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Preface

International Conference on Energy, Materials Sciences and Mechanical Engineering
(EMSME)—2020 conference is the first conference of its series organized by Depart-
ment of Mechanical Engineering of National Institute of Technology Delhi, India.
It has been considered as a forum to bring together scientists, university professors,
graduate students, and mechanical engineers, presenting new science, technology,
and engineering ideas and achievements. The conference attracted many partici-
pants working in various fields of engineering: design, mechanics, materials, etc.
The success of the conference inspired the organizers to turn the conference into an
annual event.

More than 370 papers were presented at the conference EMSME 2020. They
covered topics ranging from the renewable energy, mechanics of machines, material
engineering, structural strength, and tribological behavior to transport technologies,
machinery quality, innovations etc. However, for this book, only 124 peer-reviewed
papers, authored by research groups representing various universities and institutes,
were selected for inclusion.

Furthermore, I thank the staff and management of the institute for their cooperation
and support and, especially, Dr. Satish Kumar, Hon. Director, National Institute of
Technology Delhi, and all members of the program committee and the organizing
committee for their work in preparing and organizing the conference. Last but not
least, I thank Springer for its professional assistance and particularly Priya Vyas who
supported this publication.

Odense, Denmark Kannan Govindan
New Delhi, India Harish Kumar
New Delhi, India Sanjay Yadav
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A Mini State of Art Survey )
on Photovoltaic/Thermal Desalination R
Systems

Subbarama Kousik Suraparaju®, Arivazhagan Sampathkumar ®,
and Sendhil Kumar Natarajan

Abstract Water is a substantial need for the survival of mankind on Earth. It is
impossible to envisage our life without water. In the present scenario, pristine water
accessibility is the most faced problem in almost all countries. The only alterna-
tive to come out of this situation is converting the available seawater into pure water
through several desalination practices. Desalination techniques powered with renew-
able energy sources are the most pertinent solution for the world water crisis as they
do not deplete the existing energy sources which lead to ecological imbalance. In the
realm of desalination, solar thermal desalination is the most preferable and econom-
ical technique because of its enormous advantages compared to others. The current
trend in solar desalination is that coupling solar still to a photovoltaic system for
more benefits. This PV/T integration to the desalination system not only satisfies the
clean water needs but also fulfils the electricity demand in the remote and rural areas
where there is power scarcity. In this context, this article elucidates a concise review
of the solar desalination techniques powered by the incorporation of photovoltaic
and thermal (PV/T) technologies.

Keywords Solar still + Desalination + Hybrid + Photovoltaic/thermal (PV/T)

1 Introduction

In the world, almost 844 million people suffer from a dearth of basic drinking
water amenities, near to 159 million people are reliant on the surface water and
at least 2 billion people are habituated to drink water that is contaminated with
faeces that lead to diseases like diarrhoea, cholera, typhoid, dysentery and polio. A
survey by WHO concluded that almost half of the population in the world will
be living in water-stressed areas by 2025 [1]. In the current situation, the urge
for fresh drinking water is increased, but the pure water reserves across the globe
are already started depleting. One of the solutions to overcome this life-threatening
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glitch is to convert the available seawater into pure and drinkable water through some
advanced desalination techniques with the environment. Among all the renewable
energy sources, the present-day world is trending towards solar photovoltaics and fuel
cells for better energy efficiency [2—5]. In this regard, Garcia et al. and Ghaffour et al.
conversed about the renewable energy-driven desalination system and their viability
[6, 7]. Sharon et al. and Pouyfaucon et al. discussed solar energy-driven desalination
systems [8, 9]. Pugsley et al. and Shatat et al. given a brief description of solar desali-
nation across the globe [10, 11]. Manchanda et al. [12], Samuel et al. [13] and Kabeel
et al. [14] studied various types of solar still designs for increasing productivity in
desalination. Panchal et al. reviewed the various techniques to augment the efficiency
of solar tubular still [15]. Kumar et al. analysed the efficacy of the multi-stage evac-
uated solar still and found it was comparatively given a better performance than the
conventional solar still [16]. Suraparaju et al. analysed the influence of natural fibre
in the solar still performance and found it is hindering the solar radiation [17]. Dinesh
et al. reviewed the various effects of fin configuration parameters on the solar still for
better efficiency [18]. Othman et al. and Francesco et al. examined the operation of
the integrated photovoltaic/thermal solar collectors for poly-generation techniques
[19, 20]. Gude et al. reviewed various energy storage methods for powering the
desalination systems by storing thermal energy storage [21, 22]. Manju et al. studied
the various renewable energy-powered desalination systems and suggested a viable
way to overcome freshwater scarcity in India [23]. Mohsen et al. have given a brief
description of the photovoltaic-based desalination systems [24]. In this regard, there
is no particular literature about combined photovoltaic and thermal desalination. In
this article, a short survey of integrated photovoltaic/thermal desalination systems
and the recent developments in the particular approach has been discussed to address
the above-mentioned research gap.

2 Solar Desalination Coupled with PV System

2.1 Photovoltaic/Thermal (PVT)-Humidification
and Dehumidification (HDH) Desalination

Giwa et al. examined the technical feasibility and sustainability of the integrated
PV-HDH desalination system. The outcomes of the investigation found that the heat
recovered from the PV produced the freshwater about 2.28 L per m? of PV. Also, the
environmental assessment of the PV-HDH system proved that there was a decrease of
83.6% environmental effects when compared to PV-RO system [25]. Amin M. Elsafi
analysed the performance of combined CPVT collectors and humidification and
dehumidification desalination systems for generation of electricity and freshwater.
The results of the investigation showed that the system was capable of producing the
freshwater of about 12 m? and electricity of about 960 kWh annually for a location
having 1.88 MWh/yr solar radiation. The cost of potable water was about 0.01$/L,
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Fig. 1 Schematic of the PV-HDH desalination system with heat pump [28]

whereas the cost of electricity generation was about 0.289 $/kWh [26]. Gabrielli et al.
studied the working of PV-HDH system in generating electricity as well as water. The
techno-economic assessment showed that the system is viable when compared with
conventional solar HDH systems against the electricity prices, annual water produc-
tion, ambient conditions and size of HDH system [27]. Pourafshar et al. inspected
the effect of the heat pump in PV-HDH desalination as shown in Fig. 1 and found
that the potable water production rates were about in between 0.56 and 0.99 kg/h/m?,
whereas the freshwater was produced at 0.018 US $/kg [28].

2.2 Solar Still

2.2.1 Flat Plate Collector—Photovoltaic/Thermal Solar Desalination
System

Kumar et al. assessed the heat transfer coefficients of the photovoltaic/thermal solar
desalination system located in New Delhi. They proposed a thermal model and
compared it with other models for the evaluation of internal heat transfer coefficients
and percentage deviation. Also, it was noticed that their model named Kumar and
Tiwari model (KTM) was best fitted with the results compared to other models [29].
Tiwari et al. determined the characteristic equation of a PV/T solar still, located
in New Delhi, India, and compared theoretical values with experimental values
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performed from April 2006 to March 2007. It was noticed that the output of the
developed solar desalination system was increased by 3.5-folds than the passive solar
still at 0.05 m basin water depth [30]. Kumar et al. designed, fabricated and exam-
ined the efficiency of the single-slope and double-slope hybrid photovoltaic/thermal
solar desalination systems. It was detected that the day-to-day productivity obtained
from the passive solar desalination system was about 2.26 kg, whereas for the similar
operating conditions the productivity was about 7.22 kg for proposed hybrid photo-
voltaic/thermal solar desalination system at a depth of 0.05 m basin water. The
output of the hybrid solar desalination system was 3.2 times greater in summer and
winter, and it was 5.5 times greater than the passive solar desalination system. It
was also noted that the proposed design has higher thermal efficiency about 20%
compared to passive solar desalination system. The other active hybrid solar desali-
nation system with double slope was designed, fabricated and analysed and resulted
with 1.4 times increase in the productivity in comparison with single-slope active
solar desalination system for similar conditions. In the later stage, the proposed
set-up was economically analysed and reported that EPF and LCC efficiency was
observed to be 5.9% and 14.5%, respectively, for the anticipated life of 30 years.
The costs of energy and potable water production were found to be Rs.0.85/kWh
and Rs. 0.75/L, respectively. The predicted payback period was 4.2 years if the yield
was traded at the price of Rs. 6.0/L. Later, enviro-economic and exergy-economic
analysis on partially covered photovoltaic-flat plate collector (PV-FPC) active solar
desalination system resulted that the recommended active solar desalination system
can encounter the day-by-day demand of pure water and DC electrical power [31-34].
Boubekri et al. modelled and simulated the single-slope solar desalination system
coupled through two reflectors integrated with a PV/T solar water heater system
in Algeria weather conditions. The effect of reflectors increased productivity by
about 127.06% during winter, 10.1% during summer and 21.78% during spring. The
nocturnal productivity increased when the system was integrated with either thermal
or PV/T storage during sunshine hours. The productivity increase was estimated for
thermal storage as 17.36% during winter, 28.34% during spring and 33.00% during
summer. Similarly, the productivity enhancement was estimated for PV/T storage
as 47.61% during winter, 137.06% during spring and 131.06% during summer [35].
Eltawil et al. came up with hybrid PV/T solar still equipped with a solar flat plate
collector (FPC), spraying unit, a solar air collector, perforated tubes, and external
condenser. Later, it was distinguished with conventional solar desalination system
which lead to increase in the distillate productivity by a range of 51-148% for the
several integrations to system. The developed solar desalination system exhibited
better operation over conventional solar desalination system by 148% increase in
productivity and about 29% increase in the daily efficacy [36]. Gaur et al. and Saeedi
et al. optimized the influential parameters and no. of collectors for hybrid photo-
voltaic/thermal desalination systems to obtain a better energy efficiency [37, 38].
Singh et al. experimentally studied the partially covered PV/T-FPC solar desalina-
tion system and resulted that maximal values of energy, exergy, overall efficiency,
electrical exergy and overall exergies are found to be 75%, 20.74%, 69.06%, 28.53%
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and 25%, respectively [39]. Mehrnaz et al. numerically and experimentally investi-
gated the integrated PV/T collector with stepped solar desalination system for energy
efficiency. Also, the consequences of design and operating parameters on potable
water productivity, energy efficacy and output electrical power were analysed. The
proposed desalination system resulted in an increase in energy efficiency by 2 times
and productivity by 20% [40]. Praveen Kumar et al. experimentally investigated and
compared the hybrid PV/T active solar still at three diverse water depths of the basin
(0.05 m, 0.10 m and 0.15 m) with conventional active solar still. Nickel-chromium
(Ni—Cr) heater driven by solar photovoltaic (SPV) was equipped in the recommended
model for better productivity. The productivity of a developed model was greater than
the conventional solar desalination system by sixfolds, and overall thermal efficacy
and electrical efficacy were also increased up to 25% when compared to conven-
tional solar desalination system [41]. Muthu Manokar et al. examined the influence
of insulation on the Inclined Solar Panel Basin (ISPB) as shown in Fig. 2, incorpo-
rated with the photovoltaic module and results depicted that maximal yield of 7.3 kg
was attained when ISPB solar desalination system with the bottom and sidewall insu-
lation. Also. It was noticed that ISPB with insulation has greater productivity and
efficacy when compared to a desalination system without insulation [42]. Balachan-
dran et al. examined the effect of hybrid natural fibre composite (HNFC) insulation
on the efficiency of PV/T desalination system and the outcomes of the experiment
proved that the HNFC insulation with 0.5 cm depth and glass cover cooling by water
film increased the productivity by 35%, whereas the HNFC insulation with 1 cm
depth and glass cover cooling by water film increased the productivity by 21% [43].
Kabeel et al. investigated the influence of cover cooling in inclined PV panel solar
still on the yield. It was found that the yield was increased by 18.17% for partial
cover cooling, whereas, for full cover cooling, there was an increase in the yield by
36.25% [44].
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2.3 Concentrated Photovoltaic/Thermal Solar Desalination
System

Al-Nimr et al. investigated the concentrated photovoltaic/thermal system that uses
thermal energy refused by the photovoltaic cell to desalinate the water. This photo-
voltaic/thermal system was sophisticated with a porous evaporator and an internal
condenser. It supplies the potable water along with electric power, and also it operates
as a passive system as the rotation of water was driven by the thermosyphon effect.
Also, investigation on process parameters like solar intensity, condenser temperature,
ambient temperature, wind speed and PV cell used was done [45]. Singh et al. anal-
ysed the cost estimation of partially covered PV/T and CPC collector-coupled solar
desalination system (Fig. 3). The influential parameters like mass flow rate and no.
of PV/T-CPC collectors were optimized for better working of the system. The EPF,
LCC efficiency and annual yield were observed to be greater by 12.73%, 22.22% and
5% for double-slope PV/T-CPC than single-slope PV/T-CPC desalination system at
0.14 m basin water depth. It was noticed that if the basin water depth was lesser than
0.19 m, then the double-slope PV/T-CPC performs better than the single-slope PV/T-
CPC and vice versa. Later, the enviro-economic, exergo-economic and productivity
analysis on basin-type solar stills by integrating N indistinguishable PV/T-CPC
collectors depicted that enviro-economic parameter, exergo-economic parameter,
cogeneration efficiency and productivity for double-slope PV/T-CPC active solar
still were greater by 21.48%, 16.22%, 5.73% and 8.56% than single-slope still at
0.14 m basin water depth for the similar operating conditions [46, 47].

Saline/brackish water Water feed

Gilass cover

1" CPC collector 2™ CPC collector ~ Basin line

PV module be
. 0.2 ml

N" CPC collector

= + 465 4

Fig. 3 Schematic of proposed PV/T solar desalination system [46]
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Singh et al. examined the operation of three models, namely single slope
comprised with N-PVT-FPC-SS; N-PV/T-CPC-SS and conventional single-slope
(CSS) solar desalination systems and assessed the yearly yield, energy, exergy,
production cost of potable water, energy metrics and cogeneration efficiency at a
basin water depth of 0.14 m for New Delhi weather conditions [48]. Gupta et al.
developed the characteristic equation for N indistinguishable fully covered PV/T-
CPC combined solar desalination system which was analogous to Hottel-Whillier-
Bliss equation. The proposed system addressed the limitations of partially covered
PV/T for the identical watt peak [49].

2.4 Evacuated Collector—Photovoltaic/Thermal Solar
Desalination System

Mazraeh et al. proposed and studied the solar still outfitted to evacuated tube collector
and semi-transparent photovoltaic in natural convection mode. The system efficiency
was evaluated by considering the several factors such as distillate yield, instanta-
neous energy and exergy efficiencies along with daily energy and exergy efficiencies,
instantaneous electrical power production along with daily electrical power produc-
tion concerning to six types of PV modules, number of tubes and different depths
of basin water. It was observed that there is no influence of PV module type on the
distillate output type, and increased tubes number enhances the distillate produc-
tivity. The maximal yield (4.77 kg/ m?> day) was attained for 0.07 m basin water
depth with 30 tubes. It was observed that for the heterojunction with intrinsic thin
layer—photovoltaic module (HIT-PV) resulted in the maximal instantaneous elec-
trical power and overall electrical power of 70.48 W/m? and 483.2 W h/m?. Also,
maximal daily exergy and energy efficacies were recorded as 16.65% and 6.86%
for a basin water depth of 0.07 m with 10 tubes. Further, they proposed a new
system coupled with evacuated tube collectors, semi-transparent photovoltaic and
phase change materials and developed the numerical models to estimate the conse-
quences of several PCM-PV modules, tube numbers and basin water depths on the
thermoelectrical performance of the system. Later, the effect of several parameters
was examined and resulted in that type of PV does not affect the distillate yield;
however, it was an influential parameter on electrical power generation. Also, the no.
of tubes enhanced the distillate yield in which it affects the energy efficacy and exergy
efficacy inversely. On the other hand, PCM also enhanced energy efficacy but has
no remarkable influence on exergy efficacy. The maximal distillate yield throughout
a day was evaluated for the 0.03 m basin water depth and 30 tubes with paraffin
wax PCM (4.5503 kg/m?-day) which was 20.32% higher than the instance without
paraffin wax. Also, maximal daytime energy and exergy efficacies were disclosed as
17.93% and 6.95% for 0.03 m water depth and ten tubes with PCM [50, 51]. Singh
et al. developed a double-slope solar desalination system coupled with N indistin-
guishable evacuated tube collectors (N-ETC-DS—Fig. 4) Further, the system was
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analysed during four types of climatic conditions at New Delhi and compared solar
desalination systems incorporated with N indistinguishable PV/T flat plate collec-
tors, compound parabolic collectors and conventional solar desalination system and
concluded that evacuated tube collector has the best performance [52].

2.5 Other Novel Photovoltaic/Thermal Solar Desalination
Systems

Riahi et al. examined the solar desalination system incorporated with the PV module
and AC heater for viable freshwater production. A 500 W heater is coupled with a
double-slope solar desalination system, and six photovoltaic modules were employed
to generate 1.5 kW power which further allied with four batteries of each 150
Ah capacity. The key benefit of this proposed system is that it was able to yield
distilled water indeed at low insolation due to the incorporation of the PV module
and AC heater. The proposed system yielded 6 times greater than the conventional
solar desalination system with a yield of 5.7 kg/m? [53]. Al-Nimr et al. devel-
oped a novel single-sloped solar desalination system with PV/T cell at the base
of its basin, and the solar still was attached with the outside finned condenser
and further developed a numerical model to evaluate the efficiency of the devel-
oped system [54]. Pounraj et al. investigated on the novel PV/T active solar still
integrated with Peltier system. The results of performance analysis observed that
the recommended desalination system produces about 6.5 times higher, and the
payback period was 127 days lesser than the conventional desalination system
[55]. Faramarz Sarhaddi examined the efficiency of stepped solar still by inte-
grating PV and found that there was an increase of almost two times in the energy
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efficiency, whereas the freshwater productivity was increased by 20% [56]. Abd
Elbar et al. investigated the solar still with PV, black steel wool fibres (BSWF)
and forced convection air cooling (FAC) for better productivity. The outcomes
of the investigation showed that the solar still with BWSF and FAC achieved an
increase in daily productivity and efficiency by 30% and 35%, respectively. The
exergo-economic and exergo-environmental assessment of the system proved that the
system is viable in all perspectives [57, 58]. Parsa et al. investigated the performance
of solar still integrated with thermoelectric modules and PV for better efficiency
at the height of 13,000 ft. The results found that the modified solar still achieved
27.8% higher instantaneous efficiency and 42.5% higher productivity than the solar
desalination system at Tehran [59]. Haiping et al. analysed the performance of flash
tank-coupled low concentrating photovoltaic/thermal system (FT-LCPVT) for the
generation of electricity and potable water as shown in Fig. 5. The outcomes of the
investigation depicted that the electricity generated was about 447.55 W, and the
freshwater produced was about 23.65 L during 09.00 and 17.00 [60].
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Fig. 5 Schematic of the proposed FT-LCPVT system [60]
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3 Summary

According to the discussion, it was clear that the integration of photovoltaic/thermal
system for desalination was comparatively effective than the conventional solar
desalination systems in terms of economic and environmental assessments. Also,
PV-HDH systems were evolved as better systems than PV-RO systems. The instal-
lation of PV/T-desalination systems is not only the solution for freshwater scarcity
but also addresses the electricity problems. The various works regarding photo-
voltaic/thermal desalination were tabulated in Table 1 which leads the researchers to
select appropriate desalination system according to the requirements.

4 Conclusions

Based on the above discussion, the conclusions of this short survey are as follows:

e Integrated PV/T solar still can produce water and electricity to fulfil the basic
needs of the world’s population who are living in a water and energy crisis.

e The efficiencies of PV panel and solar still both are influenced by parameters like
radiation, ambient temperature, wind velocity, etc.

e Wind velocity had a greater impact on the PV/T system in which wind velocity
enhances the system efficiency but high wind velocities lead to negative impacts
on both solar desalination system and PV panel.

e At higher temperatures, the energy efficiency of the system decreases, and also
high panel temperature leads to a negative impact on power production.

e The integration of PV with thermoelectric modules and some energy storage
materials would be added benefit for the solar stills.

e Cooling of PVs in the integrated systems would increase productivity which turns
the system into economically viable, and also the heat losses could be decreased.
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Table 1 Various research works in PV/T desalination

S. No. | Authors Proposed model Remarks

1 Giwa et al. [25] PV-HDH 2.28 L/m? of PV
83.6% less environmental
effects than PV-RO

2 Elsafi [26] CPVT-HDH Generated the freshwater of

about 12 m? and electricity
of about 960 kWh annually

3 Dev and Tiwari [30] PV/T solar still 3.5 times greater yield than
the conventional

4 Balachandran et al. [43] | HNFC insulation Insulation with 0.5 cm depth
increased 35% productivity,
whereas the HNFC

insulation with 1 cm
increased the productivity
by 21%

5 Singh et al. [46] PV/T-CPC Double-slope PV/T-CPC
achieved 5% greater yield
than single-slope PV/T-CPC
desalination

6 Mazraeh et al. [50] PV/T—evacuated collector The maximal yield (4.77 kg/
m? day) was attained for
0.07 m basin water depth
with 30 tubes

7 Riahi et al. [53] PV module and AC heater Proposed system yielded 6
times greater than the
conventional solar
desalination system

8 Faramarz Sarhaddi [56] | PV/T stepped solar still The freshwater productivity
was increased by 20%

9 Parsa et al. [59] Thermoelectric modules and | The modified solar still

PV at the height of 13,000 ft | achieved 27.8% higher
instantaneous efficiency and
42.5% higher productivity
than the solar desalination
system at Tehran

10 Haiping et al. [60] FT-LCPVT Electricity generated was
about 447.55 W, and the
freshwater produced was
about 23.65 L during 09.00
and 17.00
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Abstract The shortage of water is the main and perilous glitch faced by the world and
to be addressed immediately with a sustainable solution for the sustenance of human
life. In this regard, solar thermal desalination is one of the viable solutions for water
scarcity, and single slope solar desalination setups are one of the most economic and
efficient approaches of desalination. In this article, the single slope solar desalination
system with fins and energy storage is considered, and it is mathematically analysed
for its performance. Later, the analytical results are experimentally validated. It is
observed that the physical properties like density, thermal conductivity, viscosity, and
specific heat capacity are the influencing parameters of the productivity of the solar
desalination system. The theoretical efficacy of the system was about 31.58%, and
the experimental efficiencies of the conventional and modified desalination systems
were about 36.28% and 78.86%, respectively. The change of absorber material to a
high thermally conductive material such as copper showed the great impact in raising
system temperatures and thus the efficiency of the system by increasing the yield.

Keywords Solar - Desalination * Single slope + Mathematical model *
Performance analysis

1 Introduction

Nowadays, water has become the major prerequisite for living with which without
water human life is unimaginable. As there is depletion of pure drinking water
throughout the world, researchers are taking much effort to make the availability
of pure water from the available seawater at low costs. The conversion of seawater
into pure water through solar energy is one of the better methods of desalination.
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This system does not require more human effort as other processes do, but the output
depends on the type of efficient desalination approach used in the system. In the
realm of renewable energy, the present-day world is trending towards solar photo-
voltaics and fuel cells for better energy efficiency [1-3]. Solar desalination can be put
into two ways with one using active and passive ways of solar energy. A solar still or
solar thermal desalination system is the economic and easiest method of desalination
relative to other solar desalination processes.

In this regard, Manju and Sagar outlined the water scarcity in the world and also
the depletion of pure water in India due to the increase in population. They discussed
various desalination techniques which could decrease the water crisis. The outcomes
of the review revealed that the desalination plants had to be set near the seas and
the oceans, and also depending upon the population of various places, there have to
be some fixed sizes of the plant that are based on the availability of saline/brackish
water to overcome the water crisis. This approach might decrease the amount of
water scarcity with the superior quality of purified water available for daily living.
Finally, it was also reported that the installation of desalination plants is impossible
without the grants from the government which without desalination plants leads to an
increase in the water scarcity problem [4]. Tiwari and Sahota took some theoretical
models for testing the efficiency of solar still based on Nusselt number coefficients,
and they proposed a model named Kumar and Tiwari model (KTM) to test the theo-
retical working of any solar still. The outcomes of the experiment resulted that less
the depth of the water give rise to higher distillate output [5]. Kumar et al. investigated
the various stills to gain more productivity. They investigated both passive and active
solar stills and inferred that the active stills have much greater productivity than the
passive stills. They also found that multi-effect stills had greater efficiency than the
single-effect stills. The efficiency achieved was around 62% in overall productivity.
The study concluded that the maximum yield depends on factors such as type of saline
water, flow rates of water, the mean temperature, and area [6]. Kalita et al. discussed
various parameters that increase the daily distillate efficiency of a solar desalination
system. The major parameters were thermodynamic part of the solar desalination
system. Thermodynamic analysis (energy and exergy analysis) was done to analyse
the flow in the solar stills. The two different approaches to state the energetic effi-
ciency of the system are presented, namely brute-force exergy and functional exergy
efficiency. At last, they reported that further experimentation and study on parame-
ters may give a better yield on the daily distillate productivity [7]. Suraparaju et al.
investigated the influence of natural fibre in the solar still performance and found
it is hindering the solar radiation [8]. Suraparaju et al. analysed the performance of
solar still with bottom staggered fins. It was found that the modified solar still had
an increase in efficiency by 24.26% compared to the conventional at 2 cm water
depth [9]. Himanshu et al. briefly reviewed the effect of the several designs, oper-
ating and environmental parameters on the productivity of the desalination setup. It
was claimed that the efficiency is higher at the water depth of 4 cm, and the increase
in the water depth will decrease the internal convective heat transfer. The outcomes
resulted that the yield was about 5.4 kg/m? at the input feed rate of water as 3.6 kg/h,
and the productivity was improved by the glass cover cooling with a rate of flow
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of water at 1.5 m/s. Also, other factors influence the productivity such as climatic
conditions, design parameters etc., Beyond those factors by altering the depth of
water, the inclination of the setup was also greatly influenced single slope solar still
for greater efficiency [10, 11]. Rufus and Iniyan reviewed the alteration of certain
parameters in the solar stills lead to an increase in the productivity of the distillate
output. Later, installed the basin with wick/absorbers such as black granite gravel or
jute cloth which led to an output of 6.5 L/m? day. They inferred an additional change
in the phase change material (PCM) may give a desired increase in the output, so they
used paraffin wax whose melting point is below 60 °C which was positioned beneath
the liner [12]. Omara et al. discussed the effect of both external and internal reflec-
tors in solar still among which the external was the one which gave higher efficiency.
Reflectors played a significant role where the impact of insolation was weak, and
the ambient temperature was low. They used external reflectors as an alternation in
a conventional solar still to obtain better potable water output. The study concludes
that the usage of reflectors was much simpler and cost-efficient to gain the desired
output [13]. The incorporation of the phase change material (PCM) with additional
properties such as carbon nanostructures (CNs) leads to an increase in the latent heat
capacity for thermal storage. It was focussed to enhance the thermal conductivity
and latent heat capacity of the PCM used in the desalination for better results [14].
Abdulateef et al. reviewed certain enhancement techniques between the PCM and
the heat transfer fluid by the addition of fins beneath the PCM. The fins were used
to assess the latent heat transfer energy storage (LHTES). The usage of circular fins
leads to a rise in the relative heat transfer coefficient rather than the pinned fins. The
discussion determined that there might be a difficulty in the phase transient behaviour
of the PCM-LHTES system. So, the review concluded that future enhancement in
the fins with less material could be made more efficient [15]. In the investigation of
Ranjan et al., the energy and exergy analysis of a thermodynamic model was done
by altering the external constraints. The performance of the passive solar still was
examined in terms of efficiency and coefficients which was gained due to different
parameters. Initially, the authors fixed a certain theoretical value to compare the test
results. It was found that the value of energy is greater than the exergy as there is less
energy in the setup. The instantaneous energy and exergy efficiency decreased with
an increase in depth of water in the basin [16]. The solar stills can be incorporated
with energy storage materials for the advancement in solar desalination systems and
to increase efficiency. Panchal outlined that the energy from the sun is an essen-
tial and abundant and also unsteady. So, the use of energy storage materials results
in the effective utilisation of solar energy and using certain materials also led to an
increase in productivity enormously. In the review, it was found that charcoal particles
gained 15% more yield, whereas the rubber mat, black-ink, and black dye resulted
in increased efficiency by 38%, 45%, and 60%, respectively. It was also revealed
that not only the variation of internal parameters, but also external parameters such
as glass cover in the inclination angle, etc., also increase the daily distillate [17]. In
the current research, single slope solar still with black-coated copper absorber basin
with copper fins at the bottom is inserted in the paraffin wax energy storage material
and is considered for analytical and experimental investigation.
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Fig. 1 Schematic of the desalination system

2 Solar Desalination System and Experimentation

2.1 Development of Solar Desalination System

Two single slope solar desalination systems were designed and developed for evalu-
ating the performance at a constant water depth. The desalination systems considered
for performance evaluation were (i) Conventional Single Slope Solar Desalination
System (CSSSDS), (ii) Single Slope Solar Desalination System with Fins &and PCM
(SSSDSFP). The solar desalination systems were made of waterproof plywood, and
the outer portion was sealed with polystyrene sheets to prevent the heat loss to the
ambient. The inner portion was covered with 2 mm thick and black-coated aluminium
sheets for more absorption of solar radiation. The absorber of the desalination systems
was made of copper, and the absorber area was 0.6 m? with 110 cm (Iength) x 60 cm
(breadth) x 5 cm (height). The desalination system was then covered with a glass
on the top. The slope of the glass cover was 11° (Latitude of test location) for better
results. The rate of heat transfer can be augmented by brazing the fins to the absorber
basin. The fins of 5 mm diameter and 50 mm length and 220 numbers were brazed to
the bottom of the absorber basins. Paraffin wax was used as the energy storage mate-
rial in the system because of its effective physical properties as well as its economical
benefits [18]. The absorber with bottom fins was integrated with energy storage as
shown in the schematic (Fig. 1).

2.2 Experimentation

The performance analysis was carried out at the NIT Puducherry, Karaikal, India
during January 2020 from 8.30 am and 06.30 pm. The seawater in the absorber
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Fig. 2 Photograph of
experimental setup

Fig. 3 Datalogger with
thermocouples

basin was maintained at a height of 3 cm throughout the experiment. The fabricated
three solar desalination setups were arranged for performance evaluation as shown
in Fig. 2. The K type thermocouples were used to record the glass cover, water,
absorber basin, paraffin wax, fins, and ambient temperature. The thermocouples were
connected to “Datalogger” as shown in Fig. 3. Each thermocouple is calibrated using
a multimeter before connecting to datalogger. The global radiation was measured by
using Hukseflux Pyranometer as shown in Fig. 4. The productivity from the solar
still is measured using measuring jars with least count of 5 ml. Each set of the data is
collected for every 30 min for the precise analysis of the performance of solar still.

3 Mathematical Model

The respective inferences have been made for the mathematical modelling of heat
balance equations for various components in a single slope solar desalination system:
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Fig. 4 Pyranometer

1. The experimental setup is vapour leakage free, and depth of water is kept
constant.

2. There is no thermal gradient across the condensing surface and water volume.

3. The condenser surface inclination is very small.

4. Heatloss occurs by conduction through the insulating wall and by radiation and
convection from the glass surface to the atmosphere.

5. Convection, radiation, and evaporation heat transfer happens between the
evaporating and condensing surface.

Equations of energy balance for the several constituents of the solar still are
evaluated to get the real-time behaviour of passive solar still:

For Glass Cover:

Some part of the insolation is incident on glass cover and surface of the basin
water. The glass cover rejects the radiation to the ambient through convection and
radiation.

The heat balance equation on glass cover

L + Qrg + ch = ch + Qrw + Qew + I (1)

where I} = (1 — ocg) and I, = (1 —Olg)(l —ay)l.

The conductive heat transfer coefficient between the condensing surface and the
ambient relies on the velocity of the wind. The sky temperature is just 6 °C less than
the ambient temperature (fgy = t, — 6).

For water mass in Solar still:

Some part of the transmitted insolation is absorbed by water in solar still basin.
From absorbed radiation, some part is stored in the water because of its specific heat
capacity, and remaining is transferred to the condensing surface through convection,
evaporation, and radiation.
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dt,,

Il + Qb + Cw(?) = ch + Qrw + Qew + 12 (2)

The convection heat transfer is directed upwards through the humid air present in
the solar still. Stefan-Boltzmann’s law guides to evaluate the radiative heat transfer
that occurs between the water surface and condensing surface. This phenomenon
occurs because of the temperature difference between these two surfaces.

For basin liner:

The heat balance equation on the basin liner:

I = Qb + Qbot (3)

where Qo is the heat transfer rate from basin liner to the atmosphere through the
bottom side.

Some portion of the transmitted energy is absorbed by the basin liner that strikes
on it. Some of the absorbed heat is transferred to the basin water, whereas remaining
heat is lost from basin liner to atmosphere through conduction and convection from
the bottom and sides of the solar still.

The effective emittance between the condensing glass surface and the water

surface is calculated by:
| -1
Eeff = (m) “4)
g—1

Some amount of heat radiated from the water surface to the glass surface. The
coefficient of radiation heat transfer between water and glass is given by [19]:

hrw = O—(Tu% + Tz)(Tw + Tg)geff (5)

The total amount of heat energy involved in radiation between the water surface
and the glass surface is related by the equation mentioned below:

Orw = hrwAw(Tw + Tg) (6)

Because of the vaporisation, there is pressure arisen in the solar still, and the
saturated partial pressure affects various properties of the fluids involved in solar
still. The measure of the saturated partial pressure of the water is written as:

Py = L) (7)
Pg = e(W) (8)
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Py

X =——
Pw+Pg

€))

The density of the fluid depends on the temperature, and it affects productivity as
it is directly related to the Grashoff number. The density of the water, dry air, and
the moist air involved in the solar still is related by their corresponding temperature
by the equations mentioned below [20]:

dy, = 1002.6 — 0.05051, — 0.0038:> (10)
353
d, = T (11)

_(3.484 — 1.3717x)(Py + Py)

Ty

(12)

m

As the temperature increases, random movement of molecules in fluid increases
that tends to decrease the thermal conductivity. Hence, the following equations give
the thermal conductivity of the corresponding fluid:

K, =0.001[(—2.277 x 107°) + (1.260 x 107™* x T,,) — (1.482 x 1077 x T}})

+(1.736 x 1079 x T}) — (1.067 x 107" x T}})] (13)

K, = 0.001(17.618 + 0.5561, + 0.00016661°) (14)
x(0.8534(K, — K,)

K, =K 15

«F T 0.1464x ()

The specific heat capacity of the material is the reason for the storage of energy in
it. In solar still the specific heat capacity of water in the basin, dry air and moist air
changes according to the temperature so, it must be considered. This energy leads
to evaporation—condensation of water in the solar still basin and directly relate to
productivity.

Cpo = 1.034 — (2.849 x 107" x T,,) + (7.817 x 1077 x T})
+(4.971 x 1071 x T?) (16)

Cpy = 1.869 — (2.578 x 107 x ) + (1.941 x 107 x 1*) (17)

Pg
Cpm = Cpa+0.6225° (18)

w



Mathematical Modelling and Performance Analysis ... 25

The equation to estimate the viscosity of dry air, water, and moist air is given
below:

ta = [—0.986 4 (0.0908 x T,) — (1.176 x 107 x T;/)+
+ (1235 x 107" x T,)) = (5.797 x 10" x T;))] x 107°  (19)

y = (80.581 4 (0.400 x £,)) x 107° (20)

e +x(0.7887 X (y — ha))
o 1—0.2213x

m ey

T’ is the effective temperature difference that is calculated by the equation given
below

(Pw + Pg) X Ty _ H + H,

T =
(o 1) + 268900 — P, " 2

(22)

and the average distance(/,,) between the water surface and the condensing surface.
The heat transfer coefficient is associated with the Nusselt number which is
obtained by the correlation:

Nu = CRa" = C(Gr x Pr)" (23)
where Ra is Rayleigh number and the value of C and »n depends on the Gr and Pr.

