the system, and there are fewer chances of the breakdown. The COP of
the system ranges between 1.10 and 1.35 which is higher as compared to the single-
stage system. However, the initial cost of a two-stage absorption chiller is 25-30%
higher [13]. A comparison of these two chillers is presented in Table 2.

Some of the successful installations done worldwide and their comprehensive
technical specifications are given in Table 3. Solar-assisted absorption cooling is not
a new technique to meet the cooling demand of commercial office buildings, and it
has been in use across for quite a long time now. Literature survey shows that solar
cooling is working successfully and providing a huge amount of energy savings and
benefits to the end-user.

Table 2 Comparison between single-stage and double-stage vapour absorption chiller

S. No. Parameters Single stage Two stage

1 Absorbent/refrigerant LiBr-H,O LiBr-H,O

2 Generator temperature 88-90 °C 65-80 °C

3 Usable temperature 6-7 °C 12-17 °C

4 (6(0) 0.65-0.8 1.1-1.35

5 Type of collector High-grade FPC Low-grade collector
6 Area of collector Large Less

7 Amount of heat required Large Less

8 Initial cost Less High

9 Operating cost High Less
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Table 3 Worldwide installed FPC solar vapour absorption technical specification sheet

S. Country | Absorption | COP | Collector | Generator | Evaporator | Available | Cooling
No. chiller type Area Temperature | Temperature | solar Capacity
(m?) (°C) (°C) intensity | (TR)
(W/m?)

1 USA Single 0.75 | 280 98 5.5 185 43
stage

2 France | Single 0.67 |90 90 5 180 9
stage

3 Spain Single 0.70 |49 85 5 177 3
stage

4 Spain Single 0.67 | 56 90 6 177 4
stage

5 Germany | Single 0.76 |29 85 5 124 1
stage

6 Thailand | Single 0.70 | 72 95 5 125 10
stage

7 Italy Single 0.72 190 88 7 176 10
stage

8 USA Single 0.71 | 117 85 5 185 21
stage

9 China Two stage | 0.40 | 500 75 5 180 29

10 China Single 0.64 | 135 95 5 180 23
stage

11 Portugal | Single 0.70 |48 88 5.7 185 6
stage

12 Portugal | Two stage | 1.20 | 105 120 5.7 185 6

4 Case Study

Vapour absorption chillers are used in India to meet cooling demand using non-
renewable fossil fuel-based energy systems, and now there is pressure due to rising
fuel prices and shortage of energy to shift towards renewable energy sources. Two
cases of solar absorption chiller are discussed and analysed here.

4.1 Case 1 (100% Solar-Driven Chiller)

Average load of a commercial building in India is about 200 kWh/m? per annum
[4]. Although, this is very high, and it is very likely to go down in the coming years
due to the use of efficient chillers and systems. But, in the present case being on the
safer side a higher value of 200 kWh/m? per annum is considered for the analysis.
Presently for most of the applications, people are using vapour compression chillers
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for meeting the cooling demand, although its initial cost is lower but in the long run
the operational cost becomes high.

On an average basis, office area is 1,023 sq. ft, and out of that 28% of the commer-
cial office building load is for cooling end use [4, 14]. Thus, a conventional office
area would require 10 tons of refrigeration load for an average commercial building.
For running an absorption chiller of 10 TR capacity completely on solar energy, the
required energy is 268 kWh/day. The available average horizontal global radiation
is 643.38 Wh/m?, and available solar energy is 272 kWh/day, which can comfort-
ably meet the energy demand of an average size solar-driven absorption chiller. For
most of Northern and Central regions of India, cooling is required for about seven
months in a year, and in the analysis, this period is considered. Results of the analysis
(Table 4) show that solar-driven vapour absorption chiller can bring saving up to 74%
on an annual basis in comparison with compression chiller. Although the auxiliary
energy usage in the equipments is higher in vapour absorption, the overall energy
consumption is much lesser.

Table 4 Energy analysis (CASE 1)

HVAC system specification

Capacity of chiller 10 TR
Generator temperature 90 °C
Evaporator temperature 7 °C
Cooling tower inlet temperature 36 °C

Solar collector specification

Type FPC

Aperture area 100 m?
Collector efficiency 58%

Storage volume 7,029 1

Per day solar energy required 268 kWh/day
Availability of solar energy 272 kWh/day

Comparison Sheet

Compression chiller-type screw chiller

Power consumption 18,833 kWh/year
Auxiliary power consumption 2906 kWh/year
Energy consumed by compression chillers 21,738 kWh/year
Absorption chiller type