The values of C and n are calculating by linear regression model developed in the
Minitab software [21].

ln(%) =InC+n xInRa 24)

where L., and R is given by,

0.016273(P, + P;) x K,, 1800
X

lm LEU
(25)

L., = (2501.67 — 2.389%,) x 1000, R =

Here, the Grashof number and Prandtl number is given by

L T'd?
Gr = M (26)
[m
mC m
pr =t 27)

K
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After enumerating the Nusselt number, the heat transfer coefficients can be
expressed by the relations:
Evaporation heat transfer in solar still from the water surface to glass surface:

(my X Ley)

Qev = 1800 x 1000

[mass is converted into kg so, divided by 1000] 28)

The expression for convective heat transfer coefficient from water to glass is:

Qew

ow = 29
0.016273(Pw + Pg) 29)

And convective heat transfer within solar still from water to glass is: [22]
Oew = hew X Ay X (tw - tg) (30)

Evaporation heat transfer coefficient from the water to glass can be calculated by:

P, + P,

hew = 0.016273 X heyy X (31)

w_tg

The radiative heat transfer from condensing surface to ambient is given by:

Org =Ag X0 X &g X (T4 - T;}cy) (32)
Qrg

hpyy = ————— 33

) Ag (tg o ta) 9

And the equation reported by Agrawal is used to find the radiative heat transfer
from condensing surface to ambient.

heg = 2.38 4+ 3.0Vyindg; Viwing < 5 m/s (34)

h(-g = 5.70 4+ 3.8 Vyind; Vwind > 5 m/s (35

Convective heat transfer from the glass surface to ambient depends on both
ambient and glass temperature, and it is related by the mentioned expression:

Qg = heg X Ag(ty —1,) (36)

Total heat loss coefficient can be found with the help of the equations below:

T4 — T4
Riog = hep + 08, | 2—2 37
g g g(Tg_T(l)
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(e — 1a)

38
(tw - tg) ( )

hz‘wg = hrga
Other heat transfer coefficient from the bottom of the basin to the ambient and

total loss coefficient for solar still is given, respectively.

_Nume

hy = — (39)

U= htga X htwg (htga + htwg) (40)
The efficiency of solar still is related by the expression as mentioned [23, 24]

eo L hew ty —1g) X 1800
p= X2 100 Where, mipe = ( ).
Ap x At x Y I(1) b

(41)

The effect of PCM in the solar still is given by charging and discharging modes,
where charging mode is of storing the energy in the form of sensible heat and latent
heat of fusion by taking the energy from the sun and melting, whereas discharging
mode is of releasing the energy by condensing to the normal position after sunset
[25].

PCM in Charging Mode

The equations of energy balance during sunshine hours are as follows:

a7,
hlwAw(Tl - Tw) + ITgO‘wAw = Awhz(Tw - Tg) + hwcAf(Tw - Tf) + mwa?
(42)
The energy balance between absorber and water is as follows:
Ifg":wal = hj(T; — Ty) (43)
During charging, the energy balance of PCM is as follows,
Aoy (T = Toew) = Mg (44)
Yf dt
PCM in Discharging Mode
The energy balance during sunset is as follows
a7,
hwcAf(Tf - Tw) = Awht(Tw - Tg)mwa? (45)
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Ky

Asz_(TPCM —T¢) = hweAy(Ty — Ty) (46)
f

During discharging, the energy balance of PCM is as follows,

dTpem Kf
= Asf —_
dr Y,

Mg (Toem — Ty) 47)

where

Mg = mpcmCS,pcm for Tpcy < Tf
Mg = mpcmLS,pcm for TPCM = Tf
Mg = mpcmcl,pcm for TPCM > Tf

4 Results and Discussion

The thermophysical properties of the fluids involved in the system were varying with
time and temperature and plotted in the following Fig. 5. It was found that the prop-
erties like viscosity, thermal conductivity, and specific heat capacity were changing
significantly for moist air; whereas for air and vapour, it was almost constant. The
following graphs (Fig. 5a—d) depicted the change in the properties concerning the
time.

Convection, radiation, evaporation, and total heat transfer coefficients were anal-
ysed and plotted graphically as in Fig. 6a, and the heat transfer was plotted in Fig. 6b
concerning time. The heat transfer and heat transfer coefficient were found at every
30 min, and the graph was plotted for the same. It was found that heat transfer
coefficients were maximum during 12:00 to 13:00 when solar intensity was at the
maximum.

The primary influencing parameters of the solar desalination system efficiency
were the glass cover, absorber, water, and PCM temperatures. In Fig. 7a, all the
experimental temperatures recorded were plotted against time for both conventional
as well as the modified setup. The system temperatures were appeared to increase till
noon and achieved maximum at 13:00 and then starts to lower and minimum in the
night after 20:00. It was observed in the modified desalination system that the highest
temperature of basin water was around 69 °C; for the condensing glass surface, it was
about 55 °C, whereas the copper absorber basin recorded about 70 °C. The addition
of copper fins and PCM to the system made a great impact that the water temperature
was raised to a great extent which leads to more evaporation and hence more yield.

Theoretical and experimental productivity of the two solar desalination systems
was calculated and compared graphically in Fig. 7b. It was observed that there was a
concurrence between the theoretical and the experimental yield of the conventional
system. However, the modifications in the solar desalination system showed a great
impact on productivity, and the system yielded almost double when compared to the
conventional system. The theoretical efficiency of the system was about 31.58%, and
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the experimental efficiencies of the conventional and modified desalination systems
were about 36.28% and 78.86%;, respectively. The calculated efficiencies were plotted
in Fig. 8, and it was depicted that the assumptions made for the analysis had an
impact on the efficiency of solar still since experimental efficacy of the conventional
system is slightly higher than theoretical efficiency. The efficiency of the modified
desalination system was almost double than the conventional system due to the
addition of high thermally conductive copper fins into the efficient phase change

energy storage material.

Fig. 8 Comparison of
theoretical and experimental
efficiencies
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I Eficiency

Fig. 9 Comparison of current research with previous researches

5 Comparing the Current Work with Existing Literature

The results of the investigation showed that the efficiency of the proposed setup was
higher than the previous researches in the literature with modifications in the basin.
It was noticed that the distillate output of single slope solar still with a basin made
of aluminium and working on agitation method was 21.67% [26]. Also, the system
with a basin made of GI sheet and aluminium powder with PCM was 34.6% [27].
The present system comprises of a high thermally conductive copper basin brazed
with copper fins and inserted in phase change material that leads to the enhancement
in the system temperatures, and hence, the augmented efficiency is attained. The
previous works had a low thermally conductive material made basin which heat
losses more, and the system had a lower efficiency. The comparison of literature for
modifications showed that changing the basin material with higher conductivity like
copper enhances the efficiency of the solar still up to an extent which makes the
system viable. The comparison of efficiencies is shown in Fig. 9.

6 Conclusions

In this research, the influence of copper fins and PCM on the operation of a single
slope solar desalination system was assessed to improve productivity. The desali-
nation systems dealt for experimental assessment were as follows; (i) CSSSDS and
(ii)) SSSDSFP. The obtained experimental values were analysed and compared with
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the output from the theoretical model of the solar desalination system. The major
conclusions made from the current research are as follows:

1. The addition of high thermally conductive copper material to absorber basin and
copper fins inserted in PCM had a greater impact in raising the temperatures of
the system that leads to enhanced performance.

2. It was analysed that changing the basin material to material with higher conduc-
tivity enhances the productivity of solar desalination system when compared to
other basin materials.

3. The mathematical model output and the experimental values were compared
and found that there was a concurrence between both experimental and math-
ematical model. However, the modified desalination system showed improved
performance.

4. The maximum distillate water was 0.215 kg at 13:00, and it was found to be
2.95 kg/m?day.

5. Thetheoretical efficiency of the system was about 31.58%, and the experimental
efficiencies of the conventional and modified desalination systems were about
36.28% and 78.86%, respectively.
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Analysis and Comparison of Various m
High Performance Folded Cascode OTA oo
Topologies

Bhawna Aggarwal and Vaishali Sharma

Abstract Operational transconductance amplifier (OTA) is an amplifying device
that is widely being used as a basic building block in current mode and voltage
mode devices. Folded cascode OTA is a preferred choice for circuit designers due
to its high output impedance and low noise characteristic along with high output
swing. Various techniques have been proposed in the literature to improve its perfor-
mance characteristics. In this paper, various current recycling techniques have been
studied and discussed that help in improving gain-bandwidth product and slew rate
of folded cascode OTA without increasing the power or area requirement of the orig-
inal folded cascode OTA. Moreover, adaptive biasing and superclass-AB topologies
have also been discussed. These topologies further increase the gain and slew rate of
OTA while operating at much lower biasing currents, and thereby, consuming much
smaller static power. All these techniques have been discussed in detail with their
advantages and disadvantages. Furthermore, to justify their effectiveness in the prac-
tical environment, simulation results under similar biasing environment have been
carried out using Ltspice with the help of 0.18 pm CMOS technology.

Keywords Folded cascode OTA - Current recycling * Improved recycling -
Enhanced recycling + Adaptive biasing + Superclass-AB

1 Introduction

Operational transconductance amplifier (OTA) is a voltage controlled current source
(VCCS), which generates an output current proportional to applied differential input
voltage [1]. It is a fundamental block for various circuits like voltage controlled
amplifiers, active filters, analog and digital converters, delta-sigma modulators, etc.
Its major performance parameters are differential transconductance gain (G,,), unity
gain frequency (f 1), common mode rejection ratio (CMRR), input/output resistance,
slew rate (SR), gain/phase margin, and supply voltage [2]. In the literature, various
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techniques like Miller compensation [1], slew rate enhancement [2], stress memo-
rization technique [3], current-shunt technique [4], switched-capacitor circuit [5],
positive feedback technique [6], etc., have been reported to enhance OTA perfor-
mance. Current recycling technique is a class of technique that increases the G,, of
OTA without increasing its biasing current and chip area. However, these current recy-
cling topologies need some additional MOSFETSs and the biasing voltage supplies
[2,7, 8].

The motivation behind this work is to study and analyze various current recycling
topologies and to identify their suitability for different applications. In this work,
conventional folded cascode OTA (FC OTA) [2] has been chosen as it provides high
output impedance along with high gain, bandwidth, and output swing. Various current
recycling techniques like recycling folded cascode (RFC) OTA [9], improved recy-
cling folded cascode (IRFC) OTA [6], enhanced recycling folded cascode (ERFC)
OTA [6], adaptive biased [10], and superclass-AB RFC OTA [10] have been analyzed
and compared. It has been observed that gain becomes twice in RFC OTA as compared
to conventional FC OTA, with same biasing current, while using six extra MOSFETs.
Addition of more shunt current sources to RFC further increases its gain. This
new topology with additional MOSFETS is known as IRFC OTA. However, due
to mismatch in its output stage, this topology leads to various problems like offset
voltage and parasitic capacitances. To overcome these problems, adjustable floating
voltage source (FVS) is used. This topology known as ERFC removes mismatch
and improves bandwidth and gain-bandwidth product (GBW). All these topologies
operate on the principle of utilizing biasing current efficiently to obtain improvement
in G,, the amplifier. However, for large values of signal voltages, such circuits need
high biasing currents. To overcome this, in the literature, various topologies have
been suggested that depend on generation of large dynamic currents directly across
output transistors, without internal replication. One such technique is superclass-AB
which helps in achieving very high performance with low power consumption [10].

In the paper, all these techniques have been studied in detail and their comparison
using SPICE has been presented. In the paper, Sect. 2 details the various current
recycling and adaptive biasing topologies. This section also elaborates their advan-
tages and disadvantages. Section 3 presents Ltspice-based simulation results and
performance evaluation for all these circuits. Finally, Sect. 4 concludes the paper.

2 Various Current Recycling and Adaptive Biasing
Topologies

2.1 Folded Cascode OTA

Cascode structures are used to achieve high gain in any amplifier. This gain increases
as the cascading stages are increased due to increase in .. However, it causes extra
voltage burden on the amplifier. To overcome this extra burden, a folded cascode
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Fig. 1 a PMOS based folded cascode OTA. b Recycling folded cascode OTA

is used. It has been observed that PMOS amplifiers operate at lower noise and
are preferred as compared to telescopic OTAs. Furthermore, these amplifiers offer
higher dominating poles, speed, gain, and output swing [2, 11, 12]. The circuit of
PMOS based folded cascode OTA is shown in Fig. 1a. Here, PMOS M1 and M2
perform the differential operation and convert the voltage signal into current form.
NMOS MO0 provides the necessary biasing current. Folding cascode operation is
performed by common gate n-channel MOSFETs (M5 and M6). These MOSFETs
fold the direction of current flowing in the amplifying transistors and transfer this
current to a high impedance output node. Thereby, known as a folded cascode ampli-
fier. The transconductance gain (G,,) and slew rate (SR) of folded cascode amplifier
is given as [13]:

Gurc = gmn1;  SRpc =21,/Cy, (D

here, g,,1 denotes the transconductance of MOSFET M1 and C,, represents the load
capacitance of the amplifier.

In folded cascode amplifiers current flowing in amplifying transistors is folded
up or down with the help of opposite polarity transistors. This folding leads to a
requirement of additional biasing current sources. Thereby, leading to a large number
of biasing current sources in the amplifier. This further increases the power dissipation
of the circuit.

2.2 Recycling Folded Cascode

As discussed in the previous sub-section, a folded cascode amplifier needs addi-
tional biasing current sources. The performance of folded cascode amplifiers can
be enhanced significantly if the MOSFETsSs used to implement these current sources



38 B. Aggarwal and V. Sharma

are used as driving transistors instead of appearing as ideal devices in signal path
[13]. These techniques that utilize these MOSFETS for enhancing the performance of
amplifier are termed as current recycling techniques in literature. The recycled folded
cascode amplifier (RFC) proposed in [13] increases G,, and SR without increasing
the power consumed or area required by the circuit.

The circuit of PMOS-based recycling folded cascode OTA is shown in Fig. 1b. In
this circuit, MOSFETs M3 and M4 (of Fig. 1a), which were earlier used as current
sink only, have been used as driving transistors. To achieve this, MOSFETs M1 and
M?2 are divided into 2 equal halves, M1la & M1b and M2a & M?2b, respectively.
This splitting causes current I, to be divided, leading to biasing current /,/2 across
each transistor. Similar process is carried out with M3 and M4 of FC OTA. Here,
care is taken to maintain the same overall area requirement of the devices. Crossover
connections have been made to maintain the polarity of the small-signal current.
MOSFETs M 11 and M12 are used to achieve improved voltage matching at drain
terminals of M3a:M3b and M4a:M4b. Here, if a ratio of K:1 is maintained across
M3a:M3b and M4a:M4b, G,, and SR for the amplifier are given as:

Grec = gmia(1 + K); SRgrrc = 2K1,/Cr. 2)

Comparison of Eq. (2) with Eq. (1) shows that gain, and thereby gain-bandwidth
product (GBW) becomes twice and SR increases up to 3 times (K = 3), in RFC OTA.
All these improvements are achieved without increasing power consumption or chip
area requirement of the circuit [2, 12, 13].

2.3 Improved Recycling Folded Cascode (IRFC) OTA

In RFC OTA, enhancement in gain is achieved by splitting the transistors connected
in current mirror configuration that make them operate as driving transistors in signal
path. However, in RFC OTA, DC and AC currents flow through the same path and
restrict the maximum gain achievable by the configuration. To overcome this limi-
tation, IRFC configuration was proposed by Li et al. in 2010 [4]. The circuit of
IRFC OTA is given in Fig. 2. Here, AC and DC paths are separated by splitting
M3b into M3b and M3c & M4b into M4b and M4c. This separation of AC and DC
paths increases the signal swing at current mirror nodes. To materialize this split-
ting M11 and M12 (of Fig. 1a) are divided into M11, M12, M13, and M14. The
path formed by M 13, M3c, M4c, M 14 offers high impedance to AC signal, while
the path formed by M 11, M3b, M4b, M 12 is of low impedance. This leads to the
improvement in signal flow through current mirror nodes. Moreover, MOSFETs M 3¢
and M4c behave as shunt current paths [12]. These shunt current sources reduce the
DC current flowing in recycled current mirrors and thereby provide the possibility
for improving the recycling current mirror gain. To realize IRFC with the same DC
currents, MOSFETs must be chosen with specific sizing ratio. The sizing ratio of
M1la:M1b (M2a:M?2b) is kept to be p:(1 — p), where 0 < p < 1. The sizing ratios of
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M3a:M3b:M3c (M4a:M4b:M4c) is maintained as (1 + p):g(1 — p):r(1 — p), where
qg+r=1.
With these transistor sizing G,, and maximum SR of IRFC OTA are given as:

Guirrc = gmia(p + (1 + p)/q);
SRirrc = (1 +p)[2 -1 —¢)(A = p)1p/[q(1 — p)CL] 3)

In IRFC OTA, if p = g = 1/2, then comparison of Egs. (1) and (3) show that gain
of IRFC increases by 250% and maximum value of slew rate will be 425% higher
as compared to that of FC OTA.

2.4 Enhanced Recycling Folded Cascode OTA

Enhanced recycling folded cascode (ERFC) OTA has been proposed by Khade et al.
in 2019 [6]. In this technique, a floating voltage source (FVS), having small output
impedance (ideally 0), is added in the input stage of IRFC OTA (shown dotted in
Fig. 2). This adjustable FVS is used to bias differential pair constituted by MOSFETs
M 1b and M2b. Here, MOSFETsSs forming outer differential pair (M la and M2a) are
operated in weak or moderate inversion region, while M 15 and M2b are operated in
strong inversion region. This is done for identical MOSFETs driven by same input
signal by adjusting the value of FVS. This unbalanced biasing helps in improving
the GBW and SR of the amplifier. Moreover, in ERFC OTA, the gain can be changed
just by adjusting the value of FVS. Addition of FVS also leads to improvement in
high frequency performance of the circuit because of very low output impedance of
the device. Though at low frequency, G,, of ERFC is equal to that of IRFC and can
be expressed by Eq. (3).
The SR of ERFC OTA is expressed as:
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SRerrc = 2((1 + p)/q) - (I,/CL) €]

Equation (4) shows that for small values of p and g, high values of SR can be
achieved with ERFC OTA. It can be summarized that ERFC improves the high
frequency performance of the circuit. Though, at low frequencies, IRFC OTA and
ERFC OTA operate with approximately the same gain. However, in ERFC, FVS is
adjustable and can be adjusted to increase the recycling current mirror gain, GBW,
and slew rate [6].

2.5 Recycling Folded Cascode OTA with Adaptive Biasing
Technique

Current in all the recycling OTA techniques discussed so far was limited by the
biasing DC current. Increasing this current will lead to an increase in the square
of power consumed by the circuit. An adaptive biasing technique compatible with
folded cascode OTA proposed in [7] and helps in dynamically controlling the biasing
current of the amplifier. This not only helps in keeping the static power dissipation of
the circuit at low levels rather it helps in generating large dynamic currents (greater
than [,) for large input signals.

Circuit of a RFC OTA with adaptive biasing technique is shown in Fig. 3a. It
consists of two well matched transistors connected in cross-coupled fashion to the
current source. These current sources must provide large current during the charging
and discharging of large capacitive load. Here, MOSFET MO is split into MOSFETSs
Mld, Mlc, M2d, and M2c to form adaptive bias configuration. The differential
circuits with adaptive biasing provide double transconductance at input stage and
improve the GBW and provide an increase in current [10].
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Fig. 3 a RFC OTA with adaptive biasing technique. b Superclass-AB RFC OTA
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2.6 Superclass-AB Recycling Folded Cascode OTA

Adaptive biasing helps in achieving high output currents with large values of differen-
tial input voltage while utilizing small biasing currents. In 2005, A. J. Lépez-Martin,
et al. proposed superclass-AB technique that makes use of adaptive biasing technique
to get output current proportional to vig*, here, viq represents the differential input
voltage signal [14, 15]. This technique was implemented on RFC OTA by M. Pilar
Garde in 2018 [10]. It has been observed that superclass-AB RFC OTA provides
large dynamic current, very high GBW, and high current efficiency.

The circuit for superclass-AB RFC OTA is given in Fig. 3b. In this circuit, the
input differential pair uses adaptive biasing configuration and MOSFETSs forming
active load for this differential pair (M 3b-M3c and M4b-Mbc) are rearranged. A local
common mode feedback (LCMFB) is provided via symmetrical resistors R1 and R2.
This LCMFB provides additional current boosting and higher current efficiency,
leading to significant increase in GBW. The most special part of this circuit is that
all these improvements are achieved at low values of static biasing current. G, and
SR of superclass-AB FC OTA are given as:

Guap = 2. gmla(l + gm3a(R||r023));

2
R
SRap = B3.44 B1.28 At 128128 A2 5)
2Cy 2B3.48 4

here, R = R1 = R2 used for LCMBEF, 5 is small-signal drain resistance of MOSFET
M?2b, B; = nCox(W/L); and A is the amplitude of differential step input signal.

From Eq. (5), it can be seen that SR and G,, and thereby GBW of the amplifier can
be enhanced by increasing the value of R. However, very large values of R causes
decrease in phase margin and thereby instability of the amplifier. Though due to
biasing circuits, significant GBW can be achieved at optimal values of R.

3 Simulation Results

All the simulations have been carried out in Ltspice using 0.18 pm technology. To get
a fair comparison among results of different circuits, they have been simulated on the
same platform under similar conditions. However, due to low voltage and low biasing
current requirement of adaptive biased and superclass-AB recycling folded cascode
OTAs, they have been simulated at lower supply voltage and low biasing current.
All these design parameters have been summarized in Table 1. Table 2 tabulates the
aspect ratio of various MOSFETS used for designing of the OTAs.

To verify the behavior of presented circuits as voltage controlled current amplifier,
their DC analysis has been carried out by varying differential input voltage (vig) from
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Table 1 Design parameter
used for simulating the
various folded cascode OTA
topologies discussed in the

paper

B. Aggarwal and V. Sharma

Design parameter FC, RFC, IRFC, Adaptive,
ERFC superclass-AB

Technology 0.18 pm CMOS 0.18 wm CMOS

Resistance (RL) 100 k2 100 k2

Capacitor (CL) 10 pF 10 pF

Supply voltage +16V +1V

Bias current 200 pA 10 pA

Table 2 Aspect ratio of different MOSFETS used in simulating the various folded cascode OTA

topologies
OTA type MOSFET W/L (wm) | MOSFET | W/L (um) | MOSFET | W/L (jum)
FC OTA MO 128/0.5 M3, M4 32/0.5 M7, M8 64/0.18
Mi1, M2 128/0.36 | M5, M6 16/0.18 | M9, M10 | 64/0.5
RFC OTA Mla, M2a 64/0.36 | M3a, M4a | 24/0.5 MI1, M12 |8/0.18
MIib, M2b 64/0.36 | M3b, M4b 8/0.5
IRFC OTA Mla, M2a 64/0.36 | M3a, M4a | 24/0.5 M3c, M4c | 4/0.5
Mlb, M2b 64/0.36 | M3b, M4b 4/0.5 MI11-M14 |4/0.18
ERFC OTA Mla, M2a 64/0.36 | M3a, M4a | 24/0.5 M3c, M4c | 12.5/0.5
MIlb, M2b 64/0.36 | M3b, M4b 4/0.5 MI11-M14 | 12.5/0.18
Adaptively Mla-c, M2a-c | 190/0.6 M3a, M4a | 180/0.6 M5, M6 120/0.6
biased & Mid, M2d 60/0.6 | M3b,M4b | 60/0.6 | M7-MI0 | 200/0.6
Superclass-AB
MIld, M2d 60/0.6 M3b, M4b | 60/0.6 M7-M10 | 200/0.6

—200 to 200 mV and has been plotted in Fig. 4. Curves of Fig. 4 show the improve-
ment achieved in transconductance factor of various configurations as discussed in
Sect. 2. It shows that at very low biasing currents transconductance achieved in
superclass-AB is significantly greater than what is achieved in other configurations
at much higher biasing currents.

AC analysis for different OTA circuits for frequency range of 1 Hz to 100 MHz has
been shown in Fig. 5. Again these curves show the improvements in gain, bandwidth,
and GBW with advancement in OTA technique. Though, in these curves, the said
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Fig. 5 AC response for various folded cascode OTA topologies

parameters for adaptive and superclass-AB RFC OTA appear to be of lower value, but
actually for these OTAs, the results have been plotted at much lower biasing current
and supply voltage. In case, comparison is carried out under the same biasing condi-
tions, adaptive and superclass-AB OTAs will outperform other OTAs significantly.
However, IRFC OTA does not show expected improvements in the parameters. This
may be due to the condition of a similar simulation environment imposed by the
authors, for fair comparison.

To calculate the slew rate and observe the response in a practical environment,
transient analysis of the circuits has been performed and plotted in Fig. 6. All these
results show that superclass-AB RFC OTA has a much higher slew rate as compared
to the rest of all the OTAs. All these values obtained via simulations have been
summarized in Table 3.
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Fig. 6 Transient response for various folded cascode OTA topologies

Table 3 Comparative summary of simulated results for various folded cascode OTA topologies

OTA type Gain (dB) | Bandwidth (kHZ) | GBW (MHz) | SR + (V/us) | SR— (V/us)
FC 47.40 107.44 25.63 473.77 501.11

RFC 55.80 293.89 114.09 423.01 1413.90
IRFC 49.12 351.95 97.03 2328 1590

ERFC 57.04 276.75 133.38 746.88 1388.29
Adaptive 42.44 125.46 16.28 86.80 42.53
Superclass-AB | 56.16 121.26 27.13 230.90 269.98




44 B. Aggarwal and V. Sharma

4 Conclusion

In this paper, various advanced techniques available in the literature for improving
the OTA characteristics have been studied and compared. These techniques like
RFC, IRFC, and ERFC are majorly based on current recycling concept, which
helps in improving transconductance without increasing power consumption or chip
area. Moreover, these techniques improve GBW and slew rate of OTA as well.
Further, techniques like adaptive biasing and superclass-AB that reduce static power
consumption while providing large dynamic range have also been discussed. These
topologies not only operate at low biasing currents but also increase current effi-
ciency and GBW of the circuit significantly. All these circuits have been simulated
under a similar biasing environment in Ltspice using 0.18 pm CMOS technology.
Results obtained clearly show the effectiveness of various techniques and represent
their usefulness in the practical environment.
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Grasping Force Analysis of 3-Fingered m
Gripper e

Rohan Malik, Yashasvi Verma, Abhishek Verma, and Vikas Rastogi

Abstract The aim of our study is to understand the role of grip force on the object
being manipulated by a robotic end effector. This was accomplished by the means
of a threefold comprehensive approach. In the first stage, an expansive review of
the existing literature was conducted to obtain the anthropometric measurements of
human fingers. This measurement then became the foundation of our CAD model so
as to encompass ergonomic considerations. The second stage of our project was the
development of a model ideal for gripping our test object. Further, the model was 3D
printed and assembled so as to conduct the physical experimentation. The model was
made functional by means of Servo Motors and Arduino and fed commands via a
laptop. The last stage of the project was to perform simulations on ANSYSS pertaining
to the grip force, the value for which was obtained by surveying the available literature
to form specific simulations. The value of deformation in test piece was brought to
the allowable limits and the ideal force values calculated. These were tested on the
physically developed model. The final code will be able to provide motion to the
hand in a way to grip various test pieces at the required optimal force values.

Keywords Robotic gripper + ANSYS - Force estimation

1 Introduction

The last few years have witnessed a paradigm shift in technological innovation that
has successfully guided industrial automation. The integration of manufacturing
ability with programming techniques has allowed effective utilization of autonoma-
tion to reduce lead times, improve productivity and enhance quality. This has been
observed with a simultaneously reduced need for human intervention in the manu-
facturing process. We plan to add to this concept by building a three-fingered robot
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gripper model. Many such grippers are available today and the required model can
be selected for operation. Egan et al. [1] patented a gripper for specialized grasping
of objects. It included configurations that permitted the pivot or the presence of a
pivotable member to allow for an object to be gripped between two movable and
coupled arms. To reduce the grasping torque, the model employed a novel can that
also led to a decreased level of complexity of the gripper. Peer et al. [2] present a
comprehensive model for the control of a three-fingered gripper by means of the
human hand. These efforts are bolstered by a force feedback via an exoskeleton,
and the subsequent mappings have been appropriated to rectify for the differences in
kinematic structures of a human hand and a robotic gripper. Factors such as stability
of design and retention of object influence the grip. Zhou et al. [3] have devel-
oped a three-fingered novel soft gripper that has the versatility to grasp not only
small objects, but convex shaped large objects as well. It has been found to over-
come external disturbances in manipulation operations and provides considerable
grasping force at low actuation pressure. Li et al. [4] expatiate over the development
of a versatile gripper that can grasp objects of various sizes, but is easy to control
as well. The proposed model has three fingers each consisting of three joints and
actuation by two motors. The four bar linkage can be used to drive the multi-DOF
fingers independently. Three finger grippers can be adapted to not only manoeuvre
delicate objects but also for functions where strength and precision are requisites.
Koustoumpardis et al. [S] have developed a gripper model containing three fingers,
of which two were underactuated, for pinching and clamping fabrics in the apparel
industry. This agile end effector permits the grasping of fabric from a flat surface by
mimicking the movements of the human fingers. Manti et al. [6] talk about a three-
fingered soft gripper that is adaptable and underactuated. It is capable of securely
seizing objects of varying shape, size and materials using minimal control param-
eters. Such a design can find easy application in the field of bio-inspired robotics.
The gripping function exerts certain forces on the said objects and may even cause
deformation. Hence, depending upon the industry, the grip forces are required to be
adjusted. There has been high-end research dedicated to robotic hands and gripper
with optimized force control. Buss et al. [7] have expounded upon the development
of a grasping force optimized dextrous hand. They propose achieving a balance of
external forces to attain the grasp stability by applying appropriate internal forces.
Pons et al. [8] furthered this concept with their work on the MANUS-HAND project.
They use the underactuated principle and increase the number of active joints to
evolve an upper limb prosthetic, which can have multi-functional utility. The clin-
ical validation has seen successful generation of this mechanical design. Talasaz,
Trejos and Patel [9] expand upon the force feedback mechanism of a robot gripper
in performing a knot-tightening task in robotics-assisted minimally-invasive surgery
(RAMIS). Three modes of feedback have been evaluated with respect to various
parameters such as consistency, time of performance and tissues damage. Gazeau
et al. [10] present a four-fingered robotic hand reinforced by a neural network that
can estimate the contact force and aid fine manipulation of objects. The 4 DOF
gripper is actuated by DC servos. Zhang et al. [11] have patented a robot that allows
for the mating of the workpiece with an external object after assessing its location
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and orientation. This is done with the aim of minimizing the contact force. Carrozza
etal. [12] have expanded this concept into the field of biomechatronics by integrating
cybernetics to develop a wearable upper limb prosthetic that possesses motor capa-
bilities. These versatile capabilities have been ingrained by sensory feedback for
position and force. Birglen and Gosselin [13] discuss the ability of a robot equipped
with underactuated fingers to securely seize any irregularly shaped object. The force
capability of the 2-DOF gripper has been analyzed to reduce complexity of design
and to develop sensory feedback. Attempts have been made to develop sensors that
can be effectively employed in such applications. Kawasaki et al. [14] dwell upon
integrating the human grasp reflex into a robotic gripper in order to facilitate manip-
ulation of unknown objects. The suitable contact force is applied by means of joints,
which can be independently controlled. Kinoshita et al. [15] have experimented on
a set of individuals to analyze the grip force exerted by them in various stances of
grasping operations. Flanagan and Wing [16] discuss the correlation of load force
and grip force and postulate that upon movement of a grasped object the grip force
plays a vital role. Sahu and Choudhary [17] have modified a six axis industrial robot
for efficient application by analyzing the shear stress, natural frequency and modal
shape. Natarajan et al. [18] have simulated the deformation of a soft object during
grasping via a gripper. They have further utilized this simulation to minimize the
contact force, whilst preventing slipping of object during gripping. Wang and Lan
[19] propose an optimized gripper configuration that applies a constant gripping
force using feedback regulation. The compliant gripper has been found to execute
the required object manipulations. We plan to develop a versatile robotic hand that
can modulate its grip strength depending upon the object it is expected to manoeuvre.
The physical investigation presented in our paper is carried out as an extrapolation
of simulated evaluations on relevant software and on intensive information obtained
by reviewing literature.

2 Methodology and Design

To develop a robotic hand that responds and modulates its grip force depending upon
the features of the object to be manipulated, we decided to tread with a threefold
approach. The design began with an extensive research online, which was aimed at
understanding the ergonomics of human fingers. Human hands have been anatomi-
cally designed to perform a variety of delicate as well as robust actions. Once this
data were collected, it was used as a reference, whilst developing the gripper model.
A three-fingered gripper was considered to be appropriate for the designated func-
tion by keeping in mind the ergonomic considerations and the capability of the
design to securely hold an object without any slippage. The model was developed on
Solidworks. Once the design was prepared, it was 3D printed. The individual parts
were assembled to prepare the model hand. This was powered via 3 servomotors.
Arduino Uno controlled the motion of the motors. The Solidworks model and the
data regarding testing object were fed into ANSYS. Using ANSYS, simulations were
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performed to conceive the contact force that the gripper applied in secure grasping of
objects keeping in mind that the objects be deformed within an acceptable limit. The
grasping force was validated by conducting an expansive literature review. These
forces were modulated and the optimal forces were reached for minimal deforma-
tion in objects without any loss in capability to perform the grasping task. This was
repeated for a few materials, and each data were noted. Finally, an interface code
was developed to facilitate the movement of the model hand so that it applied the
required optimal force to grasp the object successfully.

2.1 Anthropometric Data

The anthropometric data of the human fingers were obtained through a thorough
perusal of research available on the subject. This was done with the aim to develop
an ergonomically feasible design. Cakit et al. [20] have presented the data of biome-
chanics measurement of a multitude of people. This encompasses the quantification
of hand dimensions of the said population. A website [21] illustrated the various
measurements of a human hand. This includes the finger length data, which was
divided according to the females and male percentile populous. Asadujjaman et al.
[22] have conducted anthropometric measurements for nine hand parameters in their
research with the aim to estimate stature of the Bangladeshi population on the basis
of these measurements. Using these sources, we dwelled on the measurements for
the proposed design and reached a consensus by keeping in mind the objects we had
assumed for manipulation in our study. These measurements are indicated in Table
1.

Table 1 Comparison

between the available and Dimension Measurement
selected data Available Considered
values (cm) (cm)
Istand 2nd | Length 8.3 9
Finger e Ist Phalange |- 3
¢ 2nd Phalange |- 3
¢ 3rd Phalange |- 3
3rd Finger Length 5.8 9
¢ 1st Phalange |3.2 5
* 2nd Phalange | 2.6 4
Fingers Width 1.5 2.15
Breadth 1 1.5
Palm Length 10.5 9
Breadth 8.7 1
8

Width 5
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2.2 Design and Modelling

We decided to employ Solidworks for the modelling. The parameters became the
basis for the constraints of the shape and geometry of our design. This was chosen to
be a three-jaw gripper that imitated the configurations of a human hand and satisfied
the ergonomic expectations placed on it. The gripper was designed so that when it
seized an object, the object would be held in a secure grasp that prevented slipping.
The orientation of the fingers came to be seen as a vital consideration. Since, the
human hand inspired our design; the thumb was placed in opposition to the other
two fingers so that it could provide not only manipulative function but also geometric
support.

The 2 adjacent fingers spaced at a distance of 1 cm consisted of 3 phalanges
each. The third finger, which supports the object from the opposite sides consisted
of 2 phalanges. A base plate of 8 cm x 9 cm was also provided to support the
object being carried from below and to provide structural stability to the design,
as a whole. The inter-phalange movements have been made possible with rivets of
variable length, which also facilitate quick assembly. Small extensions on the back
of the second phalange have been incorporated in the design to limit the maximum
angle of engagement to 180 degrees, following the anthropological blueprint of a
human finger. The fingers have also been made hollow to integrate the connection
with the servomotor. The modelled gripper is shown in Fig. 1.

Assembly of the physical model. The CAD model was 3D printed to develop the
physical model. The material for the model was chosen as Polylactic Acid or PLA.
The assembled model is shown in Fig. 2. Once the solid model was prepared, the
necessary control operations were added. A string imitating the tendonic operations
in human fingers was attached to the hollow left inside the fingers. The free end of
these strings was attached to servomotors (which were taken as MG90 in model). The
servo was connected via a breadboard to the Arduino Uno microcontroller. The pulse
waves of the servo were programmed using the Arduino IDE. The circuit diagram
for the same is given in Fig. 3.

3 Phalange
2 Fusgger Assembly

7 Phalusge

1* Phalange Servo Motars

Base/Palm Plate

Fig.1 Labelled diagram of CAD model



52

Fig. 2 Assembled model

Arduino Uno

Breadboard

Fig. 3 Circuit diagram
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Control signal

- |

Servomotors

hd
[ -

3 Experimentation and Result

3.1 Finite Element Analysis

The modelled gripper was analysed on a finite element solver, ANSYS. It was
assumed that during the entire operation, all the parts of the model remained mated.
The boundary conditions were applied at the top of the base/palm plate and force
was applied at the contact point of each phalange and the cube as shown in Fig. 4.
Self-weight was added as vertically downwards. The forces applied by the gripper
along with the friction (u = 0.3) [23] acts against the force of gravity. The mate-
rial of the cube was taken to be PLA as well. The simulation results as shown in
Fig. 5 were also performed on various other materials such as balsa wood, rubber
in order to further validate the results. The various parameters required for judging
were recorded as output in Table 2.
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Fig. 5 Von-Mises stress and total deformation contours

Table 2 Results and values

Parameter Value
Maximum Von-Mises stress 6.7 x 10° Pa
Maximum deformation 9x10%m
Ultimate strength 35 MPa
Poisson’s ratio 0.38
Young’s Modulus E 3.5 GPa

The results deduced that the deformation produced was very negligible and hence
acceptable. The grasping force was in accordance to the equation:

2x FxcosO+mxg=puxmxg

where,

m is mass of the block

F is the grasping force

0 is angle of contact with the horizontal
G is earth’s gravity

u is coefficient of friction.

(D

After the analysis physical experimentation was carried out on a pliable material
to check the effect of grasping force. The result as depicted in Fig. 6 proved that

considerable deformation was being achieved.
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Fig. 6 Deformation in
material

Fig. 7 Relation between 98/(125 cos(x))
grasping force and contact A
angle

contact force

w

oo® 28.6° 57.3 85y
contact angle

Hence the relation was developed between the grasping force and angle of contact
based on our governing Eq. (1) as shown in Fig. 7.

3.2 Algorithm

To build versatility in the gripper, the Arduino code was modified. This modification
was done to introduce the control of angle of rotation of the servo. As seen above,
there was a relation between the grasping force and angle of contact between the
finger and the contacting surface of the object. This relation was taken as a basis for
manoeuvring of different objects in the future. The code was rewritten to incorporate
a precise control of grasping operation. Keeping in mind the acceptable level of
deformation, the code made it possible to move the servo through the desired angle
for the grasping particular object with the optimal grasping force that did not permit
slipping of the object. The algorithm of the code is shown in Fig. 8.
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Fig. 8 Novel algorithm

<«— Rotate servo back to initial
position

s

Rotate servo to angle

Ask user for material

For material find
coresponding angle

What material did
user input

material

Program end

4 Conclusion and Future Development

For successful pursuit of the above-mentioned proposed model and design, the vali-
dation by the physical model was carried out and gave positive results. The following
can be concluded

Anthropometric measurements obtained by conducting a literature review were
extrapolated and modified to build a versatile yet simple design for a three-fingered
anthropomorphic gripper.

The design was modelled on Solidworks and the parts were 3D printed and assem-
bled as per the design and made operational by using Arduino. This made it very
simple to mobilize the servomotors that in turn pulled on the tendonic strings to
clench and unclench the fingers.

It was made sure that the components in the abovementioned project were widely
available and relatively inexpensive. This was an important consideration for
achieving versatility aided with financial control.

We proceeded to structurally simulate the model on ANSYS and reach an ideal
optimal grasping force value considering the deformation in the test object on
manipulation.

The correlation of these force values with angle of contact was used as the basis
to develop a code that would adapt the gripper to the particular object.

The proposed gripper had the following limitations
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workplece

Suction cup
Retractable pipe

— +———————————— Enclosure
Ball-bearing Hub  ——————

Rotating arm —0oemmm—m—m—

Fig. 9 Proposed CAD

The weight of the object that could be manoeuvred using the versatile gripper
is dependant on the material of the gripper and the torque capacity of the
Servomotors.

No rectracting mechanism was provided for the fingers to be brought back to their
original position after grasping operation had been performed.

There was a requirement for fail-proofing the system by including a force feedback
mechanism. This could have been done by the incorporation of force sensing
resistors.

The grasping force analysis that became the sound basis for inducing versatility
in the operation was defined specific to the pick and place operation.

In the future, this technology can be furthered and made more sophisticated. We

propose the addition of a retractable vacuum cup mechanism on the palm plate that
would enhance the grasping power of the gripper. This would allow for a multitude
of shapes and sizes of objects to be manipulated easily with reduced grasping force
and hence possible decreased deformations in delicate pick and place operations. A
sample design is depicted in Fig. 9.
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Simplification of Governing Equation )
for Fluid Flow Between Two Concentric e
Cylinders

Anamika Yadav(® and Pooja Pathak

Abstract The fluid film journal bearing has two parts, i.e., journal/shaft and the
bearing. At stop position, journal is at rest on the bearing’s inner surface. In ideal
condition of journal bearing, the journal and bearing are concentric. But in actual
running condition, the centers of the journal and bearing are at distance known as
eccentricity. Eccentricity is necessary for generating pressure to lift the bearing in
the marginal space of journal and inner surface of bearing. The pressure is calculated
by the Reynolds governing equation of fluid flow between the concentric cylinder.
Many researchers used complex solution to get the required solution to the non-
dimensional governing Reynolds equations. The purpose of this paper is to simplify
the governing equation used by the researchers so that it could be understood. In this
paper, the authors have taken the complex equation of two researchers and converted
in its simplified form.

Keywords Journal bearing - Fluid flow - Reynolds equation - Concentric cylinder
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®  Angular speed
R;  Radius of journal

1 Introduction

Flow is very natural phenomenon for the existence of the universe. Researchers
have studied the different flow pattern in their laboratory such as flow of wind to
understand climate change and other natural and unnatural phenomenon. Flow of
air leads to generation of power that can be used by wind turbine, whereas in steam
turbine, high-pressure steam flow strike on the turbine blade to rotate the turbine and
generates the power. To support these rotating turbo-machineries, fluid film bearing is
employed in industries. These bearings support heavy shaft in rotation and also carry
out the heat generated. These bearing also supports the shaft by pressure generation
between clearance space with the help of external pump. Pressure is generated in
the clearance space by the wedge action. Pressure is generated because of the flow
of fluid between the marginal space of bearing and the shaft. Sometimes researcher
uses very complex mathematics to present the flow of fluid in the journal bearing.
The journal bearing is a noticeable area of research nowadays among the researchers
due to its wide use in industry. This bearing becomes a heart of turbomachinery,
because it supports the journal at high loads and high speeds. Due to rapid growth
in transportation and space engineering between the nations, journal bearing attracts
many researchers. These bearings support the load with help of lubricant supplied
at prescribed pressure from oil supply holes at inlet point through one or many
grooves. The position of the grooves plays important role to support the load, i.e.,
shaft/journal weight and stability of the bearing [1]. Researchers [2] use the finite
element method (FEM) to study the loading direction’s effect on the performance
of twin axial bearing and find the optimum location of groove from the load line.
Flow rate at every groove is important in creation of pressure within the journal
bearing. To know the effect, the rate of flow at each groove should be measured [3].
In some cases, single groove journal bearing shows better performance if groove
manufactured by the side of the load line [4]. Pressure generated within the journal
bearing depends upon the size and shape of grooves [5]. Axial and circumferential
groves are mainly used in the journal bearing which depends upon the applications.
Both groove configurations can also be used at different location in same bearing to
get the advantages of the configuration for generating more load-bearing capacity
of the journal bearing. Experimental setup was prepared by the researchers [6, 7] to
analyze the effect of temperature and pressure of the lubricant in the bearings. They
have observed that if the feed pressure of the lubricant increases, the flow rate is
increased but if temperature of lubricant is decreased, then minimum film thickness
and attitude angle are increased. Stability of the journal bearing is also resolved
by choosing three axial groove in water lubricating journal bearing [8]. Bearing
number [9] and eccentricity ratio are controlling parameters for the stability of the
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journal bearing. By controlling synchronous, whirl stability can be achieved from
800 to 1666 rpm for 150 N load [10]. It is mentioned by a group of researchers [11]
that under heavy load, the performance to twin axial grove configuration is better
as compared to single groove bearing. It is because of the uneven pressure in the
individual groove. The optimum location is a very important parameter to achieve
the max load-bearing capacity of the journal bearing. There are no. of methods such
as ANOVA and genetic algorithm [12] which are available to optimize the location of
the groove to get minimum friction, mass coefficient, and maximize the load-carrying
capacity. Flow regimes [13, 14] also affect the static and dynamic performance of
bearing at start/stop and accelerating/decelerating condition of the journal bearing.
To know the influence of temperature generation on the bearing’s performance, the
governing Reynolds energy equation and equation of heat conduction in the clearance
zone between journal and bearing is solved [15]. ANSYS CFX software is also used
to find the temperature profile of the journal bearing by using correct boundary
condition [16]. Stability margin is also presented by the researcher for water [17]
lubricated journal bearings with experimental validation.

In this paper, an attempt is to be made to derive the complex governing equation
given by the researcher [2, 8] from the basic form of Reynolds equation [17].

2 Mathematical Model of Governing Equation

This section shows the mathematical model developed for the research of the perfor-
mance of fluid flow between two concentric cylinders, i.e., journal bearing used in
many industries. The basic geometry of the journal bearing is shown in Fig. 1.

<—FF—>
: 90° Bush Groove | |
= T
90° \& :
90°groove | ¢—r—>|

\Wr

(
O >

Section at A-A

.. Shaft
Eccentricity

Fig. 1 Bearing geometry [14]
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3 Flow Field Equation of Between Two Concentric

Cylinders

The Reynolds equation governing the lubricating oil’s flow in the margin space of
a two concentric cylinders, i.e., hydrodynamic journal bearing using is given by

Eq. (1) [18].

h3 ad h3 a oh
Py Z(E2) et
ax u ax Bz “w az ox
Hear, x is circumferential, and z is direction of length.
Reynolds equation taken by Kayer et al. [8] is as follows
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Now, the effort has made by the authors to convert the basic Reynolds equation

with substituting the proper substitution in Eq. (1)
Put x = RO in Eq. (1)

d (h 9 3 (h*d dh
O (P O (P gy 2
RO\ uw RIO) ~ 3z \ u 9z RO
9 (o +R23 w3 = 6u ur
AN 3z dz 36

9 (.9 oh
P 4 22 (1392 2 6pwr2dt
20 \"" 96 az\ oz 96

We know U =R w

So

3)

Now, non-dimensional the above equation by substring following value in Eq. (3)
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S = Dimensionless speed parameter.
Similarly, the authors have again converted the modified Reynolds equation as
given by Fedor [2]
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To get Eq. (5), from basic Reynolds Eq. (1)
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It is observed from Eq. (5) that it is in cylindrical coordinate system, whereas
Eq. (1) is in Cartesian coordinate system. To convert Eq. (1) in the form of cylindrical
coordinate system.

Putx=r6and h=c (1 + bcos6) in Eq. (1).
where ¢ = R, — R;, b = eccentricity ratio (%)
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4 Conclusion

A parametric study of the governing equation of fluid flow between two concentric
cylinder Reynolds equation is solved analytically by using different substitution of
parametric values. This paper is helpful to new researcher to understand the different
non-dimensionalized term, e.g., speed parameters, eccentricity ratio, relative clear-
ance, and radial clearance. This paper also gives the idea about the conversion of
coordinate system from Cartesian to cylindrical system for better understanding
of effect of geometrical specification on the journal bearing’s static and dynamic
characteristics.
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Optimization Techniques Used )
to Optimize Process Parameters oo
of Submerged Arc Welding: A Review

Sameer Vishwakarma, V. K. Dwivedi, and Manoj Kumar Agrawal

Abstract The welding has been used from very early ages of metal fabrication
process. Various types of welding are used for different materials and also in
different areas of applications. In spite of having many theories, researchers have
been working in the way of optimization of various welding parameters for different
welding methods. This paper is strictly concentrated on optimization of submerged
arc welding (SAW) parameters and study has been done on 25 research articles. SAW
process parameters can be optimized to achieve the best results at minimum cost that
may help an organization to reduce their cost of production and also it is helpful in
energy conservation.

Keywords SAW - Taguchi - ANOVA + ANN - Optimization - Mathematical
modeling - Bead geometry + Shape factor + RSM

1 Introduction

Submerged arc welding is a welding process which is different from other arc welding
processes like manual metal arc welding, tungsten inert gas welding, metal inert gas
welding, etc. It uses flux to cover the weld pool which protects weld bead from being
oxidized or reacting with environment. Different welding parameters like feed rate
of wire, welding speed, current, and voltage can be controlled easily with onboard
controllers to achieve the best possible welding output by using different fluxes.
Because of easily controllable parameters many researchers have tried to optimize
them for dilution, deposition rate [1-4], strength [5-7], and hardness [5, 7-10] by
using different fluxes [7, 11] on different steels of different thickness with the help of
different optimization techniques such as genetic algorithm [12, 13], particle swarm
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optimization [12], Taguchi, artificial neural network [3, 11, 14, 15], and many more
other optimization techniques.

2 Equipments of SAW Machine

Power Source: Both alternating current and direct current power source can be used.
While using direct current in SAW direct current electrode positive (DCEP) or direct
current electrode negative (DCEN), depending upon application could be used as
DCEP is suitable for welding and DCEN is suitable for filling or hard-facing process
[16].

Transformer: Heavy duty step down transformer is used. Some transformers have
power switch, voltage, and current controller on board.

Rail: The trolley is moved on the rail. Rail is generally straight, but sometimes, when
a single type welding for mass production is required the rail can be modified as per
requirement.

Trolley: Trolley is the most important part of SAW machine. Trolley has the following
equipments on it.

Chassis and Wheel—The base of trolley is important part because four wheels allow
the trolley to travel on the rail. The wheel has a groove or wheel may be like a pulley.
The rail fits into the groove allowing the trolley not to fall from rail.

Controller: A controller box is equipped on the trolley to control wire feed, carriage
speed, forward-reverse direction control, welding start-stop switches, and wire up-
down switches. Also, it consists of display for welding current, voltage, and carriage
speed as shown in Fig. 1.

Gear Box: With the help of gear box, the movement of carriage can be switched
between manual and auto.

Wire Electrode and Reel: Wire electrode is coated with copper to increase electrical
conductivity, provides self-lubrication, and also protects the wire from environment.
The wire is bound on the reel or spool for easy operation. Sizes of wire available are
1.6 mm, 2.0 mm, 3.0 mm, 4.0 mm, 5.0 mm, and 6.0 mm.

Fluxes: Fluxes play important role because they are the main protector and finisher of
arc and weld pool. Fluxes can be fused, agglomerated, or mixture of two depending
upon type of material.
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Fig.1 SAW machine trolley
and rail

3 Working of SAW

Submerged arc welding process is initiated after preparing the job by making grooves
or keeping them straight depending upon thickness and capability of machine. The
hopper throat is opened for fluxes to come out and connection between electrode
and workpiece is checked. Machine is turned on by selecting manual or automatic
movement of trolley along with setting the parameters. The flux covers the electrode
pointing toward the workpiece. No sooner, electrode touches the workpiece an elec-
tric arc is generated and flux is melted. This molten flux or slag covers entire weld
pool and electric arc to protect them from environment. The machine moves, flux
continuously fed to cover the weld pool and welding is continued to make the joint.
After welding completed, slag is gently removed and joint is further tested for flaws
[16, 17], the working of SAW process is illustrated in Fig. 2.

ELECTRODE
WIRI

@ FEED MECHNISM

MOLTEN SLAG
ﬁ WELD POOL

Fig. 2 Working of SAW HOPPER

| workpiECE
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4 Literature Review

SAW process is suitable for thickness of plate starting from 6 mm [18] to 34 mm
[19] having different steel alloys like mild steel IS: 2062 steel [12, 14, 18, 20—
23], low carbon steel [6, 11, 24], shipbuilding steels [25], X56 steel [19], stainless
steel [1, 9, 26], ASME SA 516 Gr. 70 steel [4, 11], AISI 304 steel [6, 26], and
ASTM 131 AH 31 steel [7]. Optimizing welding parameters current, arc voltage,
wire feed rate, welding speed, standoff distance and flux becomes necessary in order
to achieve the best output with optimum input which will help in conservation of the
energy and materials. Many mathematical models [27], optimization methods such
as Taguchi [1, 2, 5, 10, 12, 21, 27, 28], artificial neural network (ANN) [11, 15], and
Jaya algorithm [24] are being used followed by regression analysis gray, analysis
of variance (ANOVA) to optimize the parameters of SAW process. In recent years,
Taguchi method has been in trend as it provides the effect of parameter directly on
output as well as their interaction too.

Type and size of material with optimization method are clearly as shown in Table
1.

Welding current plays an important role in defining size of weld bead. Increasing
the welding current increases reinforcement height [2, 3, 14, 18, 20, 21, 25, 27, 29],
deposition rate [25], fused area [3, 4, 25], penetration [14, 18, 20, 25], dilution rate
[1, 18], hardness [19], and decreased bead width [2, 18, 20, 21, 23, 24, 29], but in
the starting of increasing current, the bead width first increases up to 700 A [25]
and beyond it behaves uneven. Working rage suitably may be 400 to 700 A. Voltage
is the main factor that drives current for welding purpose. While optimizing an
optimized voltage may reduce cost of production. Increasing arc voltage increases
fused area [25], bead height [25], penetration [18], dilution [18], but deposit area
and width behave uneven [25, 29]. Increasing voltage decreases reinforcement [18].
Working rage for voltage may be 20 V [21] to 44 V [25] depending upon type and
thickness of the workpiece. Since wire feed rate is associated with arc current as to
melt wire at higher welding speed more current is required. Since wire feed rate is
AC controllable factor, its effect should be studies and value must be optimized to
achieve good weld quality. With increasing feed rate penetration, reinforcement [18,
22, 29] and dilution rate [18, 21] increases. Depending upon workpiece feed rate
should be selected wisely. If not sure feed rate can be selected by performing some
pilot test before going for final welding.

Welding speed helps in defining texture, size, mechanical properties, and aesthetic
quality of welding. Welding speed is the only parameter that can be selected between
manual and automatic in case of SAW process. Too fast welding will not be good for
proper welding and too slow welding melts off the material. Penetration, reinforce-
ment, dilution in percentage and weld width is decreased with increasing welding
speed [18], and thus welding speed is said to be negative impact factor for weld bead
[20]. Standoff distance or nozzle to plate distance, sometimes termed as strikeout,
is the distance between the surfaces to be welded from the nozzle tip of welding
machine from which feed wire is guided. Increasing standoff penetration, dilution,
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and weld width decreases but reinforcement increases [18]. Hardness and micro-
hardness can be improved by selecting suitable flux [7, 23, 24] also current and
voltage are responsible for hardness and strength [9, 15]. Flux is used to cover the
weld zone during welding. It melts down and forms slag to protect weldment from
harmful gases of environment. Flux always baked before using [1, 7, 14, 21, 24,
28, 30]. Adding niobium to flux improves micro-hardness of weld zone [6]. Some-
time, binary and ternary system made of TiO,, SiO,, MgO, and Al,O3 [7] helps in
improving mechanical, chemical, and physical properties of the flux which further
improves thermal diffusion, stabilizes arc, and improves mechanical properties of
weld. While selecting the flux great care is to be taken care. The SAW welding
parameter and their effects are tabulated in Table 2.

5 Conclusions

On viewing the research articles by many researchers, the following points can be
said

1.  SAW process can be used for variety of steels.

2. SAW process can be used for different thickness of plates starting from 6 to
34 mm with single side and double side weld with different groove type and
angles. Most suitable are V-notch.

3. Input parameters welding current, welding voltage, wire feed rate, welding
speed, standoff distance, angle of contact between workpiece, and electrode
wire produce their own effect as well as with interacting other input parameters.

4. Current plays most important role in defining the weld bead structure and
mechanical properties.

5. Different fluxes have different effects on weld properties. They are responsible
for arc stability, microstructure, micro-hardness, slag formation, and ease in
slag removal.

6. Input parameters including fluxes can be optimized by DOE, mathematical
models, Taguchi method, ANN, Jaya algorithms, and many more followed by
ANOVA and gray relational analysis for regression to achieve the best output.
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Free Vibration Analysis of FGM Conical )
Shell ey

Prabhat Mahawar and Pankaj Sharma

Abstract Present study deals with modal behavior of FG material conical shell under
different boundary conditions. Material properties are varied in the thickness direc-
tion with power law distribution. The modal analysis of isotropic and FGM conical
shell is accomplished by using FEA software COMSOL Multiphysics (version 5.0).
Modal values acquired by present work are validated with modal values computed
using numerical method for reduce case. Effects of power law index and semi-cone
angle on modal values are presented.

Keywords Vibration analysis - Conical shell - COMSOL

1 Introduction

The composite materials were used in many engineering fields, but they were not
stable at high-temperature conditions. Later, a ceramic material was used in place of
composite material. It was more stable at high-temperature conditions than composite
materials but it mechanically unstable due to low toughness. To get rid of this insta-
bility, the new material has been invented in 1984 in Japan called as functionally
graded material (FGM). It can withstand at high-temperature conditions up to 2000 °C
and specially designed for aerospace industries. The FGM is referred as a mate-
rial with changing porosity, microstructure, and composition through the volume of
material [1]. The FGMs were designed by varying properties with the volume of
bulk material regarding their area of application in which they can be used. There
are different types of FGM available.
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2 Literature Survey

Fares et al [2] studied of FG truncated conical shell. The conical shell is made
up of orthotropic material. Mori—Tanaka model was developed to analyze the modal
behavior of conical shell. “Multiphase nano-composite viscoelastic laminated conical
shell was developed by HadiHaj Mohammad et al [3]. Haar Wavelet differen-
tial method [HWDM] was employed to acquire mathematical results of laminated
composite viscoelastic conical structure. Differential quadrature method (DQM) was
employed by Ahmed Farrokhian et al [4]. Laminated reinforced conical shell has
been taken into consideration to obtain the modal values. Final results were gained
by using layerwise theory with DQM. Yasir Kianietal [5] presented the free vibra-
tion study of composite conical panels reinforced with FG-CNT’s.” FGM was used
as material of panels. All the mathematical equations were solved by Hamilton’s
principle. Material properties of structure are variable with thickness and uniformly
distributed with power law. Parametric instability analysis of truncated conical shell
was studied by Qiyi Dai and Qingjie [6]. Mathematical formulation has been made by
Haar Wavelet method and Bolotin’s method. Modal behavior of shell was analyzed
by applying the Fourier series.

By using Galerkin method, Nguyen Dinh Duc et al. [7] presented the thermal
and mechanical stability of FG conical shell reinforced by composite surrounded
by the elastic foundation. The classical shell theory with FSDT has been adopted to
describe the modal behavior of the conical structure. The modal behavior of FGM
structures with and without graded properties is available in the literature [8—16].

3 Research Methodology

The mechanical parameters of the shell can be written as:

E(@)=(E\—E)Vi+ E;, (1
w(z) = (11— u2) Vi + pa (2)
o) = (p1—p2)Vi+ o2 3)

where V; and V, are the volume fraction of ceramic and metal defined as:

FGM;(m/n/o/p): Vi = [1-m(0.5+ z/h) + n(0.5+z/h)°]" 4)

FGM,(m/n/o/p): Vi =[1— m(0.5—z/h) +n(0.5 —z/h)°]" (5)
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Here m, n, 0, and p are the material parameters used in Ref. [18]. It is presumed
that the sum of volume fractions of ceramic (V) and metal (V) is written as

Vi+V,=1

4 Result

Free vibration behavior of conical shell is considered where mechanical parameters
are changing according to power law distribution. The mechanical constants are
presumed to be changing in accordance with rule of mixture (P-FGM) along the
thickness direction. The fundamental natural frequencies under fiixed and fixed-free
boundary conditions for different values of power law index (p) at different semi-
cone angle («) are reported. The FE software COMSOL is used to attain the natural
frequencies. The volume fraction range is p = 1 to p = 4 considered in this work.
Material properties are taken from [17]. The results are attained using FE software
COMSOL Multiphysics® (version 5.0) for different semi-cone angle («) and are
displayed in Table 1. It could be seen that with the increase of semi-cone angle
(o in degrees), the natural frequencies decrease under fixed-free boundary condition
which is shown in Table 1, and modal values for FGM conical shell under fixed-fixed
boundary condition are displayed in Table 2 for wide range of volume fraction index

Table1 Natural frequencies (Hz) of FGM1 conical shell under fixed-free boundary condition under
power law (R1 = 0.5 m, Lsin ¢ =2 m, ¢ = 50°, m = 1, h/R1 = 0.10)

Mode )4 Frequency (Hz)

a =140 a =50 o =060 a=70
1 1 174.35 110.47 62.541 30.362
2 2 181.7 116.56 64.830 30.916
3 3 191.78 124.29 67.898 31.842
4 4 203.52 131.79 71.496 33.004

Table 2 Natural frequencies (Hz) of FGM conical shell (R1 =0.5m, Lsin ¢ =2 m, ¢ =50°, m =

1, h/R1 = 0.20)
Mode p Frequency (Hz)

o =40 o =50 o =60 a=70
1 2 196.72 123.82 68.305 33.564
2 3 207.30 131.02 71.529 34.461
3 4 219.58 138.89 75.299 35.728
4 5 232.75 146.80 79.473 37.293
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Fig. 1 Mode shapes of FGM conical shell under fixed-free end condition (R; = 0.5 m, Lsin ¢ =
2m, ¢ =50° m=1, h/R; =0.10) at (@ = 40)

and semi-cone angle. It might be observed that with increase in volume fraction index,
the modal values increase. It may also be observed that with increase in semi-cone
angle, the modal values decrease.

The mode shapes of FGM conical shell under fixed-free end condition are
displayed in Fig. 1.

The variation of modal values with semi-cone angles («) is displayed in Fig. 2 for
different values of volume fraction indices.

5 Validation Study

The geometry of FG conical is shown in Fig. 3.

The geometric parameters are as small end radius (R1 = 0.5 m), thickness (h =
0.1 m), ¢ =50, Lsin ¢ = 2. The modal values attained by using FEM software under
fixed-fixed end condition are exhibited in Table 3. The modal values reported by
FEM are well satisfied with result published in [18].

The deform shape of FGM conical shell is displayed in Fig. 4. The results
acquired by using FEM for FGM conical shell are exhibited in Table 4. The effective
mechanical parameters are taken from [17].
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Table 3 Validation of modal values of homogeneous conical shell

Frequency (Hz) Ref. [18] [DQM] Ref. [18] HWDM FEM Error (%)
F1 227.59 227.61 227.67 0.03
F2 227.59 227.61 227.0.67 0.03
F3 239.71 239.72 237.23 1.03
F4 239.71 239.72 237.23 1.03
F5 275.27 275.33 267.45 2.84
F6 275.27 275.33 267.45 2.84
F7 333.69 333.72 332.33 0.40
F8 333.69 333.72 332.33 0.40
F9 350.59 350.65 351.43 0.23
F10 350.59 350.65 351.43 0.23

6 Conclusion

Free vibration analysis FGM conical shell has been computed where mechanical
parameters are graded continuously across thickness using power law distribution.
The modal values of conical shell have been attained for fixed-free and fixed-fixed
end condition. The modal values are computed using FEM software. The effect of
geometric parameters, semi-cone angle, and power law index on fundamental modal
values is explored. It could be seen that with the increase of semi-cone angle («),
the natural frequency decreases under fixed-free boundary condition. In now a day,
conical shells are used in many engineering fields.
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Fig. 4 Deform shapes of conical shell (Rl =0.5m, 2 =0.1 m, ¢ =50, Lsin ¢ = 2)
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Table 4 Frequencies of FGM1 conical shell under (R1 = 0.5 m, Lsing =2 m, ¢ = 50°, m = 1)
with fixed-free and fixed—fixed end condition

P

h/R1 | Boundary condition |FGMI (m = 1/n = 0/o/p)

Ref. [19] | Ref. [18] HWDM | COMSOL | Error (%)
Exact

0.10 |C-F 174.301 174.412 174.35 0.02

020 |C-C 232.923 232.994 232.75 0.07
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Performance Improvement )
of Microsurfacing Machine: A Case L
Study

Kratika Ravekar and Santosh Jaju

Abstract Microsurfacing has been used in the United States since 1980 as an upkeep
treatment for asphalt. The paper shows the advantages, impediments and elements
that add to effective utilizations of microsurfacing. The historical backdrop of micro-
surfacing, too as a definition and procedure portrayal of the treatment, is incorporated.
The assemblage of logical work on microsurfacing is appeared to advance its utiliza-
tion in preventative maintenance programs, and the potential for microsurfacing to
meet fixing ecological and budgetary limitations. Recommendations are given for
future exploration to extend microsurfacing’s applications and adequacy. This case
study consists of the different test and methodology used for the microsurfacing.
It is shows that how different authors have used various method and tools to make
microsurfacing more effective. The present work is showing that the microsurfacing
machine which is present in the industry faces some problem, while working on site,
i.e., sticking of microsurfacing material on the material discharge plate. Due to which
machine has to stop for cleaning it and after that it is back to the further work. Some
design modifications can be done to solve the problem of sticking microsurfacing
material on discharge plate.

Keywords Microsurfacing + Microsurfacing machine - METONG machine -
Requirements of microsurfacing mixture + Material discharge plate

1 Introduction

Microsurfacing is a fast traffic framework that permits traffic to return not long after
arrangement. Microsurfacing ought to be fit for acting in factor thickness cross-
segments, for example, grooves, scratch courses and processed surfaces. In the wake
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of relieving and starting traffic solidification, it should oppose further compaction.
The smaller scale surfacing will be applied as a homogeneous tangle, hold fast solidly
to the readied surface, and have a slide safe surface all through its administration
life. In indistinguishable classification of asphalt medicines from seal covering and
slender hot blend asphalt overlays, microsurfacing medicines spread the whole width
of the street to which they are applied. For the most part microsurfacing is delegated
a safeguard support treatment instead of a remedial upkeep treatment due to the
huge capacity of microsurfacing to seal and re-establish asphalt surfaces however
the powerlessness of microsurfacing to improve auxiliary defects [1].

1.1 Requirements of Microsurfacing Mixture

The mixture requires polymer modified bitumen emulsion, aggregates, synthetic
polypropylene fiber to resist abrasion and crack, cement, water and additive.

(D Bitumen Emulsion Properties
The sort of bitumen utilized has an effect on the blending and setting prop-
erties of the emulsion produced using it. The key execution attributes are
the infiltration and corrosive estimation of the bitumen. For trench filling
purposes, a 60/70 entrance grade bitumen was utilized instead of an 80/100-
infiltration bitumen which is regularly utilized for overlay purposes. The
base bitumen was gotten from center east unrefined which has low-corrosive
qualities. An elastomeric SBR polymer was consolidated into the emulsion
to improve the consistency and union of the microsurfacing and at last the
solidness of the surfacing. For ideal emulsion quality, the engineered-elastic
latex was presented by means of the water stage preceding processing during
the emulsion preparing. The emulsion was uncommonly defined to give the
ideal breaking time and to guarantee adequate setting properties of the blend
during placing.

(I)  Aggregate
The main necessity is to guarantee that the up-and-comer total can be depend-
ably provided to the predetermined reviewing. The reactivity of the total
impacts the emulsifier type and focus required to give a sufficient blending
time. The methylene blue and sand proportionality tests were utilized to
explore total movement. A mix of washed and unwashed smasher dust
sourced from Alpha Stone’s Pietermaritzburg quarry was chosen. Smasher
dust adjusting to the 0/8 evaluating and meeting the prerequisites were utilized
rather than the 0/6 reviewing which is utilized for overlays. The significant
segment and generally condemning of the blend for long haul execution. Total
source, degree and tidiness factor in the conduct of the framework. Total tests
required for lab blend structure.
(1) Gradation, (2) Hardness, (3) Soundness, (4) Sand Equivalent, (5)
Methylene Blue, (6) Water Absorption.
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(IIT)  Polymer modification

Reduces the temperature helplessness, the blend can be put in thicker lifts
while stays stable, the blend is speedy setting, enhanced toughness.

(IV) Mineral fillers

Mineral filler—portland cement, hydrated Lime, or aluminim sulfate are
utilized. The mineral filler contributes the ideal blending and setting attributes
of the framework and improves the consistency of the micro surface blend.

(V)  Other system components

Chemical added substances used to hinder or quicken the break of the frame-
work blend, application hardware and practices, environmental conditions,
road conditions, weather, water—should be a consumable asset free of defiles
that could influence the framework blend.

1.2 Advantages

Pollution free as no warming is required.

Very quick execution (up to 2 km/path/day) and could be opened for traffic inside
1-2 h (contingent upon climate conditions)

Quick development

Higher protection from scraped area

Longer life as oxidation/maturing is diminished.

No rolling and compaction are required

Saving in regular assets

Cost compelling

Water opposition, slide obstruction

Provide slip obstruction

Improve feel

Correct rutting and minor surface profile inconsistencies

Average execution life: 5-7 years

Minimize oxidation/maturing, diminish water invasion, right ravelling and
enduring.

1.3 Breaking/Setting/Curing

Breaking—An emulsion breaks when the black-top drops start to re-consolidate.
Outwardly saw when the material changes from earthy colored to dark and can
never again be hand worked. Breaking of microsurfacing blend ought to be in the
middle of 2—-3 min.

Setting—As the total is covered by the bitumen, the slurry blend sets. This is
the point at which the underlying removal of water happens. At the point when
water leaves the framework and bitumen accomplishes its unique state. Setting of
microsurfacing blend ought to be for the most part in a short time.
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e Curing—Not the entirety of the water is ousted during the breaking and setting.
Relieving is the term utilized for the ejection of a large portion of the water from
the tangle through vanishing or substance response.

It ought to be noticed that last fix (all out lack of hydration) can take times of as
long as about fourteen days; nonetheless, the vast majority of the water is removed
inside 24 h after application. As of now the aggregate is completely secured with
asphalt.

1.4 Site Process

e All raw materials, i.e., aggregates, fiber, emulsion, water, cement and additive are
feeded in to the slurry truck.

e (Calibrate the machine to ascertain required flow of all ingredients.

e All surface area should be clean to remove dust and debris with air compressor
and should be mark with safety cones prior laying of mix.

e Arrange labors for monitoring and adjusting laying, thickness, etc.

e Set flows for all ingredients and start production [2].