Power consumption 1712 kWh/year

Auxiliary power consumption 3943 kWh/year

Energy consumed by absorption chiller 5656 kWh/year
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4.2 Case 2 (Offsetting Fractional Cooling Demand Using
Hybrid System of Solar-Driven Absorption Chiller
and Conventional Vapour Compression Chiller)

It is not practical to offset all the cooling demand by solar energy when we consider
installation cost. Thus, in this scenario, some part of the cooling demand is being
offset by a solar-driven vapour absorption chiller. All the other parameters of CASE
1 have been kept constant only the cooling capacity of 10 TR vapour absorption
chiller has been reduced to 5 TR and the remaining 5 TR cooling is done using
a conventional vapour compression screw chiller. Thus, the solar collector area is
reduced to 50 m? and storage tank volume is also downsized which reduces the initial
investment (Table 5).

It is prima facie from the above calculation that solar-driven vapour absorption
chiller can be a viable option and a huge amount of savings can be achieved consid-
ering both the cases. The problem lies in awareness and market conditions which are
not favourable but in the coming years with new laws, the situation will improve.

Table 5 Specification sheet (CASE 2)

HVAC system specification

Capacity of chiller 5 TR
Generator temperature 88 °C
Evaporator temperature 8 °C
Cooling tower inlet temperature 36 °C

Solar collector specification

Type FPC

Aperture area 50 m?
Collector efficiency 58%

Storage volume 3,514 1

Per day solar energy required 134 kWh/day
Availability of solar energy 135 kWh/day

Comparison sheet

Compression chiller-type screw chiller

Power consumption 10,272 kWh/year
Auxiliary power consumption 1,454 kWh/year
Energy consumed by compression chillers 11,725 kWh/year
Absorption chiller type

Power consumption 1,198 kWh/year

Auxiliary power consumption 1,971 kWh/year

Energy consumed by absorption chiller 3,170 kWh/year
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5 Economic Evaluation

5.1 Casel

As per today’s market conditions, solar-driven vapour absorption chiller of capacity
10 TR will cost approximately Rs. 33 lakhs [15] including plumbing and installation
cost. The major portion of the cost for a solar-driven vapour absorption chiller system
comes under the solar collector field installed of 100 m? area costing around 3.5 lakhs
and storage tank of 3.35 lakhs (Table 6). However, vapour compression chiller’s total
initial cost is approximately Rs. 23 lakhs. Due to this huge difference in initial cost,
solar cooling is not been accepted in India and people are still using the inefficient
cooling technology.

However, if its life cycle cost benefit analysis is done, the results are different.
30% subsidy is provided on purchase of a solar collector provided by Government
of India to promote this form of energy. Apart from this, government also provides
accelerated depreciation tax benefits on renewable energy projects. A solar-driven
absorption chiller is in itself a CDM project, and if we consider this case it saves 11
tons of CO, annually. Thus, if we consider all these benefits together, the dynamic
payback period of CASE 1 is 7 years with IRR of 16% (Table 7).

As shown in Table 6, the running cost is just Rs. 45,238 as compared to Rs.
1,73,898 of vapour compression chiller [16].

Table 6 Economic evaluation sheet (Case 1)

Case 1

Vapour absorption chiller cost analysis (Rs.)

Price of collector 3,55,250
Price of storage tank 3,35,318
Equipment cost 23,98,958
Miscellaneous cost 50,000
Installation cost 1,38,114
Total initial cost 32,77,640
Annual operating cost 45,238
Annual maintenance cost 2,762

Vapour compression chiller cost analysis (Rs.)

Equipment cost 16,79,271
Miscellaneous cost 50,000
Total initial cost 17,29,271
Annual operating cost 1,73,898

Annual maintenance cost 33,585
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Table 7 Cost benefit analysis Case 1 IRR

(Case 1)
Dynamic payback period 7 16%
Simple payback period 3 NPV
Discount Rate 12% Rs 4,43,191

5.2 Case?2

On evaluating the second case, the results are different from Case 1, but it is encour-
aging. Since, in Case 2, the partial offsetting of the cooling demand is done through
solar-driven vapour absorption chiller. Thus, the initial cost is Rs. 16 lakhs with solar
collector and storage tank costing approximately Rs. 3.5 lakhs. On the other hand,
the conventional compression chiller of 5 TR cooling capacity cost around Rs. 8.5
lakhs is shown in Table 8 [16].

Table 8 Economic evaluation sheet (Case 2)
Case 2

Vapour absorption chiller cost analysis (Rs.)