2 Case Study on Approaches Adopted by Previous
Research for Performance Improvement

Mahdi Zalnezhad and Ebrahim Hesami executed that microsurfacing surface
treatment was estimated and surveyed by utilizing steel slag material and thought
about it by siliceous totals.

e The total tests indicated that the steel slag has necessary properties to use for
microsurfacing blends. The outcomes got from the union test, it was perceived
that blends containing steel slag had more twist force and attachment than control
blend, and therefore, it is increasingly reasonable for traffic reviving.

e The outcomes got from wet-track abrasion test (WTAT) for 6 days, blends contain
steel slag that has much lower weight reduction than the control blend. As it
were, steel slag total expands the obstruction of black-top blend against stripping
occasion.

¢ The disfigurement of blends by means of loaded wheel test, it was perceived that
siliceous blend in ideal bitumen has a more fragile presentation than the blends
containing steel slag, and sometimes, it has surpassed the suggested limitations.
Also, the “blend containing 100% of steel slag has more side long and vertical
removal than the blend containing 60% steel slag” [7].
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Dominique M. Pittenger & Douglas D. Gransberg stated that the total aggregate
gathered from the Gurunanak smasher plant close by II'T-Guwahati had utilized in
their investigation. Three kind of total example has gathered from smasher plant.
“Test 1 is coarse total which is 9.5 mm passing and 4.75 held. Test 2 is fine total
which is 4.75 mm passing. Test 3 is dust which is passing 4.75 mm passing”. To start
with, the examination uncovers the estimation of long haul PPT field research, just
as a need to join both execution information and cost information when PPTs are
thought about. The investigation likewise exhibits the possible practicality of port-
land cement slurry seal (PCSS) as a groove filling pavement preservation treatments
(PPT), giving quantitative proof to remembering it as a possibility for the common
US department of transportation’s asphalt safeguarding program. The examination
created field preliminary information that exhibited that both microsurfacing and
PCSS perform viably and similarly based on surface rubbing under a similar traffic
and climatic conditions. Both PPTs offer conceivably practical answers for filling
grooves and expanding asphalt administration life. The significant commitment of
the paper is to improve the asphalt support designer’s possibilities for stretch the
department of transportation (DOT) financial plan by choosing the “right treatment”
for a given asphalt safeguarding venture [3].

Mostafa Poursoltani and Saeid Hesami uses the Reclaimed asphalt pavement in
microsurfacing blend. It was inspected as part of stone materials or every one of them
and its exhibition was contrasted and that of the traditional microsurfacing blend. The
utilization of reclaimed asphalt pavement in microsurfacing, aside from the positive
natural impacts, could improve a portion of the properties of the blend. In addition, to
accomplish better after effects of microsurfacing blend containing reclaimed asphalt
pavement.

e Mixtures containing RAP indicated a more fragile exhibition contrasted with the
blend containing 100% Virgin aggregate in both attachment test and WTAT (Wet-
track abrasion test), proposing that the bond of bitumen emulsion with the matured
bitumen spread over the RAP total surface was not as much as its attachment to
the virgin aggregate and was disturbed in a wet domain.

e The effects of the wet stripping test, Reclaimed asphalt pavement consolidation
in microsurfacing blends can take care of the issue of total non-covering gener-
ally. Likewise, in the attachment test, tests containing RAP showed a more note-
worthy obstruction to keep up total covering. Concerning short opening time of
microsurfacing, keeping up progressively total covering in the union test can be
critical.

e Mixtures containing reclaimed asphalt pavement had a higher protection from
flushing trouble. What is more, with an expansion in RAP substance of the blend,
this marvel happens at a higher temperature.

e The ideal bitumen required for blends containing reclaimed asphalt pavement was
higher than that of the blend containing completely virgin aggregate up to 1%.

e The blends containing 43%, 69%, and 95% RAP, the one with 69% RAP
demonstrated a superior exhibition [4].
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Shuguang Hou, Chen Chen, Junhui Zhang, Huajie Shen and Fan Gu described
four distinctive cationic emulsifiers that were used to get ready black-top emulsions,
and their impacts on the capacity strength and warm soundness were researched.
Likewise, the impacts of an assortment of elements on the presentation of micro-
surfacing blends were assessed, including blending time, demulsification time and
wet-track abrasion test (WTAT). The objectives of the study were to “explore the
correlations between different stability tests, and investigate the influence of different
factors on the performances of microsurfacing mixtures properties”.

e Fresh asphalt emulsions would in general have little molecule size and more
prominent explicit surface region. Black-top emulsion arranged with quaternary
ammonium salt emulsifier yielded the small molecule size and most promi-
nent explicit surface region, which demonstrated the most elevated stockpiling
solidness, trailed by asphalt emulsions.

e The stockpiling solidness test results were in concurrence with molecule size and
explicit surface region results, and there was a straight connection between square
of molecule size and capacity strength results.

e Asphalt emulsion arranged with xylonamide emulsifier yielded the most note-
worthy warm steadiness, and no predictable positioning was found between
capacity dependability and warm soundness.

e All impact factors examined above affect blending time and demulsification time
of blends, total degree, total temperature, extra water content, concrete substance
and sand proportional.

e Mixtures with higher black-top emulsion substance and sand equal would in
general have higher early quality and lower dampness helplessness [5].

3 Approach Adopted in the Present Work

Microsurfacing is used for the road construction, repairing and maintenance. When
the emulsion falls on the discharge plate the emulsion (thick solution) sticks over
material discharge plate which is presently in rubber form, due to its quick procedure
the water gets evaporated and the residue left is only the bitumen which sticks over
the material discharge plate. Material discharge plate has to be cleaned after every
pass to remove the bitumen which gets struck over the plate. For removing the
microsurfacing material along with water an opposite adhesive mixture is being
used whose properties are just opposite to the adhesive which allows the material
to clean over the plate. By using the opposite adhesives, the material is prevented
from sticking of the bitumen. The material which is being stick over the plate can be
removed by solvents which can be purchased from outside.

To remove this there is need of “Acetone, white spirit, dichloride and MTO chem-
ical thatis Mineral turpentine oil”. These solvents are used to remove sticked material
discharge plate, but these material turns out to be costly and they are not eco-friendly
it catches fire easily. So, the solvents cannot be used frequently to remove the stick
bitumen from “material discharge plate which is of rubber material”, there is a way
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Fig.1 Material discharge plate of microsurfacing machine

in which material of the material discharge plate can be changed to cure the sticking
problem which is caused in case of rubber. The other material can be used for the
discharge plate so that the bitumen does not get stick over the material discharge plate
used in the microsurfacing machine. For this, the material could be use such that it
should not get reacted with the atmosphere and get stick over the discharge plate
nor it should get hard enough to cause problem while operating. Figure 1 shows the
“material discharge plate of microsurfacing machine” on which the microsurfacing
materials gets stick.

3.1 Supreme Bituchem

Supreme is a company with experience in offering products and services in the
construction sector. Throughout our history of more than two decades, industry has
been successful in providing our customers with a variety of construction solutions
and lots of quality work. Suprema Bituchem India Pvt. Ltd. has made its name on
the list of the leading suppliers of paint and related products, bitumen in India. The
supplier company is based in Nagpur, Maharashtra and is one of the main suppliers
of listed products. Suprema Bituchem India Private Limited has been listed by Trade
India providing the highest quality of water-based bituminous primer, reflective
thermoplastic road marking paint, quick drying solvent-based road marking paint,
etc.

Supreme Bituchem India Private Limited is a leading manufacturer of a wide
range of technologically advanced products for the construction and infrastructure
industry. Their conflicts include a better understanding of the class of financial prod-
ucts and class products and effective solutions. Supreme Bituchem fully justifies its
appearance, creating an amazing spectrum of high-quality products such as pre-made
torches and self-adhesive waterproof membranes; PVC membrane, liquid waterproof
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membrane; Construction chemicals and building materials: Sealants, mixtures and
grout; Full range of bituminous products; Thermal insulation and heat management
products and anticorrosive coating and tape. They manufacture high-quality road
emulsions and modified and oxidized bitumen for hydride and road exfoliation.
Figure 2 and Fig. 3 shows the compost seal/micro-coating machine from the
METONG brand was recently developed in 2006 by the METONG company.
Unlike the comparative model in domestic advertising, the METONG LMT5310TXF
becomes increasingly practical, reliable and robust performance, maintenance and
common sense through the use of imported high-caliber and domestic sectors with
high cost. Smaller surfaces are good answer for roads that are in the early stage

Fig. 2 Microsurfacing machine

Fig. 3 Microsurfacing
machine (back side)
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of decay. A mixture of aggregate asphalt, water and fiber is applied to the existing
asphalt in a top coat. Small-scale coating offers several advantages: incremental slip
resistance, shade contrast, surface restoration and management life for fast, heavy
roads. METONG?'s richness is based on quality, imaginative design and first-class
customer care. The LMTS5310TXF (with case) focusses on the general understanding
of development and long- distance quality using 8 x 4 case. The power is 247 kW
[6] (Fig. 3).

4 Conclusion

It is analysed that the case study which is discussed above is all about the different
methods used in the field of microsurfacing to modify the microsurfacing mixture
as Mahdi Zalnezhad and Ebrahim Hesami used the steel slag and bitumen for the
performance of microsurfacing and Mostafa Poursoltani and Saeid Hesami uses the
RAP in microsurfacing blend. And the present study justifies that some problem
which industry is facing in the microsurfacing machine to reduce or eliminate that
problem some designs and different material such as aluminum alloys or other type
of rubber material should be used so that the loss which industry is facing, while the
machine is stopped can reduced.
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Abstract This paper investigates the effect of shear-thinning behaviour of non-
Newtonian lubricant on steady and dynamic performance of a control flow valve
(CFV)-controlled hydrostatic thrust bearing. A generalized Reynolds equation for
non-Newtonian lubricant is used to compute fluid film pressure in the flow domain.
Finite element method is used to obtain simultaneous solution of the Reynolds equa-
tion, Rabinowitsch fluid model equation and lubricant supply equation through CFV
device. The bearing performance has been evaluated using film pressure distribu-
tion, film reaction force, film stiffness coefficients, etc. The effect of shear-thinning
behaviour of lubricant has been examined on these performance indices of bearing
employing various recess geometry. It has been found that shear-thinning nature of
lubricant has an adverse effect on static and dynamic behaviour of bearing. However,
these effects can be partially minimized by a judicious selection of geometric shape
of recess.
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1 Introduction

Externally pressurized thrust bearing is generally used to support heavy axial load
in applications [1] such as hydroelectric turbo-rotors, vertical pumps, lock gates,
telescopes and ship propulsion system observatory domes. Compared to hydrody-
namic bearing, design of hydrostatic bearing is more involved and requires special-
ized design and application practices. Some of the unique advantageous offered by
these bearings are low friction (no metal-to-metal contact), very low wear rate, high
load carrying ability, etc. These bearing also provides good dynamic characteris-
tics, which is quite desirable while operating precision instrument and measuring
devices/machines.

The performance of such bearings can be suitably managed by an adequate
selection of compensating device, pocket geometric configuration/dimensions and
type/adequate quantity of lubricant [1, 2]. The compensating devices act as an inte-
gral component of a hydrostatic bearing system. Capillary and orifice are commonly
used flow control device in such bearing. These compensating devices are based
on constant supply pressure system. Control flow valve is another compensating
device which is based on constant flow system. Rectangular and circular shape
[1-3] are most widely used recess configuration in these system because of their
ease in manufacturing and production. However, technological progress in manu-
facturing techniques, for instance, micro-stereolithography, micro-machining, laser
surface modification [4, 5], etc. have enabled bearing designers to produce micro
and macro-features with high degree of accuracy and repeatability. Normally, the
recess as mentioned in hydrostatic bearing represents a macro-feature. The depth
of recess is usually very large as compared to the nominal film thickness, whereas
micro-features are dimples, grooves or patterns whose depth is of the order of film
thickness. Laser surface texturing (LST) over the last decades has emerged as new
technology to enhance tribological performance of fluid film bearings. Although,
suitability of LST in improving performance of hydrodynamic bearings is widely
accepted and recognized [5], yet a very limited studies [6, 7] are available dealing
with investigation of LST in improving the performance of hydrostatic/hybrid bear-
ings. It has been reported that providing micro-features in hydrodynamic/hybrid
bearings [5-7] can substantially enhance load-supporting ability and reduce the film
frictional power loss.

Lubricant used in commercial applications is subjected to severe operating condi-
tion such as sustaining heavy loads at low speed and high temperature. For bearing
to work satisfactorily under such operating conditions, stock oils are often blended
with additive agents such as anti-wear additives, corrosion-resistant additives and
viscosity improvers. The viscosity improvers are often added to stabilize viscosity
variation of the lubricant at high strain rate [8]. The viscosity improvers are long-
chain polymer additives. The use of additives imparts non-Newtonian character to
the lubricant, making them exhibit nonlinear relation for shear stress and strain rate.
Researchers have performed experimental studies [9-15] to investigate the friction
and wear response of tribo-pairs operating with various non-Newtonian lubricants.
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Initially, Wada and Hayashi [9] experimentally investigate the performance of a
hydrodynamic journal bearing employing lubricant blended with viscosity improver
additives. The author concluded that lubricant containing such additives behaves as
Psuedoplastic fluids, which can be theoretically better described using cubic shear
stress fluid model. Later, researchers have investigated the friction-reducing prop-
erties of additives in tribo-pairs such journal bearings [10], rubbing surfaces [11],
clutch [12] and squeeze film [13]. Many theories such as couple stress [14], electri-
cally conducting [15], power law [13], and Rabinowitsch model [16, 17] are available
to describe the nonlinear characters of lubricants. Couple-stress model describes
the effect of additives size, which is altogether neglected in classical Newtonian
mechanics. Kumar and Sharma [ 14] investigated the effect of couple-stress additives
on dynamic performance of annular recessed thrust bearing. The authors reported
a marked improvement in stiffness and damping coefficient owing to the presence
of couple-stress lubricant. Another investigation on squeeze film performance of the
thrust bearing [15] reported an enhancement in damping coefficient and reduction in
stiffness capabilities by use of electrically conducting fluids. Wu and Dareing [13]
experimentally studied squeeze film performance of CFV controlled thrust bearing
operating with non-Newtonian lubricant. The lubricant is formulated by adding traces
of graphite powder in the ethylene glycol. The author reported that non-Newtonian
nature of such lubricant can be expressed using power law model. Lin [16] and Singh
et al. [17] performed a theoretically investigated on the static performance param-
eters of annular recessed thrust bearing lubricated with non-Newtonian fluid. The
authors [16, 17] reported a substantial decrease in load-supporting ability of parallel
annular disc due to shear-thinning effect of lubricant at high rotating speed.

The literature review compiled here indicates that Rabinowitsch fluid model
[9] confirms well with experimental results, while describing the shear-thinning
behaviour of non-Newtonian lubricants. Some studies are reported to regarding
squeeze film operation of thrust bearing lubricated with Psuedoplastic lubricant.
However, these studies are either confined to annular recessed thrust bearing [17] or
uncompensated parallel plates [16]. Furthermore, there is dearth of studies related
to the dynamic performance of thrust bearing, considering combined influence of
recess configuration/dimension and Psuedoplastic lubricant. Therefore, present work
is aimed to investigate the effect of recess configuration, and shear-thinning behaviour
of lubricant rotor dynamic performance of CFV is compensated thrust bearing.

2 Governing Equations and Finite Element Formulation

The layout of a hydrostatic thrust bearing and configurations of recess under inves-
tigation is illustrated in Fig. 1a, b. The bearing system employs a control flow valve
(CFV) to regulate the supply of lubricant into the bearing system. The flow of lubri-
cant has been considered to be laminar, isothermal and incompressible. The lubri-
cant is assumed to be non-Newtonian in nature. The shear-thinning behaviour of
lubricant is theoretically described using Rabinowitsch fluid model. The flow of
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Fig. 1 a Layout of hydrostatic thrust bearing. b Recess geometric details

non-Newtonian fluid in narrow passage between thrust and runner surface has been

expressed using a generalized Reynolds equation.
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The present bearing system has been numerically simulated for squeeze film oper-
ation of bearing surfaces. As the system is at rest (2 = 0), therefore hydrodynamic

term in Eq. 1 can be disregarded.
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Finite element approach has been used to render partial differential equation
(Eq. 3) into a set of linear algebraic equations. Four node quadrilateral elements
have been used to discretize the pad surface. Primary field variable, i.e. fluid film
pressure has been approximated to be varying bilinearly along x and y direction,
within an element.

4
1
P=) [NF;]: Ny = 20+ &6 +mim) @
j=1

Weighted residual method and Galerkin approach have been used to obtain the
week form of Reynolds Eq. 3.

Pol&(Es g

Simplification of Eq. 5 yields global system of equation representing fluid flow
over the pad surface:

Jj=1
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The shear-thinning behaviour of lubricant has been incorporated into above equa-
tion (Eq. 6) using Rabinowitsch fluid model. The constitutive flow equation for such
lubricant is as follows:

TH+kT =% (7)
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The next step is to integrate the flow control valve into the thrust bearing system.
This can be achieved by locating all the nodes on the outer edge of recess. The sum
of lubricant flow rate through all these nodes must be equated to the lubricant supply
rate through the CFV device (Qcpy) in the bearing system. This enables coupling of
CFV device to the pocket of bearing.

E” Elz "'EU "‘EI" Dot [ RS,
Fy Fp sz R ﬁoZ 62 R_S2
o T B RS ©)
Fj Fjpo - Fjj oo Fin Doj Or RS;

| 7nl FnZ fnj an dL ﬁon _ L En _ L ﬁ” _



108 V. Kumar et al.

The swift-Stiber boundary condition is applied on all the nodes located at the
outer edge of pad. This ensures conservation of mass at outer boundary of thrust
pad, where fluid film pressure smoothly approaches to ambient pressure. In order
to obtain steady-state performance parameters such as film pressure distribution
and film reaction force, the squeeze terms in equation can be neglected. Thereafter,
Gauss—Siedel iterative numerical technique is used to get film pressure distribution
in land area of pad.

4l ",

Film Reaction : F, =) // > PN; |[T|dgdn t + > AP, (10)

e=1 150 j=1 e=1

Afterwards, perturbation technique will be used to compute film pressure gradient
with respect to change in film thickness and squeeze velocity. These pressure gradient
will enable us to compute film stiffness and damping coefficients by performing
integration using Gauss-Legrende, over the fluid flow domain as follows:
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3 Solution Procedure

In the present work, finite element (FE) simulation of thrust bearing is carried out. The
solution of flow governing equation has been obtained using Gauss-Siedel/Newton
Raphson iterative technique. The geometric/operating condition of bearing system
is listed in Table 1.

A source code is developed to solve flow governing equation for primary field
variable, i.e. fluid film pressure. In order to ensure reliability of numerical results,
grid independence test has been performed for each pocket shape. In addition to
this, repeatability of numerical results has been achieved by setting a convergence
of order of 10~ on film pressure. Once the solution scheme gets terminated, perfor-
mance variables of bearing would be computed using analysis presented in preceding
section. The step-wise solution scheme adopted for present work is as follows:
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Table 1 Bearing geometric I . .
. . nput parameters Dimensional value

and operating conditions
Radius of pad (r,) 100 mm
Circular pocket radius (r;) 50 mm
Sectorial pocket details rso = 75 mm; rg; = 25 mm
Annular pocket details rso = 71 mm; rg; = 50 mm
Square pocket details 1 = 88.6 mm
Film thickness 0.05 mm
Supply pressure 5 MPa
Lubricant viscosity 0.034 Pa s

Nk LD

Input geometric and operating parameters, discretize bearing domain, initial-
ization of field variables.

Generation of gauss point within four-node iso-para element.

Compute viscosity integrals (F¢, F'; and F») for lubricant.

Establish film thickness on elements.

Compute elemental matrices.

Perform assembly of elemental equation into global matrix equations.
Solution of global equation for pressure distribution using Gauss—Siedel and
Newton Raphson method.

Check for convergence on primary field variable (film pressure). If convergence
is not meet, jump back to step 3.

Computer bearing performance indices, once iterative scheme is terminated.

After establishing the solution scheme, the accuracy of newly developed math-

ematical model is verified by regenerating the numerical results for on hydrostatic
thrust bearings (from the existing literature). Jain and Sharma [3] had derived series
solution expressions for thrust bearing lubricated using Newtonian lubricant. The
developed source code has been used to simulate the bearing system from reference
study [3]. The comparison of numerical results and analytical results from reference
study [3] is depicted in Table 2. This comparison indicates a good agreement and
validates the developed numerical model for thrust bearing.

Table 2 Validation with published available literature on hydrostatic thrust bearing

Restrictor coefficient (ﬁz) Non-dimensional performance indices
P, F, s D
5 Ref. [3] |0.9220 1.5670 |0.6770 |0.8902
Present | 0.9218 1.5612 | 0.6808 |0.8713
10 Ref. [3] |0.9780 1.6620 |0.213 0.6810
Present | 0.9781 1.6564 |0.2146 |0.6645
15 Ref. [3] |0.9900 1.6820 |0.0984 |0.6342
Present | 0.9904 1.6767 |0.1001 |0.6174
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4 Results and Discussion

In this section, numerical results are presented and discussed in details for externally
pressured thrust bearing operating with non-Newtonian lubricant. Influence of recess
configuration and shear-thinning behaviour of lubricant has been discussed on film
pressure profile, film reaction force and film stiffness and damping coefficient. Four
different configurations of recess: circular, sectorial, square and annular are compared
w.r.t bearing performance indices. The shear-thinning behaviour of non-Newtonian
lubricant id characterized by fluid flow index (k = 0.2 ~ 1). When the value of k
approaches towards zero, the lubricant starts to approximate Newtonian behaviour
in the bearing.

Figure 2 presents the effect of configuration of recess and value of flow index
on film pressure profile. It can be seen that shear-thinning behaviour of lubricant
tends to shrink film pressure envelope above the thrust surface. It could be attributed
to a decrease in the apparent viscosity of the fluid. In addition to fluid flow index,
the shrinkage in film pressure profile is noticed to vary considerably with respect to
geometric configuration of recess, provided in the pad. This indicates that geometric
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Fig. 2 Effect of geometric configuration of recess on film pressure envelope on thrust bearing
lubricated using Newtonian and Psuedoplastic fluid
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configuration of recess has a strong influence on film pressure distribution. Figure 3
depicts variation in pocket pressure with respect to fluid flow index for various
recess configurations. Irrespective of recess configuration a continuous drop in recess
pressure has been noticed with an increment in value of fluid flow index. It has
been noticed that circular and square recess (vis-a-vis annular and sectorial recess)
generates higher fluid pressure in the recess. The drop in circular and square recess
pressure with respect to k is also noticed to be more step as compared to annular and
sectorial recess. This indicates that annular and sectorial recess effectively counter
a drop in apparent viscosity due to shear-thinning behaviour of lubricants.

Figure 4 presents variation in film reaction (force) with respect to an increase
in Psuedoplastic nature of the lubricant. The result presented in Fig. 4 is closely
following the trends of fluid film pressure profile and values depicted in Figs. 2 and
3. This is because film reaction is obtained by integrating film pressure over recess
and land surface of thrust pad. It can be seen here that circular and sectorial recess
configurations generate maximum and least film reaction while operating with both
Newtonian lubricants (k = 0) and Psuedoplastic (k < I) lubricants. Comparatively,
using circular recess vis-a-vis sectorial recess enhances load carrying capacity by
52.8% and 52.3% while operating with Newtonian (k = 0) and Psuedoplastic (k =
1) lubricants, respectively. The numerical results in Fig. 4 can be described by using
following trends.
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Fig. 4 Fluid film reaction
versus flow index
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Figure 5 depicts influence of recess configurations on stiffness coefficient of
bearing lubricated using non-Newtonian fluid. Among all recess configurations,
circular recess is noticed to be imparting maximum stiffness capabilities to the
bearing. A sharp reduction in stiffness coefficient is observed with respect to an incre-
ment in value of fluid flow index. This reduction in stiffness coefficient is noticed to
be lying in range of —24.2% (Annular) to —28.1% (Sectorial). The numerical results
from Fig. 5 can be summarized using following trends:

’ S ‘ Psuedoplastic(s ‘ Newtonian

Fig. 5 Stiffness coefficient 3.5
versus flow index q —6— Circular
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Fig. 6 Damping coefficient 2.8
versus flow index
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The numerical results for damping coefficient of bearing system are presented in
Fig. 6. It can be clearly seen that shear-thinning nature of lubricant has an adverse
effect on damping capability of the system. However, this effect can be partially
reduced by an adequate selection of geometric configuration of recess. The numerical
results from Fig. 6 can be deduce as follows:

| D | Psuedoplastic(D | Newtonian

| D | Annular<D |Circular(l_) | Square Newtonian:k—s0

’ D |Annular(D ‘Circular(D ‘ Square(D ‘ Sectorial Newtonian:k—s 1

The square and circular recess can be good choice if shear-thinning phenomenon
is negligible, or the lubricant is exhibiting a Newtonian character. At high shear-
thinning rate, the sectorial recess can be opted from the viewpoint of achieving
better damping capabilities in the bearing.

5 Conclusions

Following conclusions could be deduced from the numerical simulation of thrust
bearing:
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The shear-thinning effect in lubricant adversely affects the performance of a CFV-
controlled thrust bearing.

The loss in the performance level/indices of thrust bearing due to shear-thinning
in lubricant can be partially mitigated by an appropriate selection of recess
configuration.

Under given operating conditions, circular/square recess should be preferred
choice, when shear-thinning effects are negligible, and bearing design criteria
are generating higher load carrying capacity/stiffness characteristics.

The sectorial recess should be preferred, when bearing design criteria is primarily
damping characteristics, and shear-thinning effects are profound during operation
of bearing.
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Feasibility and Performance Analysis )
of Earth-Tube Heat Exchanger i

Rampal Singh and V. K. Dwivedi

Abstract The temperature of Mathura is as high as 50 °C in summer, and it is as low
as below 10 °C in winter. So we may utilize the fact that the temperature of earth at
a depth of 2—-3 m is constant throughout the year irrespective of the season, and that
constant temperature is called earth undistributed temperature (EUT) so this maybe
utilized for heat rejection of air in the summer for cooling purpose (heat source) and
heat addition of air in the winter for the heating purpose. Current setup is developed
to explore possibility of EAHE installation for heating and cooling in Mathura region
to curb demand of energy consumption. For this small setup of ETHE was developed
at GLA University, Mathura. Tube or pipe MS/GI can be buried at above-mentioned
depth, and air can be made to pass through these tubes by employing a blower into it.
In present experiment, a setup is established at GLA University, Mathura. It consists
of MS pipes and blower of 600 W. To analyze the performance of ETHE of current
setup, measurement of atmospheric temperature and inside temperature of soil at
depth of 6 feet in summer is done. This data is also calculated for winter season.
Calculations of the amount of heat transfer and work input to blower were done by
applying suitable thermodynamic formulae and data. Calculation of the coefficient
of performance was also done.

Keywords ETHE - Constant soil temperature + Cabin heating cooling + Summer
and winter temperature

1 Introduction and Literature Survey

A large amount of electrical energy is consumed in heating and cooling of residen-
tial building and commercial building by using conventional methods. Generally,
conventional method used is VCRS, and refrigerant is used which causes damage
to the environment. It causes greenhouse effect and global warming. ETHE could
be a potentially proven method for heating and cooling purposes. As air is used as
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working fluid, it does not have any depleting effect on environment. ETHE is effi-
cient, economic and environmentally friendly [1]. The concept of constant temper-
ature of earth surface below 2-3 m or inertia of ground which is called earth undis-
tributed temperature can be utilized for heating/cooling to provide thermal comfort
[2-4]. Two types of looping system can be used—vertical loop system and hori-
zontal loop system. In vertical loop system, pipe has to be buried deep inside earth’s
surface. In horizontal loop, pipe has to be buried 1-3 m deep in earth’s surface.
Earth-tube heat exchanger can also be classified as open-type ETHE in which air
passes through buried tubes for preheating and precooling later heated by conven-
tion units, and closed-type ETHE in which heat carrier medium is circulated within
the tubes [5] Mathura is a potential region for it as the temperature variation is quite
high. Researchers have suggested that it can be utilized in the regions where temper-
ature difference is quite high which means temperature difference between summer
and winter is high. On conventional energy, resources are better option of clean and
sustainable energy. This kind of energy is, at principle, inexhaustible and can be
founded and exploited equally well on the planet. Problem associated with ETHE is
humid nature of climate in rainy season, and condensation takes place within the pipe
and damages the system [6]. Greenhouse cultivation is also feasible with ETHE in hot
and arid climate [7]. Experimental setup is designed to show temperature difference
which is dependent on area also. If one provides fins’ arrangement over the pipe,
then heat transfer is more than without fin arrangement [8]. It has sufficient potential
to cool outside air [9]. In present setup, feasibility analysis of ETHE is done, and
also calculation for the performance of ETHE is made.

2 Experimental Setup

2.1 Components

e MS pipe is used to carry air inside and deliver it, which transfers heat to ground
and delivers it to space where cooling and heating have to be done. It is of 2 inch
diameter.

e Elbows are used to connect MS pipe at 90°, so that pipes could be connected as
per the connection made in drawing.

e Blower is used to suck air from atmosphere and send it to underground pipes.

Here blower used is

Of 600 W, supplying air at 2.5 m?/min rotating at 15,500 rpm.

Fiber sheets are used to make envelope where air is to be supplied.

Adhesives are used at joint to prevent leakage of air.

Pyrometer is used to measure the temperature.
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Fig. 1 a Schematic diagram of ETHE, and b actual image of practical ETHE above ground

2.2 Procedure

[ON]

A pit is dug in the earth of dimension 10 x 4 x 6 cubic feet.

In pipe arrangement, five MS pipes kept inside pit, and two PVC pipes on entry
and exit point are put up inside the pit as shown in Fig. 1. Pipes were connected to
each other through elbow. Along with elbow, adhesive was also used to prevent
leakage of air at joints.

Backfilling the pit with soil extracted and ramming it.

Measure temperature and environment temperature of the pit by putting
thermometer inside it.

Later on, we measure temperature inside the cabin after running the system for
15 min.

2.3 Thermodynamic Analysis

There are two processes involved:

1.

Adiabatic compression process—Blower is a machine that takes in air at atmo-
spheric pressure, compresses it by using centrifugal force and delivers it at higher
pressure. This process is shown as process 1-2 on P-T diagram.

Constant pressure heat absorption—During winter, atmospheric air at lower
temperature is made to pass through the soil at depth which is at higher tempera-
ture; hence, air will absorb heat from soil. This is constant pressure heat addition
process. This process is shown as process 2—3 on P-T diagram as illustrated in
Figs. 2, 3,4, 5 and 6 and corresponding data is provided in Tables 1, 2 and 3.
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a Soil at Depth of 6 feet b Soil at Depth of 6 feet

In — ., F | In -, F |
O;-Hu:nbwldbvm m-HemJemenbvair

e Wi=Workinput | W =Workinput |

8 L TN
Atmosphericair Atmosphericair
Cabin where hot air b Cabin whese hot air is
supphed e — suppled - -
' ’|
Q;= heatrejected to room Q;= heatabsorbed by air

Fig. 2 a Thermodynamic cycle of ETHE for winter and b thermodynamic cycle of ETHE for
summer
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Fig. 3 a Pressure-temperature diagram of ETHE and b pressure—temperature diagram of ETHE
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Fig. 5 Temperature
variation between inside soil
and outside

Fig. 6 Variation of cabin
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2.4 COP Calculation

Performance of heating and cooling system can be gaged in terms of coefficient of
performance (COP). It can be defined as the ratio of desired effect and work input.
For cooling, desired effect is amount of heat absorbed from space where cooling
has to be done. For heating, desired effect is amount of heat rejected to space where
heating has to be done [10].

COP = desired effect/work supplied.

The coefficient of performance is calculated by formula proposed by ASHRAE
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Table 1 Temperature measurement in winter

S. No. | Date Day Time Tam (°C) | Tiside (°C) | AT (°C)

1 15-Dec-18 | Saturday 9:00 AM 12.4 20.2 7.8

2 15-Dec-18 | Saturday 11:00 AM 16.5 21.6 5.1

3 17-Dec-18 | Monday 8:00 AM 11.8 22.6 10.8

4 17-Dec-18 | Monday 2:00 PM 14.7 21.3 6.6

5 18-Dec-18 | Tuesday 7:00 PM 9.2 19.4 10.2

6 18-Dec-18 | Tuesday 9:00 PM 6.9 18.5 11.6

7 22-Dec-18 | Saturday 10:00 AM 8.6 223 13.7

8 22-Dec-18 | Saturday 4:00 PM 14.3 21.9 7.6

9 5-Jan-19 Saturday 8:00 AM 8.7 214 12.7

10 9-Jan-19 | Wednesday | 10:00 AM 9.6 20.4 10.8

11 15-Jan-19 | Tuesday 4:00 PM 14.1 19.6 5.5

12 23-Jan-19 | Tuesday 8:00 AM 16.2 21.7 55

13 28-Jan-19 | Monday 9:00 AM 10.6 21.1 10.5

14 30-Jan-19 | Wednesday | 8:00 AM 12.6 22.7 10.1
Average temperature difference 9.17857

Table 2 Temperature measurement in summer

S. No. Date Day Time Tatm | Tinside | AT (°C)
1 15-Apr-19 | Wednesday | 10:00 AM |35.6 | 27.2 8.4
2 20-Apr-19 | Monday 2:00PM | 37.8 |30.5 73
3 22-Apr-19 | Wednesday | 8:00 AM |32.6 |25 7.6
4 25-Apr-19 | Saturday 3:00PM 342 | 28.4 5.8
5 30-Apr-19 | Thursday | 11:00 AM |36.3 |29.2 7.1
6 2-May-19 | Saturday |3:00PM |38.7 |27.2 |11.5
7 4-May-19 | Monday 2:00PM 352|264 8.8
8 6-May-19 | Wednesday | 4:00 PM | 37.6 | 28.1 9.5
9 8-May-19 | Friday 8:00 AM |36.5 [29.3 72
10 8-May-19 | Friday 4:00PM |394 |27 124
11 11-May-19 | Monday 9:00 AM |33.8 |28.4 54
12 12-May-19 | Tuesday 10:00 AM | 36.1 |27.9 8.2
13 14-May-19 | Thursday |5:00 PM |32.4 | 28.1 43
14 16-May-19 | Saturday 11:00 AM | 37.4 | 28.3 9.1
Average temperature difference 8.04286




Feasibility and Performance Analysis of Earth-Tube Heat Exchanger 121

Table 3 Temperature difference between cabin and outside air

S. No. Date Day Time Tam | Tinside | AT (°C)
1 18-Apr-19 | Thursday |8:00 AM |38 |35.5 |25
2 18-Apr-19 | Thursday | 8:30 AM |37.4 363 |1.1
3 19-Apr-19 | Friday 11:00 AM |38.6 |34.7 |3.9
4 19-Apr-19 | Friday 11:30 AM 374 |36.1 |13
5 20-Apr-19 | Saturday 1:00PM |39.2 (374 |1.8
6 20-Apr-19 | Saturday 1:30PM | 429 408 |2.1
7 22-Apr-19 | Monday 11:00 AM |43 |40.7 |23
8 22-Apr-19 | Monday 11:30 424 1412 |12
9 23-Apr-19 | Tuesday 9:00 AM |39.8 384 |14
10 23-Apr-19 | Tuesday 9:30 AM 405 (392 |13
11 24-Apr-19 | Wednesday | 11:00 AM |38.1 |37.4 0.7
12 24-Apr-19 | Thursday | 11:30 38.7 1362 |25
Average temperature difference 1.84167

COP = Qour/WiN (1)

Qout = me(Tcabin - atm) (2)

For present blower used in setup, volume flow rate = 2.5 m*/min, W = 600 W
(power of blower), density of air = 1.14 kg/m? and volume flow rate = 2.5 m?/min
(Fig. 7).

Fig. 7 Plot of COP COP=Qout/Work input
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Cold air is used to heat the space, so small space of PVC fiber with a small
door was created, now measure the temperature of ambient air and temperature of
air inside the cabin, and we run the system for 15 min every time to measure the
temperature, but temperature difference was not much, so we did not receive favorable
results. Possible causes of it could be the unappropriated length of pipe, incorrect
capacity blower velocity of air and depth of pit. It is evident from data collection
that temperature difference between soil temperature and atmosphere temperature is
9.17 °C in winter, while in summer it is 8.04.

One may notice that in cabin, much temperature difference could not be obtained
due to following reasons:

1. Size of pipe might not be sufficient enough to transfer heat from ground to air
inside the pipe.

2. Thermal conductivity of soil might not be good enough to transfer heat from
soil to MS pipe.

3. There were some leakage from cabin to outside; hence, some heat of outside air
was continuously entering the cabin.

4. There might be time constraints, when air is flowing inside the tube it might not
getting sufficient time to transfer heat from soil to air or vice versa.

5. Soil transfers heat slowly and has high thermal capacity, so temperature changes
slowly.

6. Low thermal conductivity of soil.

7. Velocity of air is high.

Method for calculation of COP is suggested as mentioned in Table 4 [11].

3 Conclusion

Experimental study has been carried out on set developed. Various parameters like
temperature, heat absorbed and coefficient of performance for the installation of
ETHE have been measured/calculated using thermodynamic equations/formulae.
Temperature variation between soil and atmospheric air is obtained after measure-
ment, and depth of 2-3m is good enough to utilize it for heating and cooling
purpose during winter and summer, respectively. Value of COP is low due to reasons
mentioned in result. Results obtained were consistent with the research done at other
part of world. One may conclude if properly designed ETHE could be potential alter-
native for building heating/cooling. One need to select design parameters accurately
to make it of practical use.
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Combined Objective Optimization )
of FMS Scheduling by a Hybrid Genetic oo
Algorithm

K. Gayathri Devi, R. S. Mishra, and A. K. Madan

Abstract Flexibility is an important character of flexible manufacturing systems
(FMSs). All the developments made so far aims to improve the flexibility in FMS.
Scheduling plays an important part in obtaining that flexibility while implementing
a FMS. In real-world scenario, scheduling problems are more complex and hence
solving single objective is not enough anymore. This article addresses one such
problem where an attempt has been made to minimize the machine idle time and to
minimize the overall penalty cost by combined optimization. A new novel hybrid
method christened as GAPSOTS has been introduced in this paper. The hybrid tech-
nique is an amalgamation of three meta-heuristics approaches, namely genetic algo-
rithm (GA), tabu search (TS) and particle swarm optimization (PSO). To deter-
mine the validity of the proposed approach, two large variety problems of 43 jobs
16 machines and 80 jobs 16 machines of FMS system taken from literature are
solved for optimal scheduling. The feasibility and adaptability of the hybrid algo-
rithm GAPSOTS are found by comparing experimental outcomes obtained from
other hybrid techniques. The optimal schedule obtained by GAPSOTS surpasses
other existing meta-heuristic techniques, thereby proving the proposed algorithm is
superior in its performance.

Keywords Flexible manufacturing systems (FMS) - Scheduling - Genetic
algorithm - Tabu search - Particle swarm optimization (PSO) - Hybrid
meta-heuristics

1 Introduction and Literature Review

Increasing customer demand in the market leads to question the efficiency of mass
production. Flexible manufacturing system has to achieve success by meeting up
the highly increasing competition in the market. An efficient FMS must fulfil the
demands of market where customized products are gaining importance. An efficient
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FMS should have highly reliable flexibility. The scheduling optimization is one of
the important problems in FMS as it decides the efficiency and capability of the
system. It is highly complex. It differs from conventional scheduling by routing
flexibility that is available in the FMS. Scheduling is critical as its primary goal
is to minimize the time taken to finish a product within a deadline. The level of
difficulty for sequencing and scheduling of FMS depends upon the type of FMS,
its process constraints and the performance parameters. Scheduling is one of the
“NP” (nondeterministic polynomial time) hard problems, and it is complex in both
time-wise and computational-wise.

Scheduling is a problem where jobs are allocated to particular machines with
processing times and specific sequence of operations. It has to be ensured that
machines are available without any breakdown, and it has to process an opera-
tion uninterrupted [1]. The intricacy of scheduling problem in a FMS is difficult
than conventional job shop scheduling, as it should allocate jobs among the set of
machines available. It is a well-known NP hard problem.

1.1 Earlier Research

FMS can be classified as (a) design problems (b) planning problems (c) scheduling
problems (d) control problems. Stecke [2] proposed a framework to study plan-
ning and scheduling problems of FMSs. FMS problems are solved by traditional
techniques and non-traditional techniques like meta-heuristics. In our proposed
approach, we have used meta-heuristic techniques. Hence, the review is mainly
done for scheduling problems that used meta-heuristic techniques. Zhao et al. [3]
have presented a genetic algorithm with the concepts of virtual and real operations.
Chromosome coding and genetic operators of GAs are defined during the problem
solving. A minimum weighted tardiness objective function is used to define code
fitness, which is used for selecting species and producing a new generation of codes.
Kumar et al. [4] have used ACO for the graph-based representation of the FMS
scheduling problem. The authors have studied the performance of various parame-
ters and validated it. Noorul Haq et al. [5] have contemplated production and MHS
scheduling in combination. The authors studied different scheduling decisions of
FMS to check its efficiency by GA and SA. Jerald et al. [6] have proposed four
different approaches such as PSO, GA, SA and memetic algorithm (MA) for large
variety of problems with 10—43 jobs and 8—16 machines. PSO showed its superior
performance over other techniques. Gnavel Babu et al. [7] have made AGV as a part
of the scheduling problem. The author demonstrated the effectiveness of proposed
differential evolution in obtaining optimal solutions for simultaneous scheduling
for the same. Udhayakumar and Kumanan [8] have adopted extended Giffler and
Thompson to generate an optimal schedule by an ACO approach. Their algorithm
was found to be superior as its results are better than other techniques found in the
literature. Sreedhar kumar et al. [9] have solved a combined objective function by
bacterial foraging algorithm (BFOA). They moderated the penalty by including a
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reward and evaluated the effectiveness of objective function. Nidish Mathew Nidhry
et al. [10] have attempted to solve a multi-objective problem. The authors consid-
ered 16 machines with 80 job varieties. And they have proved that their algorithm
performs better than other algorithms. Reddy and Rao [11] considered the simulta-
neous scheduling of machine and automated guided vehicles for multi-objectives.
The authors considered some benchmark problems reported in the literature and
few case studies to test the proposed hybrid GA and found the algorithm to have a
better performance. Burnwal and Deb [12] had developed a modified cuckoo search
to solve a 43 jobs with 16 machines problem. They have proved that CS requires
less time to converge and have the potential to explore further. Chawla et al. [13]
have investigated the simultaneous scheduling of AGVs workload and its travel time.
They have considered multi-objectives and obtained the optimal schedule by grey
wolf optimization algorithm (GWO).

Literature review shows that various meta-heuristics have been applied in order to
achieve the best optimization of benchmark problems. Though many meta-heuristic
techniques have found success in finding optimal solution, there is still a scope to
find better optimal result when we hybridize the meta-heuristic techniques. One such
attempt has been made in this article, and an amalgamation of genetic algorithm (GA),
particle swarm optimization (PSO), tabu search (TS) has been done. The resulting
hybrid technique is christened as GAPSOTS. The main advantage of this hybrid tech-
nique is that we have used one global search and two local search methods, thereby
preventing the trapping of local optima. GA has good probability for finding better
global solutions, PSO is known for solving combinatorial optimization, and TS gives
a better neighbourhood search. The novel algorithm GAPSOTS has been applied to
generate optimal schedules for the FMS environment taken from the literature for
combined objectives, which contradicts each other. The FMS environment consid-
ered in our paper is for two different set-ups, a 43 jobs 16 machine problem and 80
jobs 16-machine problem. The outcomes are then compared with existing optimal
values taken from the literature for the same problems. The results and future scope
have been discussed in results section.

2 Problem Definition

The FMS set-up considered in this work, the assumptions made and objective of the
present work are adopted from [6] and are presented in the following points.

1. The FMS set-up taken in this work is shown in Fig. 1. It has five flexible
machining cells (FMCs), with two to six computer numerical machines (CNCs)
for each FMC, an autonomous tool magazine, one tool changer (ATC) that is
automatic and one pallet changer (APC) that is automatic. One to three dedicated
robots are assigned for intra cell movement of resources among the jobs. A
loading and unloading stations are dedicated exclusively to release parts in
batches when required and for moving the finished jobs to the storage. The
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automatic storage and retrieval system (AS/RS) are utilized for stocking the
jobs that are incomplete. The five FMCs are conjoined by a couple of similar
AGVs. These AGVs move any unfinished products to AS/RS and FMC and
move finished products to the unloading dock.

2. The following assumptions are made:. i) The number of products considered
vary from 40 to 80 jobs for a specific mix of tools in tool magazines. Each
job must be processed in a specific order, lot size, due date, and a penalty cost
is imposed when the product due date is not met. Every job has to follow a
particular sequence in a particular machine for specified amount of time. A
product mix with processing times is shown in Table 2.

3. This study aims to solve a combined optimization problem for minimization of
idle time of a machine and total penalty cost.

Combined Objective Function (COF)

TPC o TMI
Max PP ' “? Max TE

COF = (w)* )]

where

w; and w,  weights assigned. The value considered is 0.5 for both weights.

TPC penalty cost incurred in total.
T™I machine idle time.
Max PP maximum penalty that is permissible.

Max TE maximum elapsed time of the machine.

3 The Proposed Hybrid Algorithm (GAPSOTS)

3.1 GAPSOTS Algorithm Design

An effective multi-objective scheduling approach GAPSOTS is applied, which is a
combination of the genetic algorithm (GA), particle swarm optimization (PSO) and
tabu search (TS) algorithms (GAPSOTS algorithm). The purpose of using genetic
algorithm with multiple objectives is to successfully resolve multiphase process
scheduling in FMS setting. Then, PSO algorithm is applied for optimization the
scheduling process and TS helps in solving combinatorial optimization issues. This
new approach is made by hybrid method with multiple objectives to handle the flex-
ible job scheduling complications with manifold goals. Investigational studies have
been utilized to validate the method, and matching the results of the recommended
method to specify the compliance/flexibility and supremacy of the present model
does a comparative analysis. The proposed algorithms have been implemented and
tested by using MATLAB R2016b or beyond, computing environment on an Intel
Core™i7, with Windows 10.
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Fig. 1 FMS structure

The genetic algorithm (GA) is an adaptive heuristic exploration technique through
which suitable answers to the problems of searching and optimizing can be made
on the basis of a fitness function. It is a subsection of evolutionary algorithm, which
provides responses to the optimizing issues by naturally stimulated algorithms and
includes mutation, reproduction, and cross over, etc. In GA, there is a string of finite
length called as chromosome that serves as representation of individual solution.
There are position sets that are known as “genes” in a chromosome. Discrete values
are given to those genes according to the solution. Crossover and mutation are genetic
operators that are used to modify chromosome in order to create a new generation
of “kids” that will have the characteristics of both “parents”. Every iteration results
in moving towards the multi-objective optimization. Particle swarm optimization is
mimicking the flock pattern of birds. In PSO, the probable solutions are termed as
particles that will move in problem search space. Fitness values will be assigned
to particles, which are then evaluated for fitness function that has to be optimized.
Velocities will direct the path that should be taken by particles. The current feasible
solutions will be pursued by the particles that will be flown in the problem space.
Initialization of PSO is done randomly, and it moves towards optimum solution
at each iteration by updating. The updated particles have two best values. One is
“pbest”, the best solution achieved by a particular particle so far and “gbest”, the best
solution achieved by any particle in the whole set (global best). Tabu search (Glover
and Laguna, 1997) is a meta-heuristic method that has been effectively applied in
several multi-objective optimization problems in scheduling. It is one of the popular
local search algorithms that prevent the trapping of local optima. TS algorithm is
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fundamentally a neighbourhood approach and offers a way to clear the inflexible
combinatorial problems of optimizing. It helps to get rid of “local optima” problems
for such ambience. The process of transfer of present solution to the adjoining solution
is termed as move. The neighbourhood/nearby solution providing optimal solution
is attained through a “move” in case of TS algorithm.

3.2 The Framework of GAPSOTS

The framework of our hybrid technique GAPSOTS is given as follows:

Step 1: Setting up of parameters.

Step 2: First initial population is generated by GA.

Step 3: The fitness function is evaluated.

Step 4: Has termination criteria been achieved?

If yes End program and display results.

Else goto Step 5.

Step 5: Generation of New populace.

Step 5.1: Application of genetic operators.

Step 5.2: Apply PSO for getting quality particles. Update global best solution.
Step 5.3: Check for termination criteria.

If yes End program.

Else goto step 5.4

Step 5.4: Generation of neighbourhood.

Step 5.5: If aspiration criterion is met, replace and update tabu list.

Step 5.6: Perform steps 5-5.5 until a termination condition is satisfied or reach
maximum iteration.

The workflow process of GAPSOTS is given in Fig. 2. Detailed explanation of
the proposed GAPSOTS is given in following paragraphs.

3.3 Genetic Operators for GA

To address the optimization problem, genetic operators that is used has to be very
rich and so that we can achieve excellent individuals in the population. Selection,
crossover and mutation are the three important genetic operators.

3.3.1 Reproduction
The method of rank selection is employed for reproduction. In rank selection method,

first the entire population is ranked and the chromosomes are assigned fitness values.
The least fitness will be given 1 and next will be 2 and the last will be N. The
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Fig. 2 Workflow process for proposed GAPSOTS

main advantage of rank selection method is it can avoid the algorithm to converge
prematurely. Another advantage is that in this method the importance is given to ranks
rather than the fitness values. That way the selection pressure is maintained. This
method also helps to maintain diversity thereby enhancing the search. The fitness
values assigned in this paper range from 0.4 to 1.6.

Once done with above calculation of every ranking, the reproduction is carried
out using MATLAB simulation through employing arbitrary numbers.

3.3.2 Crossover
This operation is used after the reproduction is over. For this the “mating pool” is

provided with strings. Generally, it is a convergence operation that is anticipated to
have a value with regard to either “local” minimum or maximum.
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(1) Randomly select several positions of Rl and R2 and exchange the genes.
Whereas other genes in other locations remain unchanged.

(2) Check for any conflict to delete the same gene as the exchange position in the
original parent gene.

(3) Unused genes are then filled in the gene vacancy sequentially.

3.3.3 Mutation

Mutation is actually a dissimilarity task. It is just a process of tweaking the chro-
mosome a little bit in order to maintain divergence. The mutation process is the
“exploration” of the search universe. It is proposed to periodically break at least one
individual from a populace out of a nearby least/greatest space and possibly find a
superior least/most extreme space. A random variable is generated for each bit in
a sequence to implement mutation. This random variable shows if a particular bit
will be modified or not. The main objective of mutation is to avoid the chromosome
population becoming too identical to each other thereby preventing the entrapment
of local optima.

To boost the local search capability, the mutation operator is utilized and also
maintained the population diversity ratio. The ratio of mutation probability is attained
by,

Mutate — p= k3M if ft > fav (2)
fmax - fav
Mutate — p = k44 if f; < fau )

where

Mutate-p  probability mutation.

fin maximal value of fitness in the population.

fay fitness value in average in the entire population.

k3 and ks are considered as a common value a (0 <k; <1,0<ky < 1).

f; the individual fitness value that will perform the mutation operator.

3.4 Particle Swarm Optimization (PSO) and Tabu Search
(TS)

Particle swarm optimization (PSO) algorithm is a meta-heuristic technique based on
evolution developed by Eberhart and Kennedy (1995). The mutation done in GA may
bring us the good results. The mutation of gene is vital to maintain the divergence
of population. But to improve the optimal strategies performance, we have applied
PSO and tabu search algorithm.
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In PSO, the individual solution is called “bird” in the searching space. They are
referred to as “particles”. Each and every particle will have a value for fitness that is
estimated using the function of fitness. These functions are to made optimum. There
is a particular velocity to guide the movement of the particles. The particles will be
flowing inside the problematic region in the direction next to the present particles
with optimum functions. This algorithm has set of arbitrary particles at initial stage,
which are the solutions and then begin to search for further possible optimum values
by means of upgrading the generations. The particles are reorganized with new values
at every step of iteration with two terms with best values, namely particles’ best, Ppeg
and global best, gpes. One is the best fitness attained by the particle until then. The
next one is the total best value of many such swarms. At every step, the velocity of
every single particle is altered to stretch towards Ppese and gper. With the fresh values
of velocity and location, the fitness function will be estimated with new-fangled
ordinates.

The best solution with respect to the ordering structure and choosing is needed
for the scheduling optimizing of flexibility oriented manufacture. The PSO and TS
algorithms are hence utilized for clearing the issues related to “combinatorial” opti-
mizing. The methodology will be adopted for arbitrarily created instances and for
practical applications to exhibit the superiority of the suggested method.

The movement of the particle to find the optimal value is given by Eqgs. 4 and 5

Vig = X Vig + Gy X1 X (P?f}zt — piar) + G2 x 11 X (PZZS[ — piagk) 4

best

Via = ® X Vig + Gy x 1y X (Pl — piax) + G2 X 11 X (Pea — Piak)  (5)

In Eq. (4), v;y means the distance moved by idkth particle for one iteration between
[—Mmax; Mmax] in which Mmax is the maximum distance moved by a particle in
one step. “w” is called inertial weight that is a variable, which calculates the distance
moved by a particle in each step. G1 is the self-learning factor, meaning a particle
learn from its own knowledge pS. G2 is the social learning factor, meaning a
particle’s knowledge globally, i.e. of the entire swarm p'gjfft. r; is a random number
generated from an uniform distribution of [0,1]. p;4 denotes the position of idkth
particle.

pet denotes the best personal value of idkth particle and pg‘ff‘ denotes the best
global value of all particles of a swarm. The newly generated velocity for idkth
particle is obtained by Eq. 4, and updation of position is obtained by Eq. 5

A particle might leave the search area, to prevent this a maximum velocity factor
is employed to the PSO so that the velocity is limited within a range. This allows the

particle to move freely but in a constrained search area and is given by Eq. 6
t _ o . . — . —
Uppn = Min{ Mipax; max{—Mpas; v}, }}, m=1,....M; I=1,....,L (6)

To achieve global optimum, a larger value of inertia weight w is preferred and
small inertia weight is preferred to explore locally and thus convergence happens
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fast. In order to strike a balance between exploration and exploitation, a linear inertia
weight that decreases with the convergence of algorithm evolving was adopted that
has exhibited good global search ability initially and in later iterations good local
search ability.

m
g—t
o[t] = (@initial — a)ﬁnal)~(7> + Wfnal (N
where
Winitial initial weight inertia
Wfinal final weight inertia
g maximal number of iterations.

Winitial > ®final, and m €  are the nonlinear index [14, 15].
[0.6; 1.4]

Then the process of tabu search (TS), which was introduced by Glover in 1986,
overcomes the local optimality issues based on the evaluation function that has been
selected with the highest evaluation solution at each iteration. The initial population
of tabu search is done by taking the result of PSO, and some random solutions are
introduced. Next step is neighbourhood structure where the existing solutions will
be modified to obtain new solutions. The movement of solutions is accepted on
the basis of probability function. A tabu list is created to store the properties of the
accepted moves, and they will be avoided in later iterations thus called “taboo”. In the
new neighbourhood, the best neighbour (solution) will be chosen that is not a tabu.
This is applied to avoid cyclic movements.A strategy called forbidding is employed
to control and update the tabu list. The parameters used for this hybrid technique
GAPSOTS are given in Table 1.

Table 1 Parameters of

proposed hybrid Parameters Value

technique—GAPSOTS Population size 500
Crossover probability 0.5
Mutation probability 0.9
The total number of generations 200
Length of tabu list 10
The maximum iteration size 800
Number of particles 20
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Table 2 Part mix with due date and penalty cost

135

Part number | Processing sequence: Machine Due date | Batch size | Penalty
number (processing time in (days) (No,) (Rs/unit/day)
minutes)

1 6(1)-7(1)-8(1)-10(2) 17 150 1.00

2 2(1)-6(1)-8(2)-9(2)-14(4)-16(2) 17 200 1.00

3 8(1)-11(3)-13(4) 14 800 1.00

4 9(4) 26 700 2.00

5 4(5)-5(3)-15(4) 11 150 1.00

6 6(5)-14(1) 16 700 1.00

7 3(5)-6(3)-16(5) 26 250 2.00

8 5(4)-6(5)-8(1) 26 850 2.00

9 4(1)-5(5)-8(1)-11(1) 1 100 0.00

10 2(2)-9(1)-16(4) 20 150 2.00

11 8(4)-12(2) 1 250 1.00

12 6(2)-8(4)-10(1) 19 1000 3.00

13 6(1)-7(5)-10(4) 25 700 400

14 4(2)-5(3)-6(2)-15(2) 22 1000 400

15 5(4)-8(3) 15 700 5.00

16 5(3) 27 750 3.00

17 3(1)-6(4)-14(1) 20 650 5.00

18 9(2)-6(3) 24 250 400

19 4(1)-5(5)-6(2)-8(2)-15(5) 5 450 1.00

20 8(2)-11(4) 11 50 5.00

21 4(5)-5(5)-8(4)-15(4) 16 850 3.00

22 12(5) 24 200 5.00

23 4(2)-5(1)-6(5)-8(4) 14 50 400

24 8(4)-11(4)-12(5)-14(4) 7 200 5.00

25 7(3)-10(2) 24 350 1.00

26 10(2) 27 450 0.00

27 8(5)-11(5)-12(4) 22 400 1.00

28 2(1)-8(1)-9(2) 3 950 5.00

29 4(1)-5(5) 7 700 1.00

30 11(3)-12(5) 18 1000 1.00

31 8(2)-10(2) 2 800 2.00

32 2(3)-6(4)-9(3) 15 800 1.00

33 5(4)-6(5)-15(3) 27 500 4.00

34 3(2)-6(2) 12 300 4.00

35 3(4)-14(1) 9 900 2.00

(continued)
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Table 2 (continued)

Part number | Processing sequence: Machine Due date | Batch size | Penalty
number (processing time in (days) (No,) (Rs/unit/day)
minutes)

36 3(2) 20 700 2.00

37 1(5)-2(2)-6(3)-8(3)-9(2)-16(4) 22 250 4.00

38 2(4)-8(3)-9(2)-16(5) 8 50 1.00

39 6(5)-10(5) 9 500 1.00

40 2(2)-6(4)-94) 7 250 5.00

41 5(1)-8(2)-15(1) 22 800 4.00

42 2(5)-6(4)-9(3)-16(1) 19 400 2.00

43 1(3)-5(2)-6(2)-8(2)-15(3) 15 550 3.00

4 Results and Discussions

The FMS problem considered in this work is taken from existing literature [6]. The
hybrid procedure GAPSOTS is developed for 43 jobs and 80 jobs for 16 machines
using combined objective optimization method. The problem matrix taken for this
problem is given in Table 2. MATLAB software version R2016b and above is used for
programming. The MATLAB helps the user to solve complex scheduling problems.
TOMLAB/CPLEX is also used as it is a subproblem solver and handles quicker
solving of mixed-integer linear and quadratic programming (MILP,MIQP), and linear
and quadratic programming (LP,QP). Feasible schedule has been achieved for the
combinatorial scheduling using the above hybrid approach. A comparison between
the proposed GAPSOTS and other algorithms, namely GA, SA, memetic algorithm,
cuckoo search (found in the literature) has been analysed and shown in Table 3 and
Fig. 3 for 43 jobs 16 machine problem and Fig. 4 for 80 jobs 16 machine problem.
The proposed algorithm has been run for different iterations. When the iterations
numbers are less the results were not good, but as iterations increased we got better
results. We stopped at 800 iterations, as there was no significant change in optimal
value later.

5 Conclusion

The following points summarize the authors contribution made in this paper.

e A new hybrid technique named GAPSOTS has been developed by hybridizing
GA, PSO, TS. A global search technique has been combined with two local search
methods thereby balancing the drawbacks of the said techniques.
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The developed technique was tested for benchmark problems taken from the
literature, which consists of 2 problems of 43 jobs x 16-machine problem and 80
jobs x 16 machine problem.

A less solved combinatorial optimization problem for minimizing the total penalty
cost and total machine idleness has been evaluated.

Optimal results were obtained with less computational time, and the results were
found to be superior to other approaches found in the literature. The difference we
got is subtle yet the results were promising to explore other adaptations of GA,
PSO, TS.

The main observation is with less number of generations we got a better optimal
value. With adaptations made in genetic operators, the prematured convergence
of algorithm has been prevented.

In future, the proposed GAPSOTS can be tested for integrated scheduling FMS
and can be implemented for any FMS with different set-ups.
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Comparison of Nature-Inspired )
Approaches for Path Planning Problem e
of Mobile Robots in MATLAB

Divya Agarwal and Pushpendra S. Bharti

Abstract Robot path planning is a significant research topic that comprises massive
mathematical computations for generating an optimal shortest collision-free path
from starting position to goal position within minimum processing time. Robotics is
an interdisciplinary field that is directly related to automation. Automation requires
planning and organization of workspace for the autonomous working of robots
and machines. Recently, researchers’ curiosity has increased to implement nature-
inspired evolutionary (NIE) approaches for path planning and obstacle avoidance
(PPOA) problem. NIE approaches allow robots to learn from elements of nature
and perform better compared to conventional and heuristic PPOA approaches. This
work draws a comparison between the IWO and ABC algorithm for the same set
of environments and initial conditions for the PPOA problem. The results show that
the IWO algorithm has a faster convergence rate and high precision than the ABC
algorithm.

Keywords Path planning - Obstacle avoidance - Invasive weed optimization -
Artificial bee colony optimization * Nature-inspired evolutionary optimization

1 Introduction

Robot path planning is a significant research topic that comprises massive math-
ematical computations for generating an optimal shortest collision-free path from
starting position to goal position within minimum processing time [1]. Path planning
is a method to formulate a collision-free path in a workspace with static or dynamic
obstacles and optimizing the path as per objective function and constraints. Path
planning is established through a workspace map, and path planning and obstacle
avoidance (PPOA) approaches help robots to traverse through a workspace evading
collision from obstacles [2].
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There are numerous PPOA approaches available for researchers to adapt to their
problems. However, their choice depends on the type of environment (static—fixed
and known obstacles or dynamic—unknown obstacles), performance parameters
(processing time and path length), size of robot and obstacles, the shape of obsta-
cles, number of constraints or assumptions to be made depending on application
and complexity of workspace [3]. Based on the above information, PPOA can be
broadly categorized into global PPOA approach where all information is known to
the robot at the start, and local PPOA approach where incomplete or no information
is available to the robot, and it has to decide on its own based on the situation [4].
The core objective of any PPOA approach must be to give a smooth, optimal and
complete path for the robot to traverse from start to end without collision. The PPOA
approaches can be categorized into conventional approaches (such as bug algorithm,
roadmaps, and bidirectional trees algorithms), heuristic approaches (such as artificial
neural networks, genetic algorithm, harmony search), nature-inspired evolutionary
(NIE) approaches (such as particle swarm optimization, whale optimization, shuffled
frog leaping algorithm, artificial bee colony optimization (ABC), invasive weed opti-
mization (IWO)) and hybrid approaches (which are a combination of two algorithms
which are amalgamated to balance each other and give optimal results) [3, 5].

Recently, NIE approaches have gained much interest as they take inspiration from
elements of nature, which makes these algorithms flexible and robust. These algo-
rithms are better computational approaches to solve complex PPOA problems effi-
ciently and effectively. They are flexible, dynamic and parallel in approach, and most
importantly, their self-organizing and self-learning capability inspired researchers to
exploit them for solving complex problems [3, 6].

This paper comprises a comparison of the performance of IWO and ABC algo-
rithms for the PPOA problem on MATLAB 2020a. For simulation work, four
workspaces were considered encompassing different combinations of fixed circular-
shaped obstacles. The different workspaces were considered to illustrate the perfor-
mance of IWO and ABC algorithm for different complexity workspaces or environ-
ments. This research work aims to illustrate how the robot would traverse towards
the destination, evading obstacles in a 2D environment using MATLAB simula-
tion platform. IWO and ABC algorithms were implemented due to their wide range
of applications. The effectiveness and superiority of these algorithms are depicted
through the simulation of these algorithms in MATLAB 2020a. Simulation results of
IWO and ABC algorithms are compared with one another for the same environment
to validate their application in the PPOA problem.

The paper is organized as follows. Section 2 comprises a brief description of
IWO, and paper is organized as follows. Section 2 comprises a brief description of
the IWO and ABC algorithm, and Sect. 3 deals with experimentation and problem
formulation. Section 4 comprises results and discussion and simulation results on
MATLAB 2020a. Section 5 entails the conclusion and future scope.
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2 A Brief Background

This section outlines in brief IWO and ABC algorithms and discusses brief literature
related to them and their implementation steps.

2.1 Invasive Weed Optimization (IWO)

Weed colonization and distribution inspired Mehrabian and Lucas [5] to propose
a stochastic NIE algorithm named IWO. Weeds are unwanted plants but robust
and adaptive [7]. IWO is a metaheuristic algorithm for solving multi-resource path
planning (MRPP) problem in partially or unknown environments while avoiding
obstacles. It comprises following principle steps [1, 7]: (1) initialization: population
initialization of weeds or artificial robots, number of iteration steps and initializing
path from the start point to goal location; (2) reproduction and mutation of weeds
depending on the fitness level of weeds, i.e. weeds produce seeds depending on
maximum seeds for fittest weed and minimum seeds for weed with reduced fitness
level; (3) spatial dispersal of seeds generated in step 2 in such a way that fitter seeds
are found in neighbourhood of parent weed and are clubbed together while weak
seeds are eliminated [3], and (4) competitive exclusion means that reproduction and
mutation of fitter seeds stop when iteration limit is reached. When this algorithm
is applied for robot navigation, the fittest and weakest seeds are stored in robot
programming. When it encounters an obstacle in path, it avoids collision from it and
manoeuvers towards target location [2]. Robots here mimic how population of weeds
reproduces in any big or small geographical terrain. This approach was tested and
showed effective and robust results for complicated situations [6].

Advantages: Can solve linear as well as nonlinear multi-objective optimiza-
tion problem with greater performance efficiency and randomness [3]; adaptability;
computation effort and time are independent of nonlinear nature of problem [1];
robustness [7]; better results obtained compared to bacterial foraging algorithm [2]
and efficient technique for accelerating convergence rate of optimization technique
[6]. Limitation is premature convergence [6]. Steps of IWO algorithm for mobile
robot navigation are briefly discussed below [2]:

(1) Initialize start and goal position of robot.

(2) Navigate robot towards goal until it encounters an obstacle

(3) When obstacles obstruct the target path, implement IWO algorithm.

(4) Generate initial population of weeds.

(5) Calculate objective function value of each weed and then find fittest and
weakest weed.

(6)  When population size is more than the maximum population, eliminate weeds
with lower objective function values.

(7) Navigate robot towards the best weed position.

(8) Repeat steps (2-7) until robot avoids obstacle and reaches its goal.
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2.2 Artificial Bee Colony Optimization (ABC) Algorithm

It is a swarm-based NIE approach proposed by Karaboga [8], which mimics the food
searching strategy of honeybees. In this algorithm, artificial bees are classified into
three classes: employed bees (EB), onlooker bees (OB) and scout bees (SB) [9]. The
size of bee colony is twice the number of food positions. Bee colony is composed of
EB and OB [10]. After several iterations, if EB cannot improve food position, then
it becomes a scout bee.

Food searching strategy comprises (1) EB scans and evaluates nectar quality in
search of food; (2) OB receives information from EB and thereby chooses better
quality nectar as food; (3) SB then determines locations where food could be found
based on motivation or external clues ([11, 12]. Scouts are regarded as low search
costs and a low average in food source quality [10]. Local path searching operation
is done by EB and OB, while global path search is carried out by OB and scout bees
[4]. Contreras-Cruz et al. [10] implemented the ABC algorithm for RPP problem in
a static environment. ABCO is easy to implement and can be easily modified as per
application needs. Advantages: simple implementation and computational efforts;
minimal processing time; broad applicability; high flexibility [13, 14]. Its limitation
comprises requirement of new fitness tests on addition of new parameters. It may lose
information, i.e. if the nectar amount of new food source is better than the previous
source, then it forgets and memorizes new sources; relatively slow for sequential
processes; computational costs increase with an upsurge in population [15].

Steps of this algorithm are as follows [14]:

Initialize population.

Evaluate population size.

Classify onlooker and employed bees based on ranking.
Generate new solutions with onlooker and employed bees.
Generate solutions using scout bees and

Update population size after every iteration.

AR e

These steps keep on repeating until all objectives are met.

3 Experimentation

Table 1 outlines four different workspaces which were designed to illustrate compar-
ison of performance amongst IWO and ABC algorithms. The workspaces were
designed based on different number of obstacles, starting and final position, to achieve
unbiased comparison results. For better performance of algorithms, certain assump-
tions are made at initialization and are termed specific control parameters. The values
for these control parameters for ABC and IWO algorithms are defined in Table 2.
For unbiased comparison in simulation work, the following parameter values were
kept similar and fixed:
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Table 1 Types of workspace by initializing number of obstacles, start and final position
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S. No. No. of obstacles Start position Final position
1 6 0,0 10, 10
2 13 3,3 14, 14
3 30 3,3 14, 14
4 45 0,0 15,15

Table 2 Specific control parameter values for ABC and IWO algorithms

S. No. Name of control parameter Parameter value
ABC WO
1 No. of onlooker bees 150
2 Abandonment limit parameter or trial limit 450
3 Acceleration coefficient 1
4 Initial population size 10
5 Minimum no. of seeds 0
6 Maximum no. of seeds 5
7 Variance reduction exponent 2
8 Initial value of standard deviation 0.5
9 Final value of standard deviation 0.001

W=

numberofhandlingpoints(n) =5,
maximumnumberofiterations(500), and
numberofpopulation(150)

The x and y coordinates values of location of obstacles and their size are defined
in Table 3. The simulation work was carried out on MATLAB 2020a with following
system specifications:

W=

4 Results and Discussion

Intel (R) Core™ i5 — 4210U CPU@1.7-GHz,
64Bitoperationprocessor
12GBRAM.