Price of collector 1,77,625
Price of storage tank 1,67,635
Equipment cost 11,47,079
Miscellaneous cost 50,000
Installation cost 69,052
Total initial cost 16,11,391
Annual operating cost 25,358
Annual maintenance cost 1,381
Vapour compression chiller cost analysis (Rs.)
Equipment cost 8,02,955
Miscellaneous cost 50,000
Total initial cost 8,52,955
Annual operating cost 93,797
Annual maintenance cost 16,059
'(I‘Ca;)sl: ;) Cost benefit analysis Case 2 IRR
Dynamic payback period 6 17%
Simple payback period 3 NPV
Discount rate 12% Rs. 2,55,899
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Life cycle cost benefit analysis shows that the dynamic payback period of the
system is 6 years with IRR of 17% (Table 9). The running cost of solar-driven
absorption chiller is Rs. 25,358 as compared to Rs. 93,797 of a compression chiller.

Above analysis shows that using solar-driven vapour absorption chiller for meeting
cooling demand is very much feasible in Indian scenario. It might appear costly
during the time of installation but investing in this technology is very safe due to the
magnitude of benefits it provides to the end-user.

6 Reforms in Government Policies

Indian government has already started incentive program to promote solar energy in
the country. Various schemes implemented involve the following:

Tax exemptions on purchase of solar-driven equipment
Interest rate subsidies and easy loans on renewable projects
Accelerated depreciation benefits

Subsidies on custom duties.

However, still a lot more has to be done to improve the market condition in India.
In Greece, the government started giving subsidies to those who are investing in oil
substitution technologies [17]. This was an interesting move by the government to
encourage renewable energy system in their country. The Government of India to
promote solar equipment use as per MNRE notification 2019, provides 30% subsidy
on benchmark capital cost for all consumers of states of India except Himachal
Pradesh, Uttarakhand and Jammu and Kashmir, where the subsidy is 70%. Various
financial institutions, banking sector, co-operative banks, etc., provide loan facility
with interest rate 2%-5% and depends on the category of users of solar energy.
However, the government should also provide hefty subsidies for those who are in
the stream of manufacturing equipments for renewable energy usage.

7 Conclusions

Solar cooling has a huge potential in India. Since the country is developing; a lot of
infrastructure is yet to be built. India receives 657 Wh/m? of average global radiation
which is perfectly suitable for implementing solar-driven absorption cooling tech-
nology. Based on the calculations, it was found that an average commercial office
can save up to 74% of energy by switching to solar cooling to meet their cooling
demand. But the renewable energy market in India is in its developing stages, thus
currently this option is not viable due to high initial cost. However, including the tax
benefits and incentives provided by the government and incorporating CDM benefits,
payback period for a 100% solar-driven cooling system is 7 years with an IRR of
16%, which is a very good return rate. Although the Government of India has already
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started implementing new policies to encourage the market condition, it is a gradual
process. Based on the analysis, it can be concluded that solar cooling is one of the
brightest renewable energy technologies for the coming future.
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1 Introduction

The societal progress, industrial growth, financial development and electrical energy
capacity are the critical factors for the advancement of any nation [1]. There is a
continuous growth in the demand of energy globally [2]. Energy generation from
the conventional sources is not matching up to the increasing energy demand [3].
Besides, they are one of the major causes of air pollution. Various policies have
been formulated and implemented by environmental protection agencies across the
globe to reduce or regulate pollution [4]. The methodical application of various
renewable energy sources in association with energy storage solutions may reduce
the dependency on conventional energy sources [5]. Researches are being conducted
on discovering more renewable energy sources and augmenting the performance of
the existing sources of renewable energy. Experiments are being done to improve
the performance of biofuels [6]. Effectiveness enhancement energy storage systems
based on solar power is being investigated [7—12]. Various technologies to boost the
output of wind-based power generation systems are being adopted [13].
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There are many ways to improve the performance of solar cells. Reduction of
optical losses is a most efficient way to optimize a solar cell. Surface texturing on top
surface is used to increase the optical path length of a light ray inside the solar cell
[14]. Anti-reflection is applied on front surface of the solar cells to reduce reflection
losses [15]. However, the problem in these improvement techniques is that they
are either time consuming or expensive in nature. Modelling and simulation of the
performance of the system using various softwares as simulation tool emerge as a
promising solution.

Since the last decade, many researchers have conducted studies on modelling of
photovoltaic technology with the help of variety of modelling and simulation soft-
ware. Banu and Istare (2012) used curve fitting tool and empirical data to prepare the
characteristics of current (I) and power (P) with respect to voltage (V) for photovoltaic
(PV) module [16]. Anand et al. (2016) simulated the effect of different values of
temperature and radiation of a PV panel in MATLAB [17]. Satish et al. (2020) simu-
lated the performance of a photovoltaic plant using PVsyst software [18]. Silicon (Si)
and germanium (Ge) are the most common materials in semiconductor industry. Here,
in this, PC1D software is used to conduct comparison of performance parameters of
a Si and a Ge solar cell for same dimension of the cell.

2 Modelling Parameters

Most of the solar cells use semiconductor to generate charge carriers. A minimum
amount of energy is required to make an electron jump from its ground state to
conducting state. The difference between these energy levels is termed as band gap.
This property is intrinsic, and it directly affects the photovoltaic cell voltage. The
suitability of a material in photovoltaic application is determined by energy of the
photons incident on it, and whether that energy is more than the band gap. The energy
of a photon, E,, having a wavelength, A,, can be given by the following equation

E,=h=*C)/rp (1)

where C is the velocity of incident photon and 4 is the Planck’s constant.
Generation rate provides the number of electrons generated per unit time at a
particular point in a solar cell. It is given by

G = aNpe ™™ 2)

where « is the cell material’s absorption coefficient, N is the number of photons
striking the light-facing surface of the cell per unit area in a given time and x is the
distance from the front surface at which generation rate has to be calculated.

At equilibrium, the relation between the concentration of electrons and holes is
given by
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nopo = n; (3)

where ng, po and n; are equilibrium material electron concentration, equilibrium
material hole concentration of electrons and undoped material carrier concentration,
respectively. Any variation in doping will also vary the number of charge carrier
generated.

A solar cell can be visualized as a p-n junction diode, and the net current can be
calculated using the following equation (Shockley diode equation) [19]

I = Ip[elaV)/ @D _ 1] 4)

where [ is the net diode current, /, denotes the saturation dark current, g depicts
electron charge, voltage is depicted by V depicts, k is a physical constant known
as Boltzmann’s constant, absolute temperature is denoted by 7" and n represents the
ideality factor. In our simulation, the diode is assumed to be ideal; hence, the value
of n is taken as 1. The power can be obtained by the multiple of current and voltage.

3 Design of the Model

A single-junction solar cell is designed in PC1D with 100 cm? cross-sectional area
and 300 pm thickness, with series and shunt resistance. A shallow N-type emitter
layer is diffused and is pyramidally textured. The texture depth is 3 wm with a front
surface reflectance of 20%. The schematic for the solar cell modelled in PC1D is
presented in Fig. 1. Base contact resistance is 0.15 €2, and the conductance of internal
conductor is 0.3 S. The simulation is done at one sun concentration (0.1 W/cm?)
and air mass value of AM1.5. The ambient temperature is kept at 25 °C, and the
excitation of carrier is divided into 16 time steps. The values of parameters for Si
and Ge are presented in Table 1. As the temperature increases beyond standard test
condition (STC) temperature of 25 °C, there is a decrease in open-circuit voltage and
consequently efficiency and power output of all kinds of solar cells [20].

4 Results and Discussion

Figure 2 exhibits the energy band diagrams of both of the solar cells. In Fig. 2a, Si
solar cell energy levels are shown, while Fig. 2b exhibits Ge solar cell energy level
diagram. The diagram depicts the position of energy levels throughout the thickness
of the solar cell, and also, the position of quasi-fermi level for both electrons and
holes is presented.
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Fig.1 Solar cell schematic
Table 1 Parameters of silicon and germanium
Parameters Germanium Silicon
Material refractive index 4.03 3.44
Material band gap 0.664 eV 1.124 eV
Material dielectric constant 16 11.9

Material intrinsic carrier concentration at
300 K

2.33 x 108 em™3

1 x 1010 ¢cm™3

Material absorption coefficient at 400 nm

6.95 x 10° cm™!

1.21 x 10° em™!

Material front diffusion (N-type)

2.87 x 10%° cm~3 peak

2.87 x 10?0 cm~3 peak

Material carrier lifetime

7.208 s

7.208 s

Material P-type background doping

1.513 x 10 cm™3

1.513 x 1010 cm™3
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Fig. 2 Energy level diagrams of a Si and b Ge solar cell
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Fig. 3 Photogeneration and recombination rate curves of a Si and b Ge solar cell

Light-assisted carrier generation and recombination rate curves for both Si and Ge
solar cell are presented in Fig. 3a, b, respectively. In Si solar cell, the maximum value
of photogeneration rate was 2.35 x 10'° s~!, while for Ge solar cell, the generation
rate was 3.35 x 10! s~!. The maximum recombination rate for Si and Ge was 2.35
x 10" s71 and 5.09 x 10" s~!, respectively. In both the cells, value of generation
and recombination rate increased while moving farther from front surface. But in
case of Ge solar cell, the value of recombination rate was too high compared to
recombination. This is the reason of reduction of power output in Ge solar cell.