This paper’s objective is to check and compare the shortest optimized path generated
by IWO and ABC for the same set of conditions. Here, algorithms’ performance is
compared in terms of optimal path length and processing time in static environments.
It can be inferred from Table 4 that for all four workspace maps, IWO outperforms
ABC. IWO is an NIE approach based on weed optimization, i.e. based on microor-
ganisms while ABC takes inspiration from foraging behaviour of bees, i.e. based
on insects. Since weeds are unplanned and random in approach, they perform better
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S. No. | X axis Y axis Obstacle size

Map1 [[1.58.53.26.01.27.0] [456.5253.51.58.0] [1.50.90.4 0.6 0.8 0.6]

Map2 [[1.54.01.25.29.56.510.8|[4.53.01.53.710.37.36.3 |[0.50.40.40.80.70.70.7
59348611.63311.8] |9956828.611.511.5] 0.70.70.70.7 0.7 0.7]

Map 3 [[10.110.611.111.612.1 |[8.88.88.88.88.811.711.7/[0.40.40.40.40.40.40.4
11.211.712.212.713.2 11.711.711.79.39.39.3 04040404040404
11411.912412913.48 [9.3935353535353 04040404040404
8.599.5109.39.810.3 6.76.76.76.76.7848.4 04040404040404
10.811.3596.4697.4 8.4 8.4 8.4] 0.4 0.4]

7.9]

Map4 ([44444444466666 |[33544555566578 [040404040.40404
666688888888810(8599.5101051111.512 (04040.40.40.4040.4
101010101010101012{11.522.5334445566.5/0.40.40.40.40.40.40.4
121212121414 1414] |77.588599.5101010.5 |040404040.4040.4

1111.5121010.51111.5] [040.4040.40.4040.4
04040404040404
0.40.404]
Table 4 Summary of path length in five tests each
S. No. ABC WO
Path length Processing time Path length Processing time

1 15.3566 147.5295 14.3096 82.1242

2 16.2441 150.3425 14.4679 94.48

3 16.2439 150.6758 14.3335 85.3627

4 14.9764 149.1432 14.4764 83.5457

5 15.4676 150.1102 14.3099 82.3753

6 18.7989 165.5534 18.7656 112.5519

7 18.9573 187.8716 18.1631 102.9152

8 17.2873 167.4152 19.4668 105.6552

9 18.8803 161.4425 18.0072 101.1069

10 18.1256 164.9525 16.5568 104.0035

11 16.2 238.3392 16.1925 150.7339

12 16.2018 248.9592 16.1918 149.5306

13 16.2015 203.9163 16.2076 148.5565

14 16.2087 220.6777 16.1979 154.9653

15 16.2185 254.9061 16.2012 151.6372

16 21.9783 272.7344 21.5849 178.0653

17 242218 247.3742 21.4764 167.6966

18 24.1319 270.8955 21.5963 180.0012

19 23.1012 265.5298 22.9658 186.2456

20 23.5499 259.6475 22.5246 180.4569
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than the ABC algorithm, which is justified from Table 4 and Figs. 1, 2, 3 and 4. The
best values obtained after evaluation, from both algoithms has been highlighted as
bold in Table 4.

For all four workspace maps simulated in MATLAB 2020a, five tests were
conducted, and its result is displayed in Table 4. Table 4 shows that for workspace
map 1, IWO outperformed ABC algorithm with best cost in the least processing
time, i.e. 14.3096 units in 82.1242 s (See Fig. 1). It can also be seen that IWO is
highly precise and repeatable, which is of interest in designing a PPOA algorithm.
For workspace map 2 shown in Fig. 2, best cost generated by IWO was 16.5568 units
and 17.2873 units by ABC. In workspace map 2, it can be seen that as the number
of obstacles increased and size of obstacles varied, though IWO gave the best cost
in the least possible time, ABC was more precise than IWO. In Fig. 3, there are
30 obstacles of 0.4 sizes. In this workspace map, ABC and IWO are highly precise
and repeatable, and their best cost is also close enough, but ABC takes more time

Current Cost = 14.9764, atiteration = 500 ) Cument Cost = 14.3096, atiteration = 500

Fig. 1 Path generated for workspace 1: a ABC algorithm, b IWO algorithm

Curmrent Cost = 17.2873, at iteration = 500 i Current Cost = 16.5568, at iteration = 500 e
14 7

(a) (b)

Fig. 2 Path generated for workspace 2: a ABC algorithm, b IWO algorithm
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Current Cost = 16.2, at iteration = 500 Current Cost = 16,1918, at iteration = 500

Fig. 3 Path generated for workspace 3: a ABC algorithm, b IWO algorithm

Current Cost = 21,9783, atiteration = 500 ) Cument Cost = 21.4764, atiteration = 500
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Fig. 4 Path generated for workspace 4: a ABC algorithm, b IWO algorithm

to process the best cost. Workspace map 4 is a complicated environment with 45
obstacles of 0.4 unit size shown in Fig. 4. In this workspace map, IWO not only
outperforms ABC algorithm but is repeatable as well.

5 Conclusion and Future Scope

From the above simulation results, it can be concluded that both algorithms were
complete approaches, optimal or near-optimal results and were able to evade local
minima. It can be inferred from the results section that IWO algorithm is highly
precise and repeatable, which must be of interest for application in PPOA domain. It
can also be concluded based on results that IWO gave better performance for PPOA
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optimization problem to produce optimal path with least cost in the least processing
time, had population adjustment capabilities and could acclimatize quickly. In the
future, work testing on the real mobile robot would be done to check the authenticity
of the above-simulated results.
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Evaluation of SFLA and TLBO )
Algorithm for Path Planning of Mobile i
Robots in MATLAB

Divya Agarwal and Pushpendra S. Bharti

Abstract Autonomous robots are employed in manufacturing units and industries as
they can perform complex tasks in hazardous and harmful environments such as space
explorations, submarines, and mining work. When a robot can traverse from start to
goal location while evading obstacles, it is called an autonomous robot for which
path planning is essential. All evolutionary and swarm intelligence approaches are
probabilistic-based and entail few to many control parameters based on problem and
application area. Shuffled frog leaping algorithm (SFLA) is one such example that
requires six problem-specific parameters, while teaching learning-based optimization
(TLBO) is a specific parameter-less algorithm. Thus, there is no burden of tuning
control parameters in TLBO. In this work, comparison of both these algorithms
is done on MATLAB 2018a to demonstrate the results that despite the usage of
no specific parameters, TLBO outperforms SFLA algorithm for path planning and
obstacle avoidance problem (PPOA).

Keywords Path planning - Obstacle avoidance - Shuffled frog leaping algorithm -
Teaching learning based optimization

1 Introduction

Path planning and obstacle avoidance (PPOA) is an essential branch of robotics that
is of research interest. PPOA comprises of sub-problems: to plan a path from start to
end, to circumvent obstacles in the path, to devise smooth and shortest path within
the least possible processing time [1]. Much research, exploitation, and exploration
are done in this field by researchers in last six decades for devising an optimal PPOA
approach, which is flexible, robust, and adaptable in many application fields [2].
Based on the robot’s understanding of workspace, PPOA algorithms can be catego-
rized into offline global PPOA (known environment and fixed obstacles) and online
local PPOA (unknown or partially known environment with fixed as well as mobile
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obstacles) [3]. Based on application, PPOA approaches can be broadly categorized
into conventional approaches, (such as roadmap, random exploring trees, proba-
bilistic roadmap approach, etc.) heuristic approaches, (such as genetic algorithm,
neural networks, fuzzy approach, etc.) meta-heuristic-based nature-inspired evolu-
tionary approaches (such as particle swarm optimization (PSO), invasive weed colony
(IWO) optimization, shuffled frog leaping algorithm (SFLA), firefly algorithm, grey
wolf optimization, etc.), and hybrid approaches [4]. Different algorithms depend on
application need, performance parameters, workspace complexity, size and shape of
obstacles, and known or unknown parameters; thus, one algorithm cannot be applied
to problems of all types. Many conventional approaches fail to satisfy the PPOA
problem in complex and dynamic situations because of non-flexibility, negligible
robustness, and erratic behavior [5]. Specific heuristic approaches suffer from limi-
tations such as high computational time for complex environment, low convergence
speed and accuracy, and poor compliance to path map [6].

Different algorithms require different algorithm-specific parameters to be spec-
ified at the beginning of operation. For example, artificial bee colony algorithm
requires parameters such as no. of onlooker bees, abandonment limit parameter or
trial limit and acceleration coefficient [7]; IWO algorithm uses initial population size,
minimum no. of seeds, maximum no. of seeds, variance reduction exponent, initial
value of standard deviation and final value of standard deviation as initial parameters;
PSO uses inertia weight, inertia weight damping ratio, personal learning coefficient,
global learning coefficient, mutation coefficient rate, and SFLA uses memeplex size,
number of memeplexes, number of parents, number of offsprings, maximum no.
of offsprings iterations, and step size [6, 8] as necessary initial parameters. Perfor-
mance of an algorithm is dependent on these parameters; hence, their values play
a crucial role. Improper tuning of these parameters either increases computational
effort or generates non-optimal solution, i.e., a solution that gets stuck in local optima.
However, one such algorithm requires no such proper tuning of parameters as it is a
specific parameters-less algorithm known as the teaching—learning-based algorithm
(TLBO) [9]. Thus, researchers have gained interest in TLBO approach because of no
burden of tuning control parameters, thereby reducing computational effort [5, 7].

In this work, comparison of SFLA and TLBO algorithm is done based on three
maps comprising of different number of fixed round-shaped obstacles. Comparison
work is simulated on MATLAB 2018a, and experimentation results are shown in
Sect. 3. Brief literature work of both algorithms is discussed in Sect. 1. Results
and discussions, along with simulated results, are discussed in Sect. 4, followed by
conclusion in Sect. 5.

2 Literature Review

In this section, both algorithms, as mentioned above, are briefly discussed.
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2.1 Shuffled Frog Leaping Algorithm (SFLA)

Food hunting behavior of frogs inspired Eusuff and Lansey [10] to develop an NIE
approach called SFLA. Itis a population-based cooperative search method that adopts
a frog’s natural hunting behavior to achieve quick and easy applications [2]. SFLA
approach is composed of two algorithms in which a genetic-based memetic algo-
rithm performs local search operation, and global search is performed by social
behavior-based PSO approach [4]. In this approach, a group of virtual frogs is left in
aworkspace to explore and plan best possible shortest path within minimal processing
time [11]. These virtual frogs are partitioned into separate memeplexes. Local search
operation is performed independently in each memeplex [6]. In global search oper-
ation, shuffling procedure is done based on a memetic algorithm. This shuffling
strategy helps to balance local and global search phenomena giving improved results
[8]. SFLA approach can compute complex combinatorial optimization problems in
the least possible time with better efficiency [2, 12]. To avoid getting trapped in
local minima due to implementation of heuristic approaches for navigation and RPP
problem, Ni et al. [8] implemented SFLA to achieve optimal path in dynamic envi-
ronment. This approach is efficient in handling autonomous navigation and robot
path planning compared to other heuristic and NIE approaches [3].

Advantages: Robust approach can achieve global convergence faster; an optimal
solution with higher success rate even in uncertain environment; easy implementa-
tion; requires less initial knowledge; avoids local minima [4]; high time complexity
with faster search capability [13]; parameter sensitive; more efficient than PSO [8];
minimal computation cost; efficiently handle complex nonlinear combinatorial opti-
mization problems [13]. Limitations: Premature and slow convergence; it falls into
local optima when implemented in multi-objective optimization problems [11]. Steps
of this approach are [8, 11]:

Specifying optimization problem as minimization one,

Specifying information of positions,

Initialize pose of goal and obstacles utilized to define the frog’s fitness function
This process is repeated several times to obtain best frog, which traverses
through start to end without hitting fixed obstacles.

el o

2.2 Teaching Learning-Based Optimization (TLBO)

It is a meta-heuristic, population-based evolutionary approach proposed by Rao et al.
[14]. TLBO takes motivation from basic mathematical model of teaching and learning
where students enrich themselves with knowledge gained in class [9, 14]. Number of
students form population in TLBO and each student comprises several design vari-
ables (or subjects in which student is affluent) [1, 9]. An optimal solution is obtained
from best student in the population, which becomes the teacher in next iteration
until further best student is obtained in the population [14]. TLBO method is based
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on two phases: teacher phase in which students gain knowledge of subjects (design
variables) from teacher and student phase in which students gain knowledge based
on level of interaction among each other [15]. The design variables or subjects are
the parameters in the objective function, and the best solution obtained is the optimal
solution. Advantages: Ease of use, effective with high precision, fast convergence
speed, and it involves relatively less computational cost [, 15]; it has a better search
tendency compared to ABC or GA algorithm. Steps followed for implementation of
TLBO are as follows [7]:

1. Population Initialization: Parameters such as population size (no. of students
or set of solutions), number of iterations (generations), termination criterion,
design variables, and their respective ranges are initialized.

2. Population is randomly generated based on number of teachers. Each population
member, i.e., each student has knowledge of all design variables whose value
is randomly selected in between the range specified.

3. Computation of objective function: Marks or score obtained by every student
forms the objective function for TLBO.

4. Teacher Phase or Greedy selection procedure: In this phase, learner, i.e., students
learn from teacher, and objective of the teacher is to obtain better results for
the subject taught by him based on his abilities. Memorize and update new
solutions (i.e., best learner becomes teacher) if it is better than previous or
existing solutions. The difference between the actual mean result of each subject,
and the teacher’s corresponding result for each subject is computed to update a
new solution.

5. Learner Phase: Knowledge of learners is enhanced based on their interaction
capabilities. If a leaner has more knowledge than others, they will interact to gain
knowledge, and solution is updated using the above procedure. The objective
function is obtained, and new solution takes over the existing solution if it is
superior to it.

6. Redundancy of solution is done to identify and remove duplicate solutions.

7. Repeat 4-6 steps for all number of iterations or until stopping criterion is met.

3 Experimentation

Three maps with different complexity levels based on the different number of obsta-
cles were formed in MATLAB 2018a. The environment considered for simulation
was static with fixed round-shaped obstacles. The simulation was performed using
both SFLA and TLBO algorithms. Simulation results demonstrated that both algo-
rithms are complete and give an optimal solution, but TLBO is easy to implement
and gives better results compared to SFLA depending on map complexity. Obstacle
placement for three maps is shown in Table 1. Control parameters for tuning of TLBO
and SFLA are displayed in Tables 2 and 3, respectively. Both algorithms were simu-
lated for same number of handling points (5), maximum number of iterations (500),
and number of population (150). The coordinates of the obstacle position and size
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Table 1 Obstacle placement S

155

. No. | No. of obstacles | Initial Goal coordinates
coordinates
1 6 0,0 10, 10
13 3,3 14, 14
30 3,3 14, 14

Table 2 Value of control S. No. Parameter name Parameter value
parameters for TLBO

1 Number of handling points () 5

2 Maximum no. of iterations 500

3 Population size 150
::rlzgrflgter\s]afl;l: Solgﬁ:[(;ntrol S. o Parameter Name Parameter Value

1 Number of handling points (n) 5

2 Maximum no. of iterations 500

3 Number of population 150

4 Memeplex size 10

5 Number of memeplexes 5

6 Number of parents 45

7 Number of offsprings

8 Maximum no. of offsprings iterations

9 Step size

are shown in Table 5. Simulation was done in MATLAB 2018a on Intel (R) Core ™
i5-4210U CPU @ 1.7-GHz, 64 Bit operation processor and 12 GB RAM (Table 4).
The global best value obtained after evaluating path planning problem using both
approaches has been marked as bold in Table 5.

Table 4 Values for obstacles positions

S. No. | X-axis Y-axis Obstacle size

Map1 [[1.58.53.26.01.27.0] [4.56.52.53.51.58.0] [1.50.90.40.6 0.8 0.6]

Map2 [[1.54.01.252956510.8|[4.53.01.53.710.37.36.3 |[0.50.40.40.80.70.70.7
59348611.63311.8] |9956828611.511.5] 0.70.70.70.7 0.7 0.7]

Map3 |[[10.110.611.111.612.1 [8.88.88.88.88.811.7 [04040404040404
11.211.712.212.7 13.2 11.711.711.711.79.39.3 [040.404040.40404
11411.91241291348 |9.3939353535353 [0.4040404040404
8.599.5109.39.810.3 536.7676.76.76784 [04040.404040.404
10.811.3596.46974 8.48.4848.4] 0.404]

7.9]
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Table 5 Summary of path length in five tests each

S. No. SFLA TLBO
Path length Processing time Path length Processing time

1 14.3035 118.1747 14.3278 113.7625
2 15.2184 110.9812 14.8681 134.3704
3 16.2424 111.8031 14.3445 129.5421
4 14.3023 112.1947 14.2988 118.7895
5 14.5146 115.2877 14.8995 112.4995
6 16.6943 122.6119 17.3286 134.9568
7 16.8959 128.9687 17.949 141.9778
8 16.8025 122.5669 16.7135 130.5413
9 16.9176 125.7421 17.0299 135.1254
10 17.1248 138.9877 17.6472 142.9575
11 16.1951 166.1817 16.1686 170.6517
12 16.1909 154.1965 16.2043 175.2730
13 16.1902 164.9244 16.2257 178.1866
14 16.2433 188.4260 16.1998 169.5413
15 16.2159 172.5659 16.2154 181.5478

4 Results and Discussion

There are many PPOA algorithms depending on application, research problem,
and mode of operation. With the increasing number of complexity, many algo-
rithms have specific parameters and assumptions to deal with it. Authors have
considered two nature-inspired approaches among which SFLA requires six
specific parameter values as input (Table 3), while TLBO does not require
any (Table 2). In this paper, performance of SFLA and TLBO algorithms was
simulated in MATLAB 2018a for PPOA problem of a mobile robot. 500 iter-
ations were taken for five tests conducted per environment map (i.e., 15 tests
for three maps). From the overall tests conducted per map shown in Table 5,
it can be seen that for maps 1 and 3, TLBO outperformed SFLA while for the
cluttered environment given in map 2, SFLA performed better by giving the best
cost in less processing time. Also, from all the tests given in Table 5, it can be seen
that TLBO takes more time to process the best cost path than SFLA, although the
difference in processing time is less in TLBO.

Inmap 1, this had only six obstacles of different sizes, TLBO performed better than
SFLA in all the five tests conducted with best cost to be 14.2988 units in 118.7895 s.
In map 2, which had 13 obstacles of different sizes, SFLA gave better results than
TLBO approach for all the five tests conducted for this map. From readings of map 3,
it can be seen that both SFLLA and TLBO were consistent in giving best cost values.
However, the best cost conducted for five tests is 16.1686 given by TLBO approach.
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Fig. 1 SFLA map 1 path Curmrent Cost = 14.3023, at iteration = 500
generated L H i 1 1 i

Fig. 2 TLBO map 1 path
generated

Figures 1, 2, 3, 4, 5, 6, 7, and 8 show the best cost path given by TLBO and SFLA
for each map among five tests conducted.

5 Conclusion and Future Scope

In this paper, the performance of SFLA and TLBO approach was simulated and
evaluated based on the PPOA problem of a mobile robot in terms of the best cost
(path length) and processing time. It can be inferred from Table 5 that TLBO is a
very consistent and precise approach as value of best costs is closest to each other
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Fig.3 SFLA map 2 path Current Cost = 16.6943, atiteration = 500
generated “m 1 |

12r

101

Fig. 4 TLBO map 2 path Current Cost = 16.7135, atiteration = 500
generated 14— T T

10

for each map. So, it can be concluded that TLBO is a reliable approach for the PPOA
problem. It can be seen from Table 5, and Figs. 1, 2, 3, 4, 5, and 6 that TLBO,
despite being a specific parameter-less algorithm, performed better than SFLA for
best, mean and worst solutions for different movements in all three maps. Moreover,
TLBO is easy to implement and highly reliable because it is repeatable and precise
in performance. For future work, tests would be conducted in real time on mobile
robots, and their performance will be evaluated in comparison to simulation results.
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Fig. 5 SFLA map 3 paths

12r
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Fig. 6 TLBO map 3 paths
generated L
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New Locking Mechanism for Safe )
Landing i

N. Rakshith

Abstract A study shows that 53% of all aviation accidents while landing occur
because of human error. There is a high possibility that the orientation of the landing
gear mechanism changing/moving from the position required for proper landing the
aircraft (toggle/extreme position) because of loads along or opposite to the direction
of motion of the landing gear. To avoid this, the pilot has to take extra precautions
and follow a really complex procedure for landing, and this mitigates the risk but
does not eliminate the possibility of motion completely as human error cannot be
eliminated. In this paper, I aim to propose an approach of locking the landing gear
mechanism in its extreme position and eliminate the risk of it changing its orientation
while landing, by using an additional set of slider crank mechanisms which restricts
the motion of the landing mechanism. By doing this, we eliminate the risk of motion
of the landing gear during landing and thus reduce the risk of an accident during
landing.

Keywords Landing gear mechanism - Slider crank - Orientation

1 Introduction

The landing gear also known as the under carriage is one of the critical subsystems of
the aircraft and is often configured with the aircraft structure because of it substantial
influence on the structural configuration. The purpose of landing gear is to provide
suspension during taxi, take-off and landing. It is designed to absorb and dissipate
the kinetic energy during landing, thereby reducing the impact loads transmitted to
the air frame. It is often made retractable to minimise drag.
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2 Literature Survey

The landing gear design is the integration of structures, kinematics, dynamics, etc.
The design of the landing gear includes many stages of design, namely concep-
tual design and preliminary design, detailed design followed by stress, fatigue and
reliability analysis [1]. Then, the manufacturability and maintenance are taken into
consideration, and the required design changes are made to get the final product
which is the best compromise between performance and cost and maintenance.

Section 3.1 gives brief description about the analysis of the existing model and
its limitations. This paper comprises information about the conceptual and detailed
design and the stress analysis.

3 Conceptual and Preliminary Design

3.1 Analysing the Existing Model

The nose landing gear is the part that provides under carriage for the nose of the
aircraft. The landing mechanism is a simple 4 bar mechanism with four revolute
pairs, one link fixed to the aircraft frame.

In Fig. 1, link AD is the fixed link or the ground (the aircraft frame); link AB
is the landing gear (it comprises all the structural components like shock absorbers,
etc.); links CD and CB control the position of the landing gear [2].

The link CD is called crank. The crank is a powered link and is responsible for the
actuation of the entire mechanism. The actuation (rotation) of the crank results in the
rotation of the landing gear about A. The ratio of the angles rotated depends on the
lengths of a mechanism and is fixed for a given mechanism [3, 4]. During take-off
and landing, the crank actuates by a fixed angle which will result in the landing gear
taking the required position, and this is the working principle of the landing gear [2].

Fig. 1 Kinematic diagram A
of the nose landing gear 4 \
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The final configuration/orientation (the orientation of the landing gear during
landing) shown in solid lines in the diagram is one of the extreme positions of the
mechanism. A large force has to be applied on AB to change the orientation of the
mechanism from this configuration. Such configurations are called toggle positions
[3, 4].

If forces are applied in certain direction, the orientation of the mechanism can be
changed; to prevent this from happening, the pilot pitches the aircraft up and first
lands on the main landing gear and then lands the nose of the aeroplane. This does
not eliminate the possibility of the landing gear’s movement completely.

3.2 Conceptual Model of the Solution

The landing gear’s configuration must be fixed during landing; to ensure this, the
possibility of the landing gear’s movement must be eliminated. It can be done by
fixing the corresponding link temporarily (making the hinged support fixed support).
This can be achieved by fixing one end of the link (landing gear) by introducing
supports in the direction of motion. In this case 2, supports have to be introduced in
the plane of rotation temporarily to restrict motion during landing. This can be done
using a wide variety of mechanisms. But, the mechanism used should not change its
orientation when forces from the landing gear act on it (i.e. the orientation should
not be affected by the forces in the direction of the motion of the landing gear) so
the supports must be introduced in the plane perpendicular to the plane of motion of
the landing gear to satisfy the above conditions.

3.3 Preliminary Design

A mechanism has to be selected which satisfies all the conditions set/mentioned in
the previous section. Many types of mechanisms like slider crank, rack and pinion,
etc., can be used to ensure this [3, 4]. So, slider crank mechanism is selected. In
slider crank mechanism, the direction of motion of the slider is not same as the
landing gear, so the orientation of the mechanism will not change loads from the
landing gear acting on it. Its implementation is easy, and it will be a lot lighter and
more reliable than the rack and pinion mechanism. In this case two, slider crank
mechanisms are used: one of the sliders is hallow (slider-1) and the second one is a
solid slider (slider-2). The slider-1 acts a cylinder, and the slider-2 acts as a piston; as
both the mechanisms reach the top dead centre configuration, the slider-2 (which acts
like a piston) gets inserted into the cylinder completely and forms a thicker support.
To lock the landing gear, a complex part, i.e. sliders with two cylinders and pistons
have to be used. This is shown clearly in Fig. 3.

The components are designed to operate in the linear elastic region, any kind of
nonlinearity that may occur because of the orientation of the forces, and the geometry
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(i. slider-1) (ii.slider-2)

Fig. 2 Kinematic diagram of the piston cylinder locking mechanism. The arrow indicates the
direction of motion of the landing gear and the direction of application of forces while landing, (i)
the slider which acts as a cylinder (ii) the slider which acts as the piston

Fig. 3 Kinematic diagram
of slider crank mechanism.
[6] Source Adapted from

of the components will be taken into account when the entire system is broken down
into small elements during finite element analysis [5].

A rack and pinion can be used, but there is a possibility that the teeth of the rack
or the pinion can get damaged because of the huge amounts of load that will act on
it. So, a really bulky rack and pinion with very large teeth will have to be used, and
this will be heavier compared to the proposed slider crank. Therefore, slider crank
is more suited than the rack and pinion (Fig. 2).

4 Detailed Design

The slider crank mechanism is made of four links and four kinematic pairs, namely
three revolute and one prismatic. One link is fixed as ground, one of them can rotate
about all the other links completely, this link is called crank, the slider is the link
which can slide over the fixed link and form a prismatic pair, and the link which
connects the slider and the rank is called connecting rod [3, 4].

There are two types of slider crank mechanism:

(1) Inline: The direction of motion of the slider and the pivot point lie on the same
line.
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(2) Offset: The direction of motion of the slider and the pivot point do not lie on
the same line.

(3) This stage of design involves determining the lengths of the links and finalising
the geometry of the mechanism and the links [3, 4].

4.1 Mechanism Definition:

The type of slider crank mechanism used has to be selected, and the factors kept in
mind during selection are as follows:

(1) Obtaining maximum retractability (stroke, distance covered by the slider).
(2) The mechanism has to consume less space.
(3)  Quick return is not required.

So, by taking the above-mentioned points into consideration, in line slider crank
mechanism is chosen.

First the length of the crank has to be fixed, it depends on the length of the stroke,
and in this case the stroke has to be slightly greater than the width of the landing gear
link (to ensure that there is no interference with the motion of the landing gear). We
know that the stroke is twice the crank length, using this relation we can find the length
given the width of the landing gear. This determines the depth of the cavity in the
cylinder and length of the piston arms, thus the slider lengths can also be determined
by keeping some allowance for the tabs. The length of the connecting depends on
the pivot point of the crank and is equal to the shortest distance between the slider
and crank when they are in one of their extreme positions. Thus, the dimensions of
the mechanism can be fixed using the width and the pivot point of the crank (Fig. 3).

2R=S=W

R = crank length, S = stroke length, W = width of the landing gear link.

4.2 Designing

After finalising the lengths of the links, the geometry of the parts has to finalised
based on the ease of manufacturing, load bearing capacity, cost of production, etc.
(Fig. 4)

A prismatic design was selected because the load acting on it will be distributed
evenly all over the surface; if cylindrical designs were to be used, the entire load
acting on it is to be concentrated on a single point or a line; this will result in large
amounts of stresses in the point of application of force; this will cause large amount
of deformation near the point of load application. To avoid this, prismatic sliders are
used. The variation of cross section must be gradual to reduce stress concentration.
The edges are filleted to minimise friction and to reduce stress concentration.
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Fig. 4 Designs of the two types of sliders used developed with CAD software

S Stress and Reliability Analysis

Analysis of the stresses is done to check if the part designed can withstand the force
applied on it without failing and to find the stresses and deformation the part may
undergo when it is loaded.

FEA is used to analyse the stresses and deformations. First step in this process is
meshing, in this process part is divided into many small elements, and the stresses and
deformations each and every element are calculated individually and then combined
to get the final result. The elements are created for analysis tetrahedrons, and they are
finer in corners and edges because stress concentration is higher in those regions so
accurate reading is necessary for good analysis. Here more than one part is analysed,
so identifying the contact surfaces is important because load is transferred through
these surfaces. The surfaces in contact are highlighted in Fig. 5.

Next step is the problem definition, here the surfaces which will be fixed and the
surfaces on which the forces act have to be indicated. The direction and magnitude
of the forces have to be specified, and the type of stress and deformation required to
be found is selected. After this, the computer starts to generate mathematical models
to solve the problem and find the required stress and strains (Fig. 6).

[

Fig. 5 Meshing and the contact surfaces identified during finite element analysis
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Fig. 6 Problem definition in the FEA software
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In this model, the slots used to connect the sliders to the connecting rod are the
surfaces that are fixed (indicated in blue). The force from the landing gear will act on
the inner walls of the assembly (indicated in red). The arrow indicated the direction
of the force applied (Fig. 7).

After the generation of mathematical model, the computer solves it and displays
the results. The maximum stress and its concentration and the deformations are found,
and required design changes are made and then analysed again till we obtain minimal
stresses are obtained. Any part that is designed should have a factor of safety 1.5-3
to make sure that the part is reliable.

There will be regions in the component which will have large variations of stresses
to get accurate values of stresses in those regions, and a process called convergence
is carried out. The tetrahedrons elements in these regions are further broken down
into smaller elements, and the stresses are calculated. This process is carried out till
the values of stresses converge to a particular value, and this is done to obtain reliable
results which are experimentally accurate. ANSYS a FEM software was used for the

Fig. 7 Stress distribution and the deformations
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Fig. 8 Final assembly of the locking mechanism developed in CAD environment

analysis because it is a widely used software in industries and is well known for its
accuracy [1, 5].

6 Conclusion

By locking the landing gear in the required position, we not only reduce the chances
of an accident because of human error but also a lot of other factors like fast winds
or pressure variations that might affect the landing of the aircraft.

This design can be made better by using smart materials, vibration dampeners,
etc., which can help in smooth landing.

Thus, by locking the landing gear, we can make the safest mode of transportation
safer (Fig. 8).
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A Preliminary Assessment of Solar )
Industrial Process Heating for Cement L
Industry
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Abstract Solar energy conversion technologies for supplying heat for many
processes in various industries such as petroleum refining, textile, pulp and paper,
cement, and food and beverage have become very encouraging in recent years.
Industrial sectors can reduce their energy consumption by harnessing solar energy.
Petroleum refining, pulp and paper, food and beverages, textile, chemical, cement,
and automobile industries are some of the industrial sectors where solar energy has
been utilized for their various processes successfully implemented. In this review
article, a systematic review of the utilization of solar energy for various processes
of cement industry was done. The temperature and energy requirement (thermal and
electrical) for the various processes in the cement industries are identified. Finally,
suitable solar collectors for process heating in the cement industry are also discussed.

Keywords Solar industrial process heating - Cement industry

1 Introduction

The cement industry consumes a huge amount of raw materials (limestone) and
energy for the production of cement. The energy is utilized in the form of thermal
energy and electrical energy. The production of one ton of clinker requires 1.7 tons
of limestone and approximately 3.2-6.3 GJ of thermal and electrical energy. [1, 2].
The thermal energy utilized for the production of cement having a cost of around
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Fig. 1 Outline of cement manufacturing processes with nature of energy requirement

20-25% of the total production cost and a huge amount of electricity, i.e., 110—
120 kWh is required per ton for the manufacturing of cement. Generally, the cement
industries fulfilled the thermal energy requirement by burning of fossil fuels. The
maximum percentage of electricity is utilized in grinding operations for producing
cement powders [3]. Figure 1 shows the sequence of operations and the types of
energy required for each process for the production of cement.

Consumption of cement is increasing at a fast rate globally. For meeting the
demand for cement, a tremendous amount of fossil fuel is utilized. The commonly
used fossil fuels are coal, natural gas, biomass and petro coke, etc., burning of a
large amount of fossil fuel produces a lot of gases which have a very adverse effect
on the environment. So it is necessary to reduce fossil fuel consumption without
disturbing the thermal energy demand of the cement industry. The reduction of the
use of fossil fuel ultimately reduces greenhouse gas emissions. This can be achieved
by improving the efficiency of the system so that there will be a less consumption of
fossil fuel and /or substituting fossil fuel by renewable sources of energy such as solar
energy. Improving the efficiency of the system, no doubt a beneficial technique, but
it is beneficial for the short run. But the implementation of the potential of renewable
energy in the cement industry can give many benefits in the long run.

The main objective of this study is to review the potential of solar industrial process
heating (SIPH) through the available research papers, books, and annual technical
reports, etc. The article mainly emphasizes the scope of SIPH in the cement industry.



A Preliminary Assessment of Solar Industrial ... 173

Limcst_one Homogenization Clinker

quarTymng silo Dust

Classification separation
\._‘ ' P,

store

Pre-homot
genization]

Cement
mulls

a5

Crushing

/

Raw null

Preheating of
raw meal in
cyclones

Rotary Kiln

@QQj
Cement in bulk t ﬁ j:l Bagged

cement

Fig. 2 Cement manufacturing process [6]

2 Cement Manufacturing Process

The sequence of operation/process for the production of cement mainly depends on
the types of cement, which is to be produced, but the necessary process remains the
same for any type of cement. For the production of cement, first limestone quarrying
is done and then crushing to get the required size. After that, silica, iron, bauxite,
and quartzite are added in the correct proportion, and then these are crushed, and
then a raw meal is prepared. The raw meal is blended in blending silos and then
heated in the pre-heating system. This process is known as calcination, in which the
decomposition of calcium carbonate (CaCQOs3) is done. It produces calcium oxide
(Ca0) and liberates carbon dioxide (CO2). This is done at a temperature range
of 900 °C. Then this calcium oxide (CaO) is passed through the kiln with silica,
alumina, and ferrous oxide. This is known as clinkering process, which is done at
a temperature range of 1400-1500 °C. This process produces clinker (silicates +
aluminates + ferrites). Then this clinker is grounded with gypsum, limestone, and
ashes to produce a fine product called cement [5]. Figure 2 shows the sequence of
processes flows in a cement manufacturing plant.

3 Process Heating

It is generally defined as the transfer of thermal energy to a process during the
production of any necessary items or goods. A typically process heating system
includes three types of devices, namely as heating device for generation of heat, a
heat transfer device for transfer of heat from the source to the required material, and
a heat recovery device. There are generally four types of process heating systems
[7, 8].
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The first one is the fuel-based process heating system. This type of heating system
liberates heat energy by burning of fuels. The fuels used may be in the form of solid,
liquid, or gases. The heat energy is transferred directly or indirectly to the material
to be produced. Ovens fired heaters and kilns are some of the examples of this type
of system.

The second type is the electricity-based process heating syatem. This type of
heating system uses electric current for generating heat, and it is transferred in a
direct or indirect way. This technique is also referred to as electro technologies.
Electric arc furnaces, induction heating, laser heating, and microwave processing are
some of the examples of this type of system. The processes which include this type
of heating system include heating, drying, curing, etc.

The third type is the steam-based process heating system. This type of heating
system uses the application of steam for heating. It is similar to a fuel-based system.
The application of steam can be applied directly or indirectly. This type of heating
system is very significant for lower temperature industrial process heating, i.e., below
400 °C. Petrochemical industry, chemical manufacturing industry, paper and pulp
industry, etc., are some of the industries where this type of heating system is used.

The fourth one is the hybrid process heating system. This type of heating system
is used where the same energy source is used to optimize the energy use or to increase
the overall thermal efficiency of the process. Example of this type of system includes
when a conventional boiler is replaced by a boiler that can be operated by fuel and
electricity both.

4 Solar Industrial Process Heating

Many researchers have done lots of researches about the potential of SIPH across
the globe. The solar thermal systems are integrated with the processes of many
industries to meet the thermal energy requirement. Some of these industries include
dairy industry, food, and beverage industry, sheet metal industry, textile industry,
and chemical industry, etc. A brief review of some of the research work has been
focused here to evaluate the potential of SIPH in the case of cement industries. One
of the researchers named Kalogirou investigated the potential of SIPH in Cyprus
[9]. His work is suitable for the washing and drying processes for the food and
beverage industries. The only disadvantage of this study is that it does not provide
any quantitative estimates. This type of study is also done by many researchers in
Australia and found that the potential of SIPH can be applied to many processes
of mining, food processing, and textile industry without any quantitative estimates
[10-12].

The heating and cooling technology with the help of solar energy was started by
the International Energy Agency (IEA) in 1977. The main motive of this program
was the maximum utilization of solar energy [13]. The members of IEA were from
different countries and the European Union. An investigation was carried out under
this plan, and the estimated potential of SIPH for the European Union was found
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out to be 260PJ/ annum. This value was 3.8% of the total heat consumed by all
the twenty-five countries of the European Union. As per another research report,
Germany has a potential of 482.2 PJ annually [14].

There were many types of research about specific industries to check the potential
of SIPH. One of the researchers in India calculated that there was a potential of 25
PJ for the paper industry [15]. Another researcher calculated the potential of SIPH
for the dairy industry and estimated the value was 6.40PJ [16].

4.1 Solar Collectors Used for Process Heating

A solar collector mainly consists of an absorber plate and an appropriate heat transfer
medium. Its primary function is to absorb the solar irradiation falling on its surface
and transfer the heat to the fluid, which is working as a heat transfer medium. There
are generally three categories of solar collector adapted for process heating operations
[17]. The first category is the flat plate collector, which is lighter, durable, and cheaper.
It is designed for the low-temperature process heating applications. The second type
of collector is the evacuated tube collector. This is also adopted for low-temperature
process heating applications or for water feeding to the boiler. The third type of
solar collector is the concentrators. This is generally used for medium and high-
temperature process heating. Some commercially available designs are the parabolic
trough, parabolic dish, and linear Fresnel reflectors [18].

5 Discussion

The solar heat can be used for the fulfillment of the thermal energy requirement
for many processes of different industrial sectors; due to the high potential of solar
energy, the usability of this type of non-conventional energy for different industrial
process heating increasing day by day across the globe. Figure 3 shows the installed
capacity of the SIPH system in the last decades increases drastically. There is a
lot of scope of SIPH system for different industrial sectors. The selection of solar
collector design plays a vital role in achieving the required temperature for process
heating. Figure 4 shows the different types of solar collectors with their range of oper-
ating temperatures. Higher temperatures can be achieved through the combination
of different types of solar collectors.
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6 Conclusion

The review article focused on the potential of solar heat for many industrial processes
and found that there were many industrial sectors around the globe that had success-
fully implemented the potential of SIPH system. It is found that there is a lot of
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energy consumption of energy for converting raw materials to the final product, i.e.,
cement. Therefore, fuel substitution must be considered. This paper also identifies
some solar collectors with their operating temperatures. Solar energy has a lot of
potential for industrial process heating for the cement industry, and this is an area
where lots of research is required in the future.
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Experimental Investigation of Drying )
Tomato in a Double Slope Solar Dryer L
Under Natural Convection

E. Elavarasan, Yogesh kumar, R. Mouresh, and Sendhil Kumar Natarajan

Abstract In this study, thin layer drying of tomato slices under open sun drying and
double slope solar dryer was conducted. The drying effect on exergy loss, exergetic
efficiency, dryer efficiency, pickup efficiency, energy utilized, thermal and drying
chamber efficiency has been obtained. It has been observed that the solar dryer
with double slope had more efficiency than the open sun drying. The exergy loss
range from 1196.82 to 11,758.18 kJ/kg having an average value of 6302.47 kJ/kg,
the exergetic efficiency varied from 67.19% to 81.17% with an average value of
70.20%, respectively. The value of pickup efficiency varied from 10.89% to 14.33%
with an average value of 12.22% with the dryer efficiency varying from 11.58% to
44.76% with an average value of 25.76%, respectively. The energy utilized ranged
from 19.23 to 76.73 kJ/s with an average value of 55.2 kJ/s, the thermal efficiency
is said to be varied from 5 to 14% and the drying chamber efficiency is said to be
range from 9.70 to 77.52% with an average of 57.48% for the entire duration of the
experiment. A comprehensive evaluation yielded that the double slope solar dryer
was best suited for drying the samples.

Keywords Drying tomato slices - Solar energy + Activation energy - Exergy *
Energy - Performance dryer

1 Introduction

Tomato plant (“Solanum lycopersicum”) has an edible berry that is commonly called
as tomato and is consumed raw and cooked all around the world. Tomatoes are a major
source of lycopene which is an antioxidant and is linked with various health benefits
like reducing heart disease and cancer. Global exports for tomato cumulatively had
a quantity of 7.3 million tonnes with an estimated value of $9.7 Billion in 2018. The
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largest exporter of tomato is Mexico at 1.8 million tonnes followed by the Netherlands
and Spain at 1.1 million and 797 thousand tonnes, respectively. Tomatoes grown in
India are primarily consumed by the domestic market due to the large demand in
the country. Arepally et al. [1] investigated the mixed-mode solar drying of tomato
samples at 30°—60° air temperature. The moisture content of drying tomato samples
decreased from 93.67-8% on a wet basis within 20, 23, and 30 h for three different
load conditions. The experimental results were better in agreement with two-term
drying model for 2, 4 kg m~2 for load condition and having a Logarithmic drying
model for 6 kgm~2 load condition. They reported that energy utilization ratio of
the dryer was varied from 24.2-58% and exergy efficiency varied from 50-59%.
Pankaew et al. [2] used a equipped rice husk burning system on parabolic greenhouse
dryer for producing dried banana. The highest efficiency of the burning was 87.7%.
It was concluded that the drying efficiency increased by 12.6%. Murugavelh et al.
[3] developed a mixed-mode solar tunnel dryer to dry tomato waste at 44—-68 °C.
The content of moisture of drying tomato paste reduced from 71.1-0.3% on a wet
basis within 7 h in the tunnel dryer and 15 h in sun drying. It was concluded that
the experimental results were better in agreement with Midilli et al. drying model
and the exergetic efficiency of the tunnel dryer was varied from 38.5 to 67.5%.
Ligayat et al. [4] conducted the experiment in an indirect solar dryer, which reduces
the usage of fossil fuel. The mean thermal efficiency in the collector was 31.50%
whereas the drying chamber efficiency was reported as 22.38%. They concluded
that drying time was reduced in indirect solar drying method and more efficient than
open drying process. Hamdi and Kooli [5] used mixed-mode greenhouse and solar
dryer to dry tomato samples at 25-54 °C drying temperature. The moisture content
of drying tomato decreased from 20.27 to 0.36 g water/g dry matter within 31 h under
the greenhouse dryer and 48 h under open drying. experimental results were better
in agreement with Midilli et al. drying model. They concluded that the exergetic
efficiency of a dryer varied from 16.4-70.4% and average efficiency of energy of the
system was 42%.

Johnson et al. [6] used a hot air dryer to determine the moisture diffusivity and
shrinkage within the cylindrical piece of plantain were the thickness and the temper-
ature will vary. They reported that the activation energy of the sample was estimated
at 38.81 kJ, and Fick’s diffusion equation identified the distribution of moisture.
Kumar and Elavarasan [7] reviewed the application of computational fluid dynamics
in natural and forced convection greenhouse dryer in different samples. Berinyuy
et al. [8] developed a solar tunnel dryer to dry the vegetables containing very high
moisture content. The dryer contains four trays and can dry 17 kg of cabbage mois-
ture content reduced from 95 to 9% in five days. The mean efficiency of dryer was
17.86%, with airflow of 9.86 m3/h. It was reported that there was a reduction in
dehydrating period by 30 and 50% based on the crop used and the dried product was
acceptable visually. Hossain and Bala [9] studied mixed-mode type forced convec-
tion solar tunnel dryer to dry green and red chilies. The final moisture content of red
chili 0.05% in 20 h in dryer and it took 32 h in open drying. In the case of green
chili, 0.06% final moisture was obtained from 7.6% in 22 h in tunnel dryer and 35 h
in sun drying. They concluded that the use of a solar tunnel leads to decrease the
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dehydrating period. Vijayan et al. [10] studied the thermodynamic characteristics of
the bitter gourd by using indirect solar drying. They concluded that the mean value
of moisture diffusivity was 12.95 x 107'° m?/s, the mean value of pickup efficiency
was 54.29%, and the mean value of exergy efficiency was 40.68%.

Midilli and Kucuk [11] studied indirect type of solar cabinet dryer to dry shelled
and unshelled pistachios at 40—60 °C drying air temperature. The equilibrium mois-
ture content of dried pistachios was observed within 6 h. They reported that exergy
loss of solar cabinet dryer was varied from 0.5-3 kJ (kg)~'. Kesaven et al. [12] made
an indirect-type triple-pass forced convection dryer to analysis the exergy, thermal
and pickup efficiency of drying potato slices. The flow rate was 0.062 kg s~!, and the
exit air temperature was 62 °C. The final moisture content of sample of potato was
13% after the drying process in 4.5 h. The thermal efficiency was 45%, the pickup
efficiency was 29.9%, and the exergy efficiency was 53.57%. The Midili and Kucuk
model were best suited drying models for potato slices. Abbaspour-Gilandeh et al.
[13] used a hot air dryer for drying quince sample at 50-70 °C drying air temperature
with three different wind velocities used. The effective moisture diffusivity of drying
quince sample was varied from 4.1-1.18 x 10~ m? s~! and Midilli et al. drying
model gave good agreement with experimental results. The energy utilization ratio,
exergy efficiency and loss of hot air dryer were 0.882, 87.9% and 0.04 kJ s~!. Nazghe-
lichi et al. [14] analyzed exergy and energy of fluidized bed drying of carrot. Three
inlet temperatures of 50, 60, 70 °C and 30, 60, 90 mm were used for the experiment.
The size of the carrot cube was 4, 7 and 10 mm, respectively. The energy utilization
range between 0.105 and 1.949 kJ/s and the energy utilization ratio (EUR) varied from
0.103 to 0.707. They concluded that the high air inlet temperatures, small particles
and deep beds increased the energy utilization ratio (EUR). Tan et al. [15] conducted
drying of cassava chips at temperatures of 30, 50 and 70 °C with different airflow
rates. They concluded that the modified page model gave the best fit with the drying
air temperature and rate of flow across the dryer. Based on the above-cited literature
review, very few papers reported the drying parameters of tomato. Hence, in this
paper, experimental studies were carried out to determine the pickup, dryer, thermal,
drying chamber, exergy and energy efficiency of drying tomato slice of developed
low-cost double slope solar dryer.

2 Experimental Setup

The experiment was conducted on February 11, 2020, in Karaikal District,
Puducherry, India, to evaluate the drying characteristics of the tomato slices. The
setup consists of a double slope dryer of a double trapezoid shape with a total length
of 2.49 m, a breadth Of 0.8 m and a height of 0.3 and 0.25 m on the longer and shorter
sides of the dryer. The trapezoid shape of the dryer enabled the movement of moisture
from a higher pressure to lower pressure region inside the dryer thus enabling faster
drying of the samples. The inclination of the dryer was given at 10.2°0on each sides
matching the latitude of the experimental area which was covered with a pane glass



182 E. Elavarasan et al.

Double Slope Solar Dryer

|

e

Fig. 1 Picture of double slope solar dryer and open sun drying for drying tomato

of thickness 0.04 m, the dryer was made out of galvanized Iron along with plywood
of thickness 0.025 m to restrict heat transfer to and from the dryer. The samples were
placed in an Aluminum mesh of 2.41 m x 0.74 m inside the dryer to study wetness
of the samples. One kg of samples was taken inside the dryer and open drying to
compare and evaluate their drying capabilities. The entire drying setup was placed in
the East—West direction for entire drying process [16, 17]. The highest temperature
developed inside the dryer was recorded to be 70 °C, with a maximum RH value
of 45%. Vents were employed to facilitate dehydration of the samples. The pictorial
representation of the solar dryer was given in Fig. 1.

The acquired data via a data acquisition system (Agilent 34972A), which has
a + 0.25% error correction. Eight K-type thermocouples were utilized to measure
the various parameters within the system, within where five of them were used to
measure the absorber plate temperature and three of them measured the drying air
temperature at different locations. The ambient temperature was measured using
a J-type thermocouple throughout the experiment. The average solar radiation was
obtained using a Hukseflux Pyranometer with a sensitivity of 14.77 x 107 V/(W/m?).
The photographs of the data acquisition system and Pyranometer used were shown
in Fig. 2(a, b).

3 Analysis

The model presented by Midilli and Kucuk [11] for exergy and energy techniques of
thin layer dehydrating operation is connected to this investigation. In the techniques
of thermodynamics, a thin layer dehydrating operation is considered a constant steady
flow method.
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(1) Agilent Data Acquisition Unit (i1) Hukseflux Pyranometer

Fig. 2 Picture of a Agilent data acquisition unit and b Hukseflux Pyranometer

3.1 Energy Technique

In extent of the first law of thermodynamics, the energy techniques of thin layer
dehydrating operation of tomato was done to determine energy characteristic and
dehydrating characteristic of drying air all through convective kind of chamber
dryer. The air operation is modeled as a constant steady flow operation investi-
gated by utilizing steady flow protection of mass and preservation of the energy
standards [11].

The energy analysis of tray and dehydrating chamber can be calculated by
following equations

wh
nt = L (1)
mqC,(Ty; — Tp)
Hwh s
maqCp(Tyi — Tj)

Nd 2

m,, is denoted by the mass flow rate of removed moisture from tomato.
The required energy to transfer the wetness content during dehydrating operation
was calculated by

Qs = mao(hi - ho)

where Q; = Mass flow rate of outlet, #; = Enthalpy of the intake air, h, = Enthalpy
of exhaust air.
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Fig. 3 Variation of moisture content reduction of tomato respective to drying time for solar dryer
with double slope and open drying method

3.2 Exergy Analysis

In the extent of second law of thermodynamics, overall outflow of exergy, losses and
inflow tray, and dehydrating chamber were evaluated. The essential technique for the
exergy investigation of dehydrating chamber was to calculate the values of exergy at
a constant steady flow and the exergy deviation for dehydrating operation [11].

The term exergetic efficiency was characterized as inflow to outflow ratio for
dehydrating chamber. The generalized form of exergy efficiency was derived as

Exergy (inflow—outflow)

E Effici = 3

xetey BHietency Exergy Inflow )
E

Nexergetic = 11— ?ZL “4)

To calculate the exergy losses by the following equation.

Y EXioss= ) EX;— Y EX, 5)
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4 Results and Discussion

Figure 3 observes variation in content of moisture in tomato samples in a solar dryer
with double slope and open drying process. The content of moisture in the samples
decreased from an initial moisture from 94.42% to 10% (wb) in 7 h under solar dryer
and 10 h under open drying process, respectively. The samples in the double slope
solar dryer had faster drying rate than samples under open drying due to enclosed
chamber and restricted inlet of air inside the drying chamber. The highest amount of
moisture removal happened between 12:00 and 13:00 when peak solar radiation was
recorded. The open sun drying required a second day of drying to achieve similar
results to that of the double slope solar dryer.

The global solar radiation for the entire experiment peaked at 1031.82 W/m?,
having average value of 739.50 W/m?. On observing Fig. 4, it was noted that there was
adirectrelation between the absorber plate temperature and the drying air temperature
inside the dryer. The temperature of the absorber plate had a peak temperature of
59.25 °C at 13:00 with average of 42 °C, respectively. The temperature of drying
air also followed the same pattern by obtaining a peak temperature of 54 °C and
having a temperature of 42 °C on average, respectively. The inlet air had a maximum
temperature of 44.67 and 38.23 °C on average. The ambient temperature hovered at
25.7 °C to 27.67 °C, with average of 26.86 °C, respectively. The drying pattern has
been observed and has followed the usual path of drying.

On analyzing Fig. 5, the exergy loss varied from 1196.82 to 11,758.18 kJ/kg,
having average value of 6302.47 klJ/kg. The exergy loss peaked during 13:00-14:00
when the incident solar radiation was also maximum. The exergy loss remains low
if the exergy was properly utilized inside the dryer. Figure 6 shows the exergetic
efficiency of the samples that was reported to peak around 12:00 noon due to the
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Fig. 4 Variance in global solar radiation, surface plate temperature, ambient temperature, and
average air temperatures in double slope solar dryer
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Fig. 6 Variance of exergy efficiency with the time of drying of the samples

maximum utilization of available exergy inside the drying chamber. The exergetic
efficiency varied from 67.19 to 81.17% with an average value of 70.20% and it can
also be observed that the exergetic efficiency kept decreasing after the peak value
until the supply of exergy became low after 16:00 h after which a small increase was
observed.

Figure 7 demonstrates the efficiency of pickup of solar drying. The value varies
from 10.89 to 14.33%, with an average value of 12.22% for the entire duration of the
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experiment. The pickup efficiency peaked at 11:00 and then proceeded to decrease
till 14:00, after which it showed an increase till 15:00 before falling again for the
remaining duration of the experiment. Figure 8 shows variance of dryer efficiency
with the time of drying of the samples. The effectiveness of the dryer was varied from
11.58 to 44.76%, with an average value of 25.76%. The lower effectiveness of the
dryer at 10.00 am due to the beginning of the experiment and that the arrangement had
not yet been balanced out. At the point when insolation drops, the put-away heat was
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Fig. 8 Variance of efficiency of dryer with the time of drying of the samples
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recovered while consequently keeping up greater air warmth and subsequently greater
effectiveness. The effectiveness of the dryer was least during the peak incident solar
radiation at 12:00 noon due to the rapid increase in surface temperature in the early
afternoon with high incident solar radiation whereas the effectiveness of heat of air
doesn’t meet the extra load because of fixed speed causing it to lose its effectiveness.

Figure 9 shows variance of energy used with the time of drying of the samples.
The values for energy utilized ranged from 19.23 to 76.73 kJ/s, with an average
value of 55.2 kJ/s, respectively. The values peaked at 13:00-14:00 due to the high
availability of energy caused by the peak in incident solar radiation where the energy
used has been determined by utilizing the data of wetness expelled during analysis,
as concluded by Emulue et al. [18]. The values of thermal efficiency were said to be
varied from 5 to 14% peaking at 11:00—13:00 due to the high amount of solar radiation
incident on the dryer. The drying chamber efficiency was said to be varying from
9.70% to 77.52%, having an average value of 57.48% increasing with the increase
in chamber inlet temperature that facilitates the drying of the samples, respectively.

5 Conclusion

e Performances of a solar drying have been evaluated for tomato in double slope
solar dryer.

e The drying was conducted from 9:30 to 16:30 on day 1 and 9:30 to 12:30 on day 2
to evaluate the drying properties of the samples. It is observed that the drying from
94.42 to 10% wet basis moisture took 7 h under solar drying and 10 h under open
drying. The average solar radiation had a value of 739.5 W/m? and the airflow rate
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had a value of 1.052 kg/s, the drying system, thermal, drying chamber and pickup
efficiencies were found about 34.76%, 13%, 63% and 14.33%, respectively.

The efficiency of exergy of the dryer is varied from 17.4 to 81.17%. The overall
efficiency of energy of the dryer is reported as 77%.

Thermal diffusivity of dried tomato sample minimum value of 1.891 x 10~ m?/s
and maximum value of 4.823 x 10~ m?%/s.

The rehydration ratio, density and porosity of dehydrated tomato slices is 10.26%,
1.57 g/cm? and 42%.

The dried tomato samples also possessed excellent sensory characteristics while
being hygienic and of a high quality due to shielding from pollutants and other
quality hampering agents.

It is concluded that double slope solar dryer is better and most suited for drying
the samples than the open sun drying process.
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Design of Zig-Zag 1-3 Viscoelastic )
Composite Layer for the Improved L
Passive Damping Treatment of Beam

Abhay Gupta, Rajidi Shashidhar Reddy, and Satyajit Panda

Abstract A zig-zag 1-3 viscoelastic composite (VEC) layer is designed for
improved passive damping treatment of the vibrating structural beam. A zig-zag
1-3 VEC comprises by incorporating graphite blocks in zig-zag manner within the
conventional viscoelastic material (VEM) layer. For the estimation of its damping
capacity in the passive damping treatment of a beam, the corresponding finite element
(FE) model is formed. To investigate the effect of inclusions in their zig-zag form
compared to regular form, primarily, the optimal dimensional properties of corre-
sponding configurations are obtained for the maximum damping of the beam. Then,
their optimal modal loss factors and the performance in controlling the forced vibra-
tion of beam are compared. The results reveal that VEC with a zig-zag form of inclu-
sions improves damping significantly compared to their regular form and conven-
tional VEM. Moreover, this enhancement in damping appears due to the improvement
in both extensional and shear counterparts of modal loss factor.

Keywords Viscoelastic materials -+ Vibration control - Finite element method -
Passive damping treatment

1 Introduction

Passive damping treatments are generally used to reduce the vibration in engineering
structures. The unconstrained layer damping (UCLD) and passive constrained layer
damping (PCLD) are the most popular passive damping treatments in engineering
structures. In UCLD treatment, viscoelastic material (VEM) layer is attached to the
surface of vibrating substrate structure, while in the case of PCLD treatment, VEM
layer is constrained in between vibrating substrate structure and passive constraining
layer. VEM is widely used in damping treatment because it has good energy absorp-
tion and dissipation capability under cyclic loading. The energy dissipation in UCLD
and PCLD treatments is due to extension/compression and shear deformation in
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VEM layer, respectively. However, energy dissipation or damping through PCLD
treatment is much better than UCLD treatment [1]. Swallow [2] firstly introduced
the PCLD treatment, and Kerwin [3] utilized it for the vibration reduction in engi-
neering structures. Different design configurations were proposed for the enhance-
ment of passive damping. Plunkett and Lee [4] utilized segmented constraining
layers for the improving passive damping of a beam. However, the damping can
also be increased by configuring segmented viscoelastic damping layer and metallic
constraining layer in an alternate manner [5]. The damping can also be improved
using multiple constrained damping layers [6]. The enhancement in damping occurs
by adding stand-off layer so that the distance of damping layer from the natural
axis increases and the damping of CLD (constrained layer damping) treated beam
also increases [7]. Moreover, the optimal design of the laminated plate with CLD
treatment for the maximum damping with minimum weight was also introduced [8].
Moita et al. [9] studied the damping performance of the sandwich plate made of
functionally graded (FG) face layers and soft viscoelastic core.

Apart from these configurations, PCLD treatment can also be improved through
different viscoelastic damping materials. In this queue, Rajoria and Jalili [ 10] utilized
the carbon nanotube—epoxy composite core within sandwich beam for the enhance-
ment of damping. It was observed that both stiffness and damping improve by adding
the carbon nanotubes (CNT) in epoxy matrix. Attipou et al. [11] observed that
damping of sandwich structures was also improved by the inclusion of viscoelastic
particles. However, the damping was also improved significantly by using appropriate
volume fraction of rubber particles and silica nanoparticles within epoxy matrix [12].
Kliem et al. [13] analysed the damping characteristics of cylindrical composite struc-
tures with improved VEM properties. However, recently some improved VECs were
also proposed for the CLD treated vibrating structure [14—17].

Itis observed from the aforesaid literature that in most of the design configurations,
the damping enhancement was because of improvement in shear strain/deformation
within viscoelastic layer. However, very few design configurations [14—16] are avail-
able where damping enhancement was due to increase in both shear and exten-
sion/compression deformation in VEM layer simultaneously. The present work
is also influenced from aforesaid literature. A design of zig-zag 1-3 viscoelastic
composite (VEC) layer is introduced to improve the CLD treated vibrating beam
structure. A zig-zag 1-3 VEC is configured by the zig-zag inclusion of graphite
blocks in conventional VEM layer instead of their regular form in existing 1-3
VEC (regular 1-3 VEC) [14]. It is expected from the present zig-zag 1-3 VEC that
damping may be improved further through the enhancement of both shear and exten-
sion/compression deformation in VEM. Hence, in the present work, the influence of
inclusions in their zig-zag form is investigated and compared to their regular form
through the modal loss factor analysis. The shear and extensional/compressional
counterparts of the modal loss factor are also evaluated to show their effect on the
improvement of overall modal loss factor. The earlier study on the damping capacity
of 1-3 VEC with the regular form of inclusions [14] mainly states that the damping
capacity significantly depends on the dimensional properties of 1-3 VEC, such as
number of graphite blocks, VEM layer thickness and gap between two consequent
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graphite blocks. Thus, in the present analysis, the optimal dimensional properties
for the maximum damping of the vibrating beam are evaluated to show the effect
of inclusions in a zig-zag form. The direct search method is used for evaluating the
optimal dimensional properties of 1-3 VEC. A performance study in controlling the
forced vibration of beam is also conducted for the enhancement of PCLD-treated
beam.

2 Finite Element (FE) Modelling of the PCLD-treated
Beam Structure

The beam with constrained conventional VEM layer, regular 1-3 VEC layer (three
layered) and zig-zag 1-3 VEC layer are represented diagrammatically in Fig. 1.
The length/width and thickness of substrate beam/constrained damping layer/passive
constraining layer of PCLD-treated structural beam are designated by L/b and
hlhglh,, correspondingly. And, dimensional properties such as number of graphite
blocks, VEM layer thickness and the gap between two consequent graphite blocks of
zig-zag 1-3 VEC layer/regular 1-3 VEC layer are denoted by n, h, and A, respec-
tively (Fig. 1b—c). And transverse periodic point load (py) is applied at the centre
of bottom surface of a fixed beam. With the assumption of plane stress in y-axis,
the FE method is employed for the modelling of PCLD-treated structural beam in
two-dimensional (2D) xz plane [18] ( Fig. 1). So, the state of strain (&) and stress
(o) at any point within xz plane can be expressed in Eq. (1).
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Fig. 1 Schematic diagram of the structural beam with constrained a conventional VEM layer,
b regular 1-3 VEC layer, ¢ zig-zag 1-3 VEC layer
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where o, / 0, and &, / &, are bending stresses and strains in x/z axis, respectively;
Tyz / ¥« 18 shear stress/strain in x z plane. For consideration of the linear deformations,
the strain—displacement relation is
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where u/w are displacements in x /z direction. Equation (3) expresses the constitutive
relation for k™ isotropic material within overall beam structure.

1 vk

E*
k_ ckgk. ok _ okgk. k _
o,=Cpe,; o, =Cie;; where C) = o1

kel o ] Ct = E* /(201 +9)

3)

where k = 1 and 4 are indicated for isotropic material of substrate beam and passive
constraining layer, respectively, while kK = 2 and 3 are indicated for graphite blocks
and VEM, respectively. Here, material properties of VEM are taken as the frequency-
dependent complex quantity at constant room temperature so it is modelled using
complex stiffness method and expressed as C’,j(a)), C’; (w) (for k = 3).

The FE model of overall PCLD-treated beam structure is discretized into nine-
node isoparametric elements in 2D xz plane (Fig. 1). Thus, displacement vector (d)
in Eq. (2) can also be expressed in form of shape function matrix (N) and elemental
displacement vector (d°) as given in Eq. (4).

d=Nd° “)

The first variations of total potential (§7p) and kinetic (§ Tk ) energy of an element
can be expressed as

4
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where p* and A; are the mass density and area corresponding to k™ material in xz

plane, respectively. Equation (6) expresses the extended Hamilton’s principle. Using

this principle and Egs. (3)—(5), the elemental FE governing equation of motion of
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PCLD-treated beam structure is given in Eq. (7).

5]

/ (8Tx —8Tp)dt =0 (6)
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In Eq. (7), subscript s/b represents shear/bending counterparts; A; denotes area
of an element made of kth material. After the assembly of elemental matrices/vectors
(Eq. (7)), the governing equation of motion of PCLD-treated beam structure can be
obtained in the form of global matrices/vectors as given in Eq. (8).

Md + K(w) d = Py; where K(0) = Ky(w) + K () (8)

In Eq. (8), M and K are mass and stiffness matrix, correspondingly; P and d
are mechanical load and displacement vector, correspondingly.

The procedure for the computation of fundamental frequency and its modal loss
factoris givenin [17, 19]. Moreover, in order to study the influence of shear and exten-
sion/compression deformation on the damping of beam with PCLD treatment, the
shear and extensional counterparts of modal loss factor are evaluated. The assump-
tions K} (w) = 0 (K!(w) # 0)and K/ (w) = 0 (K} () # 0) are considered in order
to evaluate the shear (7,) and extensional (1,) counterparts of modal loss factor,
respectively. However, overall damping or modal loss factor (1) can be evaluated
without considering any assumptions (K (@) # 0,K!(w) # 0).

3 Numerical Results and Discussions

The damping characteristics of PCLD-treated beam with zig-zag 1-3 VEC are
compared to regular 1-3 VEC layer (three layered) and conventional VEM layer
(Fig. 1) in the present section. The damping characteristics are mainly examined
with the estimation of modal loss factors as well as corresponding frequency response
under primary resonance due to forced periodic excitation. The dimensions of PCLD-
treated structural beam are takenas L = 0.4m,b =4 mm, 7 = 5Smm, hy; = 2.5 mm
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Table 1 Verification of FE model for the computation of modal loss factor of PCLD-treated beam
structure

Modal loss factor | Conventional VEM layer | Regular 1-3 VEC (single layered)

7 s Ne n
Present results 0.00448 0.165 0.033 | 0.198
Reference 0.00448 0.165 0.033 | 0.198

and i, = 0.5 mm (Fig. 1). The transverse periodic point load (po = 1 N) is applied
at the centre of bottom surface of a fixed beam. The substrate beam and passive
constraining layer are fabricated with aluminium material (o = 2740 kg/m?,E = 69
GPa, v = 0.3), while 1-3 VEC consists of blocks in conventional VEM fabricated
with graphite material (o = 1400 kg/m®, E = 250 GPa, v = 0.3). The frequency-
dependent properties of conventional VEM are taken at 32 °C room temperature
from [17, 20]. Initially, the FE modelling of the beam with constrained conventional
VEM/regular 1-3 VEC is validated. Modal loss factor of the PCLD-treated structural
beam using present FE model is computed for conventional VEM layer and regular
1-3 VEC (single layered) and collated it with similar results given in Table 1 for
identical beam available in the reference [21] and [14], correspondingly. It may be
noticed from Table 1 that present FE results are very close with the reference results.

In order to investigate the damping characteristics of PCLD-treated beam with
zig-zag 1-3 VEC compared to regular 1-3 VEC layer (three layered) and conven-
tional VEM layer, the modal loss factors corresponding to fundamental mode are
evaluated using Eq. (8) by solving an eigen value problem. Through the study of
modal loss factors of PCLD-treated beam with regular 1-3 VEC and zig-zag 1-
3 VEC, it is observed that the damping properties mainly depend on the different
dimensional properties [14] such as number of graphite blocks (n), VEM layer thick-
ness (h,) and the gap between two consequent graphite blocks (A). Hence, to show
the corresponding dependency, the modal loss factors are evaluated at each and every
point of a three-dimensional grid of dimensional properties (n, h,, A). The limits of
the three-dimensional grid are considered as 1 < n < 12, 10 pm < A, < 200 pwm,
10 pm < A <400 pm. The corresponding variation of modal loss factor is repre-
sented in the form of 3D contour plots, as illustrated in Fig. 2a, b for zig-zag 1-3
VEC and regular 1-3 VEC (three layered), respectively. These contours in Fig. 2
are also useful to get the optimal dimensional properties via a direct search opti-
mization method for the maximum damping of the PCLD-treated beam. The optimal
dimensional properties (n, h,, AA) of these PCLD configurations are presented in
Table 2. Using these dimensional properties (Table 2), the modal loss factor (1) of
a PCLD-treated beam along with its shear (1,) and extensional (1,) counterparts is
evaluated for regular and zig-zag 1-3 VEC configurations and presented in Table
3. Similarly, the results are calculated for PCLD-treated beam using conventional
VEM and illustrated in same Table 3. The modal loss factor (n) of the beam with
constrained conventional VEM layer has a major contribution of its shear counterpart
(ns) compared to its extensional counterpart (7).) (Table 3). This demonstrates that its
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Fig. 2 Values of modal loss factor () of structural beam with constrained a zig-zag 1-3 VEC
and b regular 1-3 VEC (three layered) at different dimensional properties (n, h,, A) within three-
dimensional contour

Table 2 Optimal dimensional properties (n, h,, A) of PCLD configurations and corresponding
modal loss factor (1) of the overall beam

PCLD configuration n hy (um) A (pm)) n
Regular 1-3 VEC (three layered) 9 25 10 0.1296
Zig-zag 1-3 VEC 12 10 50 0.1324

Table 3 Passive damping of different PCLD-treated beam configurations

PCLD configuration Ne N n

Conventional VEM 9.268 x 107 0.0374 0.0375
Regular 1-3 VEC (three layered) 0.0458 0.0827 0.1296
Zig-zag 1-3 VEC 0.0142 0.1194 0.1324

damping appears mainly through the energy dissipation through shear deformation
of viscoelastic material. However, in case of a PCLD-treated beam using regular 1-3
VEC and zig-zag 1-3 VEC, there is significant contribution from its (modal loss
factor) shear (7,) as well as extensional (1),) counterparts. The increase in shear (7;)
and extensional (7,) counterparts of modal loss factor (1) occurs may be because of
improvement in transverse shear strain and extensional/compression normal strain,
respectively. However, extensional modal loss factor (1,) is decreased due to zig-zag
configuration compared to regular 1-3 VEC configuration, while shear counterpart
(ny) is enhanced. However, the overall damping of PCLD-treated beam using zig-zag
1-3 VEC becomes high compared to regular 1-3 VEC and conventional VEM.

To investigate the performance of PCLD-treated beam with zig-zag 1-3 VEC
in reducing its resonant amplitude of vibration due to the transverse periodic force
excitation, the frequency response (Wpax / h) around the fundamental bending mode
of vibration is evaluated and shown in Fig. 3. Similarly, the responses for regular 1-3
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Fig. 3 Frequency response 0.25
of different PCLD-treated
beam configurations (py = 1

N) 0.2}
£ 045}
Ty
E
= o4}

0.05f

0 "
0.7 0.8 0.9 1 1.1 1.2 1.3
wlw
n
|““““"Conventiona! VEM - - -Regular 1-3 VEC ——Zig-zag 1-3 VECl

VEC and conventional VEM configurations are plotted in the same figure (Fig. 3).
The improvement in the diminution of resonant vibrational displacement—amplitude
(Whnax / h) of the beam with constrained zig-zag 1-3 VEC layer compared to regular
1-3 VEC and conventional VEM as shown in the same figure (Fig. 3). Thus, it may
be noted from these results that the zig-zag 1-3 VEC layer can be useful for the
improved PCLD-treated beam structures.