The results of the power output and /-V characteristics are presented in Fig. 4. In
case of Si solar cell presented in Fig. 4a, V¢ is calculated as 0.59 V, and the /s¢c had
a value of 1.36 A with a maximum power of the cell which was 0.57 W.

While in case of Ge solar cell, the values of V¢, Isc and maximum power was
0.18 'V, 3.23 A and 0.25 W, respectively (Fig. 2b). For same amount of cell material
and light concentration, the power output of Si solar cell is almost 2.36 times higher
than a Ge solar cell.
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Fig. 4 Current and power versus voltage for a Si and b Ge solar cell
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5 Conclusion

PCI1D version 5 was used to conduct the comparative evaluation of solar cells of
two different materials: Si and Ge. Same dimensions of cell were designed for each
material. Ge has almost half band gap than Si, which means that for same light
intensity, more charge carriers should reach conduction band in Ge, but opposite of
it was observed. The generation rate of both the cells was found to be same. However,
the recombination rate of Ge solar cell was almost 1.52 times more than the Si solar
cell. This could be the reason of less output power. The higher value of open-circuit
voltage can be also attributed to higher power output of Si solar cell. By using PC1D
modelling, other materials could also be tested for their suitability in photovoltaic
applications.
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Predicting the Output of a Wind Mill )
Using ANN Modelling L

Swaroop Ramaswamy Pillai, Apurv Yadav (@, Harsha Yadav,
and Vineet Kumar Vashishtha

1 Introduction

Electric capacity is a necessary factor for economic and technological advancement
of any nation [1]. Generation of electricity increases energy demand globally. Energy
from conventional sources is not sufficient to saturate the increasing energy demand
[2]. Besides, they are one of the major causes of air and pollution. Agency across
world is implementing various policies to reduce or regulate pollution [3]. This has
generated a need to discover more sources of unconventional energy or enhancing
the effectiveness of existing sources of renewable energy. Solar, biofuel, biomass,
biofuel, geothermal, wind, etc., are some of these sources on which experiments are
being conducted. Novel biodiesels blends are being prepared [4]. Effectiveness of
solar thermal systems is being enhanced [5—12]. Adoption of novel solar or wind-
based energy generation techniques are being explored [13, 14]. Wind energy-based
energy generation is growing popular due to its modular nature [15]. A minimum
average wind speed of 7 m per second is needed for proper working of a windmill.
However, the nature of wind is intermittent and stochastic. Hence, the feasibility
analysis of a wind mill can be done by prediction of wind power. Researchers use
artificial intelligence (Al) for the assessment of the output of a proposed wind mill. At
different heights of the wind turbine, wind hitting force at the turbine tip is different
[16]. The performance is often gauged analytical computer codes. These computer

S. R. Pillai - A. Yadav (<)
Amity University, Dubai 345019, UAE
e-mail: ayadav@amityuniversity.ae

H. Yadav
IIT Delhi, New Delhi 110016, India

V. K. Vashishtha
Delhi Technological University, Delhi 110042, India

KIET Group of Institutions, Ghaziabad, UP 201206, India
© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021 207

A. Kumar et al. (eds.), Recent Advances in Mechanical Engineering, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-981-15-9678-0_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9678-0_18&domain=pdf
http://orcid.org/0000-0001-9681-8234
http://orcid.org/0000-0002-2392-2943
mailto:ayadav@amityuniversity.ae
https://doi.org/10.1007/978-981-15-9678-0_18

208 S. R. Pillai et al.

modelling codes involve complicated algorithms, which requires solving numerous
complex differential equations. Significant amount of power and too much time are
required to precisely predict the output. Artificial neural networks (ANN) provide
an alternative to these confusing complex models by grasping critical information
patterns from the multidimensional information field. Wind energy system has inher-
ently noisy data, and it provides suitable problems to be managed by neural networks
methodology as they are noise immune, tolerant and robust [17].

ANN’s principle of operation is same as the working of brains’ basic frame-
work [18]. Neurons present in the brain accept signals from various input or nodes
inputs. The importance of each input allocates a weight to that input [19]. The acti-
vation function of each node introduces network linearity. The neuron output can
be connected in two ways; either to the output or to the other nodes [20]. ANN
comprises many interconnecting synapses and nodes. Nodes operate in parallel, and
the interconnection of synapses is used to intercommunicate [21]. ANN is nowadays
integrated in various areas for the solution of several problems. Some