4 Conclusions

In this work, a zig-zag 1-3 VEC is introduced to improve the damping of PCLD-
treated beam structure. The zig-zag 1-3 VEC comprises zig-zag inclusions of
graphite blocks within the conventional viscoelastic material (VEM) layer. To inves-
tigate the effect of inclusions in their zig-zag form compared to regular form, the
fundamental modal loss factors are evaluated along with corresponding the reso-
nant frequency response of the PCLD-treated beam under periodic transverse force
excitation. These results are evaluated by forming the explicit 2D FE model of the
PCLD-treated beam structure. Initially, the effect of geometrical properties on the
damping capacity of regular and zig-zag 1-3 VEC is analysed. Subsequently, the
optimal dimensional properties for maximum damping are obtained for these PCLD
configurations. At these optimal dimensional properties, the damping capacity of
the different PCLD configurations is analysed. It is observed that in the case of
conventional VEM, damping occurs mainly due to the shear deformations in VEM,
whereas the shear deformation in VEM significantly improves with the inclusions in
zig-zag/regular form along with the significant extensional/compressional deforma-
tions in VEM. Thus, the modal loss factor of a beam with 1-3 VEC is significantly
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more than that of a beam with conventional VEM. The results also demonstrated that
the zig-zag form of inclusions enhances the shear deformations in VEM but reduces
the extensional/compressional deformations in VEM. However, the overall damping
or attenuation in the vibrational amplitude is significantly higher in zig-zag 1-3 VEC
than the regular 1-3 VEC layer. Thus, the zig-zag 1-3 VEC can be conceivable for
the improved damping of PCLD-treated structural beam.
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Design and Simulation of Structural )
Components of Affordable, Automated oo
Solar Panel Cleaning Mechanism

Shubham Jain and Rhythm Singh

Abstract Efficiency of solar PV system decreases due to factors like dust accumu-
lation and bird dropping which limit its performance by lowering the transmissivity.
This decrement in efficiency is significant and can be observed in large arrays used for
commercial purpose. In order to solve this problem of efficiency decrement, removal
of these materials is necessary on regular basis. Many types of cleaning mechanisms
are available to clean the solar panels in commercial applications; however, there is
need for a more affordable system for residential applications. In this regard, work
is taken up to design and simulate the structural components of an automatic solar
PV panel cleaning mechanism which is structurally stable, durable and affordable
for cleaning of residential PV panels. The system is designed in SOLIDWORKS to
analyze its working process properly, and the components are designed and simu-
lated in ANSYS workbench separately. The analysis mainly covers the threaded rod
and rubber wiper, and the total torque requirement for the system has been estimated.
This solar PV panel cleaning mechanism can be programmed with microcontroller
and dust detecting sensor to make the system fully automatic.

Keywords PV panel cleaning mechanism - Dust cleaning mechanism - Structural
components * Threaded rod - SOLIDWORKS - ANSYS

1 Introduction

Solar photovoltaic panel is a device which converts solar radiation received from the
sun into the electricity directly. Number of solar cells are attached in series to provide
the required current and a fixed voltage as the output of the solar PV panel. When the
appropriate solar irradiation falls on these solar cells, a current is generated. If there is
any shadow or any type of obstruction between solar cells and the solar rays, the output
of the cell is decreased. These obstructions can be dust accumulation, bird dropping,
water stain and garbage accumulation on the glass surface of PV panel which can
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block the incoming solar beam radiation. The amount of accumulated dust on the
surface of the PV module affects the overall energy delivered from the PV module on
a daily, monthly, seasonal and annual basis. Detailed studies have been conducted to
study the effect of soiling on efficiency of panel [1]. Hammoud et al. [2] calculated the
average increment of 32.27% in power generation by cleaning the dust with the help
of designed robot. Haydar et al. [3] confirmed the degradation of performance of panel
by 44% drop in power output in average, due to dust accumulation. Several attempts
have also been made for developing automated cleaning mechanisms for PV panels,
mainly for commercial applications. Halbhavi et al. [4] and Abhilash and Panchal [14]
have designed microcontroller-based automatic PV panel cleaning mechanisms. [5]
discusses the design of a control system for self-cleaning mechanism for PV panels
for street lighting system. Lu et al. [6] present a solar panel cleaning mechanism
based on a linear piezoelectric actuator. Zhen and Yang [7] discuss the design of a
robot for cleaning flat PV panel surfaces. Wable and Ganiger [8] discuss the design as
well as manufacturing aspects of a solar PV panel cleaning mechanism. Tejwani and
Solanki [9] present the implementation and working of 360° sun-tracking system with
an automatic PV panel cleaning mechanism. Najeeb et al. [10] discuss the design
of a PLC-based self-cleaning mechanism for PV panels, especially in the desert-
like climatic conditions. Parrott et al. [11] also discuss a robot-based dry cleaning
mechanism for PV panels with specially designed brush, making it more suitable for
application in desert-like conditions. Al Baloushi et al. [12] and Aly et al. [13] have
also presented self-cleaning mechanisms for PV panels in dry desert-like climatic
conditions.

Manual cleaning is many times preferred to clean the solar PV panels used in
residential applications as it is easy to clean few panels at rooftop but in commercial
PV plant, regular cleaning by manpower is not an easy task. However, automatic dust
cleaning robots used in commercial panels are not affordable to use at residential
PV as it is costlier. To overcome these problems, a design of an affordable and
structurally stable, automatic dust cleaning mechanism is proposed. This automatic
panel cleaning mechanism consists of a wiper as cleaning component, threaded rod
as prime mover, two DC motors to power the system and some other mechanical
components to make the system simple and mechanically strong. Section 2 deals with
the detailed design of the key structural components and the analytical study of the
structural operation of the proposed mechanism. Section 3 discusses the simulations
for analyzing the stability of major components, and the results and conclusions are
presented in Sect. 4.

2 Proposed Design of Dust Cleaning Mechanism

This dust cleaning mechanism is basically designed for PV panel fixed on the rooftop
at HRED, IIT Roorkee. The dimensions of the panel are as given in Table 1. To clean
the surface, a wiper is used for mopping with repeated motion. Wiper is attached
with the threaded rod by means of carriage block which converts the rotary motion
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Table 1 Dimensions of PV

Length Width Thickness (glass included)
panel

167 cm 100 cm 3.2cm

Fig. 1 Proposed design for dust cleaning mechanism

of threaded rod into linear motion just like the screw and nut assembly. This carriage
block has internal teeth meeting with threads of rod. When the threaded rod rotates
with the help of DC motors, the wiper moves linearly in contact with glass surface.
Thus, the cleaning process completes and avoids the reduction of efficiency of panel.
The proposed model, designed in SOLIDWORKS software, is given in Fig. 1.

2.1 Detailed Design

The dust cleaning mechanism shown in Fig. 1 majorly consists of two stainless steel
rods of 12 mm diameter and 2 mm pitch, a rubber wiper attached with an iron rod to
support at one end, two carriage blocks of 30 mm * 30 mm * 30 mm with internal
diameter of 12 mm with same pitch. Both the threaded rods are supported in bearing
at the ends and connected with DC motors. A programming unit is connected with
DC motors to rotate the rod in clockwise and anti-clockwise direction alternatively.
A separate water pipe can be attached at the top of panel for wet cleaning of PV
panels.
The torque calculation for the system is done as follows:

Rod diameter, d = 12 mm, Pitch, p = 2 mm
Total rotation required : L/p = 1700/2 = 850
If motor with RPM of 500 is chosen to work, the time of one stroke will be 850/500
= 1.7 min.

Torque required to raise the load against gravity in screw gage is given by Eq. (1)

T) = W tan(a + ¢) x (d/2) (1)
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where « is thread helix angle, ¢ is friction angle, d is diameter of threaded rod, u is
coefficient of friction between carriage block and threaded rod, and W is load to lift.

tana = p/m - d 2)

tan o = 2/ (12) = 0.053, oo = 3.0367 degree and ¢ = tan"'u = tan™! (0.16) =
9.09, where | is the friction coefficient between the threaded rod and the carriage
block mass of wiper m,, =1 * b * h*density + mass of supporting rod = 1 * 0.06 *
0.01 * 1100 4 1 kg = 1.66 kg

Fo=u -my g cosf 3)
F,=0.5%1.66*9.81cos30=7051N
W = (megsinf + F,)/2 (4)

where 6 is 30° (panel tilt for Roorkee), and '’ is the friction coefficient of glass and
rubber interface with water as lubricant.

m, = (mass of wiper) + 2 * mass of carriage block (®)]

me = (1.66) + 2%0.177 = 2.014 kg.

From Eq. (4), W = (2.014 x 9.81 x 0.5 + 7.051)/2 = 8.464 N.

By putting the value of W, «, ¢ and d in Eq. (1), we get T} = 8.464 x tan (9.09
+ 3.0367) x (0.006) = 0.010957 N m.

The torque to overcome inertia is given by Eq. (6),

D=1« (6)

where the moment of inertia (I) is given as, I = mr?/2 = 2.5662 * (0.006%)/2 =
2.594E—05 kg m?.

o required is 100 rad/s.

Thus, T, = 2.594E—5 * 100 = 0.002594 N m.

Thus, the total torque required is 0.010957 + 0.002594 = 0.0135069 N m.

Similar calculation is done for different material combination of threaded rod and
carriage block, the results of which are shown in Table 2. The results shown in Table
2 have been further illustrated graphically in Fig. 2. It is clear from Fig. 2 that the
minimum torque requirement is for a 12 mm diameter rod of stainless steel. Hence,
the structural stability simulations for determining the deformation and fatigue life
of this component were conducted in ANSYS, as detailed in the next section.
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Fig. 2 Torque requirement results for different rod materials

3 Simulation Work

Threaded rod and wiper experience significant torque during the operation due to
friction force. This friction can be assumed to be applied at mid-span of wiper which
creates two couples at the threaded rod. These couple of moment can cause the
deformation of threaded rod by fatigue loading. In order to check the stability of
components, a small model, as shown in Fig. 3, is simulated in ANSYS software,
and results in the terms of total deflection and life of component are calculated to
check whether the component is stable or not for the load.

Couple at threaded rod = friction force * width of panel/2

000 400.00 B00.00 {mm)
— - e —
200.00 600.00
Graph w» § X Tabular Data

P

1 Time [s] ¥ X [N.mm] [[# ¥ [N.mm] [ Z [N-mm
{ 1 0. =0 =0 =0
e | 2l1 | 553 4715 0.

Fig. 3 Load at threaded rod cylindrically fixed at both ends
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=u -mwg cos * (1/2) = 0.5 % (1.66 + 0.177 % 2)
% 9.81 % cos 30 % (1/2)
=8.555/2=4.775Nm @)

Second couple on rod = friction force * d /2
= 8.555% (12/2) = 51.33 N mm
=0.051 Nm (8)

Wiper is also experiencing the torque due to friction force 8.555 N at the edge
which is in contact with glass surface.

4 Results and Conclusion

For motor selection, required torque is calculated as 0.0135 N m at the end of rods.
The simulation results of threaded rod show the maximum deflection (0.054 mm)
and a life more than 10E6 number of cycles, when loaded with couples of (0.051 and
4.775 N m both are perpendicular) at mid-span as shown in Figs. 4 and 5.

As per the code of practice, typically, the maximum deflection is limited to the
beam’s span length divided by 250. In this analysis, if the number L/250 is calculated,
it comes equal to 1700 mm/250 = 6.8 mm, which is very high as compared to the
deflection analyzed in ANSYS. Hence, the threaded rod of stainless steel material of
12 mm diameter is found safe to serve the purpose. Similarly, the simulation of wiper
of 1000 mm * 60 mm * 10 mm, loaded with friction force at the lower surface, shows
its maximum deflection of 5.38 mm (in Fig. 6) at the contact of wiper and glass. This
deflection can be effectively utilized to suppress the wiper blade during fabrication.

ANSYS

2019 R2
ACADEMIC

:
an 0000 400,00 {mem) L

100.00 300.00

Graph w § % Tabular Duta -8

e MR e A e
o o 11, 0. S5ATOEe-002 3.1349e-002

Fig. 4 Contour of total deformation of stainless steel rod
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Fig. 5 Contour of fatigue life of stainless steel rod

ANSYS

_ 2019R2
ACADEMIC

=

0o 100.00 200,00 {rrarm)
50.00 15000

Fig. 6 Contour of total deformation of rubber wiper under frictional loading

In accordance with the analyzed data, this project has been fabricated and installed
at HRED, IIT Roorkee. Thus, the paper presents a simple and affordable structural
mechanism for a PV panel cleaning mechanism.
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Influence of Number of Lobe on Dynamic | m)
Performance of Hydrodynamic Journal i
Bearing

Vivek Kumar, Kush Shrivastava, Kuldeep Narwat, and Satish C. Sharma

Abstract This paper concerns with the numerical simulations of hydrodynamic
journal bearing. Influence of number of lobes has been examined on the steady and
dynamic performance parameters of bearing system. Finite Element (FE) formula-
tion is carried out to perform numerical simulations of bearing system. The perfor-
mance of circular and multi-lobe (2—4 lobe) journal bearings have been computed
and compared for film pressure distribution, min. film thickness, rotor-dynamic coef-
ficients, etc. These performance indices are obtained for a wider range of external
load. It has been found that a two-lobe journal bearing offers better steady and
dynamic performance as to circular and multi-lobe journal bearing configurations.
It is observed that a two-lobe journal bearing vis-a-vis circular bearing significantly
enhances the minimum film thickness and direct stiffness coefficients, and marginally
reduces the threshold stability margin.

Keywords Journal bearing - Multi-lobe bearings - Rotor-dynamic coefficients *
FEM
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1 Introduction

Hydrodynamic journal bearings found wide range of sage in machines such as
turbines, pumps, turbo-generators, mechanical presses, and compressors [1, 2].
The hydrodynamic pressure is build up in such bearings by churning of lubri-
cant in narrow converging passage between the runner and stationary surface. The
bearing surface herein is separated by the thin film viscous fluid. The essential
requirement for supporting external load is a converging passage, viscous medium
and high/sufficient operating speed. These requirements ensure safe and reliable
operation of hydrodynamic journal bearings [2].

Since, first reported application of journal bearing [3], many analytical, numerical
and experimental investigations were reported dealing with performance improve-
ment of these bearings. Basically, the operation of hydrodynamic journal bearing
can be effectively managed by altering/adjusting the geometry of bearing and type
of lubricant employed used during its operation/maintenance. Earlier design of these
bearings is mainly concern with circular geometry of runner/shaft and bearing. With
passage of time, the demand of higher productivity pushes the practicing engineers to
operate machines under heavy load and high operating speed. Under such prevailing
conditions, the earlier design circular bearings do not able to produce desirable or
expected performance. Therefore, new design has been explored to improve the
tribological performance of journal bearing system. With the availability of modern
manufacturing technologies and computing facilities, non-circular bearings were
more frequently analyzed, produced and employed in turbo-machine applications.
These non-circular bearing such elliptical bearings [4], pressure dam bearing [5],
titling pads bearings [6], multi-lobe bearings [7], etc. were reported to provide better
performance as compared to circular bearings.

Recently, Laser Surface Texturing (LST) /surface engineering [8, 9] is widely
recognized as a new technique/sciences for enhancing the tribo-performance of
hydrodynamic bearings. In LST, micro-dimple/grooves patterns, etc. are produced
on bearing surface. Such patterns act as numerous micro-bearings [8] and provide
substantial enhancement in the operation of tribo-pairs employed in different lubri-
cation regimes. Theoretical and experimental investigations [8—13] were reported
examining performance of textured surface bearing. In most of these studies, a marked
improvement in load supporting ability [8, 11, 13] and significant in friction [8-10,
12] have been reported. These benefits of LST (in fluid film bearings) can be only
achieved, when texture is provided with optimum attributes, dimension and shapes.
The optimum values of texture attributes are reported to vary significantly with
respect to operating conditions of the journal bearing system. After the manufacturing
and installation of journal bearing in engineering applications, it tribological perfor-
mance can be improved by selection of suitable/ formulation of appropriate type and
quantity of lubricant. Commercial lubricant contains certain packages of additives
such viscosity index improver, anti-friction and anti-wear agents, rust inhibitors, etc.
[1, 2]. These agents are often mixed to the base/stock oil to impart specific charac-
teristics. As a consequence, the lubricant during bearing operation, shows nonlinear
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behavior. Experimental studies are reported investigating the effect of viscosity index
improvers on coefficient of friction between tribo-pairs such as sliding surface [14],
friction clutch [15] and journal bearings [16, 17]. Experimental and numerical study
[16] suggested that the cubic shear stress fluid model better describes the nonlinear
characters of lubricants containing viscosity index improvers. Afterward, many theo-
retical/analytical/numerical studies were reported [18—24] examining the influence
of nonlinear nature of fluid on performance of different type of fluid film bearings.
The studies used theories/law such as micropolar theory [18], power law [19], couple
stress theory [18-22], and cubic shear stress law [16] to describe nonlinear behavior
of fluids. The couple stress and micropolar theories are deals with influence chain
length size of additives [20-24] on the operation of bearing systems, employing
non-Newtonian lubricant. It is found that with an increase in chain length of addi-
tives/coupling number, load carrying capacity, min. film thickness gets enhance and
fluid flow rate required through the journal bearing reduces. Theories such as power
law fluid model and cubic shear stress law fluid model describe nonlinear nature of
fluids in terms of shear stress vs. shear strain rate.

The available literature discussed above indicates that use of non-Newtonian
fluids can enhance performance level of hydrodynamic journal bearing. Also, it
was reported that using non-circular bearing geometry can substantially improve the
performance of journal bearings. However, no comprehensive study was reported
dealing with comparative analysis for dynamic performance of circular and multi-
lobe (2—4) journal bearing operating in hydrodynamic regime. In view of this, this
study has been planned to investigate the effect of number of lobe on rotor-dynamic
coefficient and stability margin of hydrodynamic journal bearing.

2 Mathematical Formulation

Figure 1 presents geometric configurations of circular and multi-lobe hydrodynamic
journal bearing. The lubricant in the bearing system is feed through a supply hole
provided on the top bearing and housing. The lubricant is assumed to be behaving as
a Newtonian fluid. The flow through the narrow space between runner (journal) and
stationary surfaces (bearing) is assumed to be laminar, iso-viscous and incompress-
ible. Under steady operation of the bearing, the flow of fluid could be described as
follows [23]:

3 (30p 3 (30p oh  dh
— (= )+=(r=)=0—=+—= 1
ax( arc>+az< az) ox o M
— h
)_c=£; Z=£, h=—; 7=L,
I”j Vj Cr }’j
2
—_ wr
p=l"le g ko, Y
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Fig. 1 Journal bearing system and unwrapped bearing flow domain

The film thickness expression for multi-lobe hydrodynamic journal bearings is as
follows:

_ 1
h=-—
5

(fj - f}) * cos(a) — (Zj — Z}) * sin(a) 2)
where § the offset factor and [XZ; | are journal center and [¥}Z] | are lobe center. The
film thickness for circular journal bearing is obtained by substituting offset factor as
one.

The solution of Eq. 1 is obtained by performing Finite Element (weak) formu-
lation. The unwrapped bearing surface is divided into finite elements of 4-noded
quadrilateral shape. The pressure is considered to be varying bi-linearly along within
these elements.

4
1
P=Y_[NB Nj= A+ & +mn) 3)
j=1

Weighted residual method has been used to obtain weak form of Eq. 1. Galerkin
approach is employed in which shape function of pressure is substituted as weights.

9 3 9 g | <&
// Pl LY Z<p’N’) Tz az ;(”’N)

A J

oh ok
—Q— — T)dmz = 4)

Simplifying above Eq. 4 produces a set of linear algebraic equations, these
equations are assembled to represent global flow equation in matrix-form.
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[F](p} = [C] + Q[H] +%;[S;] + £;[S)] (5)

Starting from left, the terms in above equation represent fluidity, pressure, flow
term, hydrodynamic and squeeze matrix, along x and z direction, respectively.
Following Boundary condition [23] is used to get the solution of Eq. 5.

(a) Ataxial boundary:z = £L/2; p = p,
(b) At lubricant supply location: x = 0; 27rr;; p = p,
; S — vy —( 2 —
(¢) Lubricant film rupture:x = x.; p = 0; ﬁ =0.
The steady-state (X; = sz = O) solution of Eq. 5 (0) yields pressure distribution
over the bearing surface area. Integrating these values of film pressure values on
bearing surface area provide film reaction force.

_ 2
Film reaction : F = [(Fx)2 + (FZ)2]1/ ; (6)

— 1 27 _ 1 27
F.= [ [pcosadxdz; F,= [ [ psinadxdz;
210 210

o _ +1zn fpop  Q\ .
Frictional Torque : Ty = [ [| - —= + = |dxdz 7
Z1o\20x h

Newton Raphson method has been employed to compute obtain dynamic
(; i #E 0z # 0) performance parameters of bearing system. The direct and crossed-
couple film stiffness and damping coefficient of bearing are numerically computed

as follows:
7 IFi = ki ki 0F, 2F,
N 0x; - |:k21 k2 9F, 3F, ®
ax 0z
IFi = [Dy 512} o 2
D.:=—=D=|_"_ — 9x 9z 9)
Y 0x |:D21 D> % %

The abovementioned rotor-dynamic coefficients of bearing system are used to
obtain the threshold speed (w;) margin of circular and multi-lobe journal bearings.

7. 11/2
w = [7] (10)

where m, is critical mass of journal. It has been computed using the film direct and
crossed-couple stiffness and damping coefficients.
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3 Solution Procedure

The analysis presented in Sect. 2 is employed to develop a source code which has
been used to simulate circular and multi-lobe hydrodynamic journal bearings. As a
direct solution of Reynold’s equation (Eq. 1) is a cumbersome process, hence Finite
Element (FE) method had been employed to solve partial differential equations.
The bearing input parameters are presented in Table 1. The bearing surface area is
discretized regions using 2D (4-node) quad elements. The fluid pressure has been
computed using Newton Raphson’s method.

An optimum mesh of 50 * 20 nodes along circumferential and axial direction is
used to generate mesh independent numerical results. An optimum value of mesh
is obtained when percentage difference between minimum film thicknesses falls
below 1% on the continuous refinement of mesh size. Solution scheme/algorithm
used in this work is depicted in Fig. 2. The numerical scheme has been converged
on the basis of eccentricity in the bearing. A convergence (Eq. 11) of 107% is pre-
defined on eccentricity to ensure reasonable accuracy of numerical results. Once the
convergence criteria are satisfied, pressure and associated performance (indices as
mentioned in previous section) has been computed.

Table 1 Bearing geometric and operating condition

Input parameters Dimensional value | Input parameters Dimensional value
Shaft radius (r;) 50 mm Radial clearance 0.05 mm
Axial length of bearing (L) | 100 mm Supply pressure 0.101325 MPa
Operating speed (V) 500 RPM Lubricant viscosity | 0.0345 Pa.s
External load (W) 6.77-9.94 kN Lubricant density 860 kg/m?
Input geometric Thrust pad surface
( Start = # and operating |—— discretization Generate
_— parameters / gauss points
No

Apply Boundary
Condition and solve for C
Muid film pressure using

FEM

p elemental
and global matrix

Compute fluid film

thickness

Compute bearing
performance
parameters A

Fig. 2 Solution scheme
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Fig. 3 Load carrying capacity vs. eccentricity ratio [24]

<107% (11)

Figure 3 presents validation of proposed mathematical model (numerical solu-
tion scheme) with available published [24] results for hydrodynamic journal bear-
ings. The developed MATLAB code is used to regenerate the numerical result of
Mokhiamer et al. [24]. Figure 3 shows influence of eccentricity ratio on the load
supporting capacity of hydrodynamic journal bearings. It could be clearly seen that
result from two schemes closely follows one another. This proves the adequacy of
developed source code to numerically simulate hydrodynamic journal bearing with
good accuracy.

4 Results and Discussion

This section discusses in detail the simulation results of hydrodynamic circular and
multi-lobe journal bearings. The influence of external load and number of lobes
is investigated on performance of the journal bearing system. Performance of four
different bearing configurations, namely circular, two-lobe, three-lobes and four-
lobe, is compared in this section. The performance of bearing is evaluated and
compared for film pressure, min. film thickness, rotor-dynamic coefficient, etc.

Figure 4 illustrates influence of number of lobes on fluid film pressure distribution
for bearing operating under varying external load. There is considerable deviation in
fluid film distribution with respect to an increase in external load imposed on bearing
system. As the external load increase so does the peak film pressure in the bearing
system. This peak film pressure is maximum for circular bearing configuration as
compared to the multi-lobe bearings. Among multi-lobe bearings, the peak increases
as lobes in the bearings increase from 2 to 4.
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o ® ®

Fig. 4 Pressure distribution in circular and multi-lobe journal bearings as a function of external
load

The influence of number of lobes and external load on minimum film thickness is
illustrated in Fig. 5. A monotonous reduction in min. film thickness is noticed with
an enhancement in external load acting on journal bearing system. The min. film
thickness is seen minimum for circular journal bearing as to multi-lobe bearings.
Two-lobe bearings are noticed to offer maximum value of min. film thickness as
compared to the three-lobe and four-lobe bearing system. The higher value of min.
film thickness reduces the chances of metal to metal contact between bearing and
journal surfaces during transient operation of bearing. Use of two-lobe bearings as
compared to the circular bearings enhances the min. film thickness by 6.2%. This
effect is noticed to be increasing with a continuous increase in load imposed on
bearing system.

Figure 6 depicts the effect of external load and lobe geometry of journal bearing
on frictional torque. It has been found that with an increase the external load, the
frictional torque of system increases gradually. Also, the use of multi-lobe bearing as
compared to the circular bearing enhances frictional torque in system. Then enhance-
ment in frictional torque is noticed to be marginal in three-lobe (2.15%) and four-
lobe (2.93%) journal bearings, whereas it is significant (16.22%) in case of two-lobe
journal bearings. The enhancement frictional torque owing to use of multi-lobe drops
significantly with an increase in the external loads acting on bearing system.
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Fig. 5 Min. film thickness
versus Load 0.75 A
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The numerical results for direct film stiffness coefficient (S, and S.) are illus-
trated in Figs. 7 and 8. It could be clearly seen an enhancement in external load, leads
to a decrease in stiffness coefficient K ., of all journal bearing configuration. Over
wider range of external load, 3 lobe and 4-lobe journal bearing provide minimum
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Fig. 7 Stiffness coefficient 272
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and maximum stiffness coefficient (Exx), respectively. Conversely, the direct stiff-
ness coefficient (S.,) is seen to be increasing with respect to an increment in the load.
The stiffness coefficient (S,,) is noticed to be maximum and minimum for two-lobe
and circular journal bearing. The two-lobe bearings are noticed as an optimum lobe
configuration which provides a 7.26% and 16.34% enhancement in S, and S..,
respectively.
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Figures 9 and 10 present effect of journal lobe configurations on the direct damping
coefficient (C,, and C..) of the bearing system under a wide range of external load. It
can be noticed that increase in external load tends to enhance the damping coefficients
of both circular and multi-lobe journal bearings. Three-lobe journal geometry is

Fig. 9 Damping coefficient 1.20
‘D) versus Load
(Dzx) —©— Circular §
—=—2-Lobe D
1.10 4
—A— 3-Lobe
—>—4-Lobe
1.00
Cxx
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0.70 $ — T
1.5 1.7 W 19 2.1
Fig. 10 Damping coefficient 6.5
D;;) versus Load
(Dzz) —©— Circular
—=—2-Lobe
6.1
—A— 3-Lobe

—Oo—4-Lobe
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Fig. 11 Threshold speed margin (@) versus Load

noticed to be beneficial in enhancing (3.43%) the (C,,) direct damping coefficient.
No clear trends for C., have been noticed w.r.t lobe geometry. However, circular
journal bearing should be preferred for enhancing C.. over wide range of external
loads.

Figure 11 presents trends for threshold speed of bearing with respect to load acting
on the journal bearing. Threshold speed is dependent on direct and cross-coupled
film stiffness and damping coefficients. It can be observed here that threshold speed
margin of circular as well as multi-lobe bearings decreases linearly with a continuous
enhancement in the external load. Further, it noticed that circular bearing vis-a-vis
multi-lobe journal bearings offer maximum threshold speed margin. The maximum
reduction (— 2.65%) in w, has been noticed while use of 2-lobe journal bearings.

5 Conclusions

The results for numerical simulation of circular and multi-lobe journal bearing can
be summarized as follows:

e The use of multi-lobe journal bearing is advantageous for enhancing the minimum
film thickness. Among multi-lobe bearings, two-lobe bearing geometry should
be preferred as it provides maximum enhancement (6.2%) in minimum film
thickness.

e The film frictional torque enhanced significantly reduces (12.82%) owing to
the use two-lobe journal bearing. Three-lobe and four-lobe journal bearing as
compared to journal circular bearing marginally increases (1-3%) the frictional
torque.
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Using multi-lobe bearing improves the direct stiffness coefficients of the bear-
ings. Contrary to this, multi-lobe bearing geometry has adverse effect the direct
damping coefficient of the bearing system.

An increase in external load is noticed to have a marginal adverse effect on
threshold speed margin of circular bearing and multi-lobe bearings. Also, use
of multi-lobe (vis-a-vis circular journal bearings) marginally reduce (— 2.65%
max.) the threshold speed margin.
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Performance Assessment of Parabolic m
Trough Collectors with Variable Mass oo
Flow Rates

Anshul Tewari® and R. S. Mishra

Abstract This work deals with the assessment of a solar parabolic trough collector
with variations in the mass flow rate of heat transfer fluid. A mathematical model
based on engineering equation solver (EES) software was developed for carrying
out this analysis. The values of flow rates considered for this study are 0.06, 0.08
and 0.10 kg/s. It is seen that flow rate of 0.10 kg/s provides the maximum collection
efficiency of 58.47% at noon, and the values of efficiency decrease with a decrease
in flow rate. Also, the maximum value of rate of useful heat gainis 1111 W for flow
rate of 0.10 kg/s and decreases with decrease in flow rate. But, the highest fluid exit
temperature is achieved for minimum flow rate of 0.06 kg/s.

Keywords Parabolic trough solar collector + Heat transfer fluid - Variable mass
flow rate - Collection efficiency - Fluid exit temperature

1 Introduction

Solar concentrating collectors, unlike flat plate collectors, concentrate the solar radi-
ation falling over it and thus producing high temperatures which cannot be achieved
using a flat plate collector. It is a type of line-focusing solar collector that concen-
trates the incoming solar radiation over an absorber tube carrying heat transfer fluid.
The high concentration ratios achievable in a PTC result in heat energy generation at
the absorber tube. This heat energy may be used for power generation, refrigeration
and process heating.
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1.1 Literature Review

Various previous research articles were analyzed during the course of this study.
Murtuza et al. [1] analyzed the performance of a 5 m parabolic trough solar collector
model. Year-round performance analysis was carried out, and it was inferred that
the months of March, April and May resulted increased temperatures of outlet from
93 to 103 °C. This study also incorporated variations in mass flow rate, and it was
simulated using ANSYS software. Maximum displacement, Von Mises stress and
thermal strain were the parameters considered while designing the receiver tube,
and the results were satisfactory. In another article, Behar et al. [2] proposed a new
model for PTSC which was validated using the studies carried out at the laboratories
of high eminence like SNL and NREL. The experiments conducted by SNL validate
this model, especially for cermet-coated receivers. This model claims to have an
uncertainty of 0.64% while predicting the thermal efficiency as compared with the
1.1% uncertainty of the NREL’s engineering equation solver code for cermet coat-
ings. However, this model suffered slide in accuracies while evaluating the heat losses
at high temperatures. In different study, Jebasingh and Herbert [3] focused on perfor-
mance of parabolic trough solar collector in the applications of refrigeration, process
heating, desalination, air heating and power production. It concluded that the effi-
ciency of PTC can be enhanced by working on materials of absorber tube its coating
and efficient working fluids. It considered the thermal energy storage system as revo-
Iutionary for future energy crisis. In another research, Yilmaz et al. [4] showed that
using inserts of wire coil in the observer tube enhances the performance of parabolic
trough collectors by decreasing the associated temperature gradients and thereby
reducing the irreversibilities in heat transfer. A parabolic trough collector with rim
angle 80° and 9 m width was modeled. Profile of heat flux on the absorber was
attained by employing Monte Carlo ray tracing which was later hinged with a CFD
model. The inserts for triangular in cross section with 7.6 mm size. The increase in
thermal efficiency ranges from 0.4 to 1.4% for various input parameters. It concluded
that the effect of temperature gradient is significant at lower flow rates, and this is
where the inserts are of higher importance.

1.2 Setup Description

The setup used for the development of this mathematical model comprises of a
parabolic trough solar collector with continuous adjustment to minimize the inci-
dence angle between the solar radiation and the plane of aperture. The concentrator
of the parabolic trough has its focal axis horizontal and in the east-west direction.
Figure 1 shows a cross-sectional view of the concentrator, absorber tube and the glass
cover with their respective nomenclature of dimensions. The concentrator is incorpo-
rated with the aim to focus or concentrate the incident solar radiation to the absorber
tube, where the heat transfer fluid flows. The absorber tube is hollow with respective
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P

Fig. 1 Cross section of solar PTC with nomenclature

inside and outside diameters, and a twisted tape is also incorporated in the absorber
to further increase the performance. It has a glass cover that fully surrounds it and
prevents unnecessary heat loss due to high temperature. This glass cover too has its
inside and outside diameters specified. The spacing between the outside diameter of
the absorber tube and the inside diameter of the glass cover is filled with atmospheric

Table 1 Characteristics of the system

Parameters Value

Location (New Delhi) 28°35'N, 77° 12'E
Aperture of concentrator (W) 1.25m

Length of concentrator (L) 3.657m

Inner diameter of absorber tube (Dj) 0.0381 m

Outer diameter of absorber tube (D) 0.04135 m
Inner diameter of glass cover (Dg;) 0.0560 m
Outer diameter of glass cover (Do) 0.0630 m

Tape twist ratio (x) 4

Reflectivity of concentrator (p) 0.85
Transmissivity of glass cover () 0.85

Intercept factor (y) 0.95
Emissivity/absorptivity of glass cover (&) 0.88
Emissivity/absorptivity of absorber tube (¢p) 0.95

Fluid inlet temperature (7') 50 °C/323.15K
Concentration ratio (C) 9.304

Ambient pressure (Pam) 101.325 kPa
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Table 2 Validation of the current model with results in [5]

Parameters Models Reference [5]
Useful heat gain (W) 1299 1289.8

Mean plate temperature (K) 441.3 441.13

Cover temperature (K) 334 333.39
Overall loss coefficient ( W/m?2 K) 13.13 13.27

Exit fluid temperature (K) 428.5 428.4
Instantaneous (%) 39.73 39.5

air. Table 1 shows the various characteristics of the system that is used as inputs to
the mathematical model for this study.

1.3 Mathematical Modeling

The mathematical model developed to carry out this current analysis is outlined in
this section. Engineering equation solver (EES) software was employed to program
this model. The mathematical equations are derived from the thermal analysis of a
PTC presented in [5]. The current model is validated by the results stated in [5], and
also the variation trends follow those presented in [5]. Table 2 compares the results
obtained with the current model and those presented in [5].

This model makes the following assumptions: The first one considers the complete
system under steady state of heat transfer, and the second assumption is that the heat
transfer fluid remains at atmospheric pressure at all times, neglecting the pressure
variation inside the absorber tube, if any. Moreover, the effect of shading and dust
deposition on the performance of the system is assumed negligible, and also, the
properties of the construction material and heat transfer fluid are assumed constant.

The flux absorbed in absorber tube (S) is given as:

D,
S = Lyrppy (ta)y, + Ibrb(fa)b<ﬁ> (D

where [, is the beam radiation, 7, being the tilt factor of concentrator, p is the
reflectivity of the surface of the concentrator, y is the intercept factor, (t), is
product of transmissivity and absorptivity for beam radiation, W is width or aperture
of collector, and D, is the outer diameter of absorber tube.

Now, the useful heat gain rate (Q,) may be defined as:

Qu=F(W=Do)L[S—(T;—T.)] 2

Also
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Qu = mcp(Tfo — Ts) 3)

where F' is the heat removal factor, L is the length of concentrator, Uj is the overall
loss coefficient, C is the concentration ratio, T’y is the fluid exit temperature, T’y is
the fluid inlet temperature, and 7', is the ambient temperature. Heat removal factor
is described as the ratio of heat gain rate actually to heat gain rate when the absorber
tube is at temperature T’z throughout. It is expressed in mathematical form as below

nC F'n D UL
F, = Mt 1—exp _# (4)
7 Do LU, mC,

Here, F’ denotes the efficiency factor of the collector, and it has similarities with
the heat removal factor.
1
- ] D,
U (a + W)

The coefficient of heat transfer of the thermic fluid is expressed as hy and written
as

F (&)

_Nu*K

hy = D; (6)

Nusselt number calculations are conducted using empirical relations considering
the characteristics of flow.

Concentration ratio (C) is ratio of effective area of aperture to the area of absorber
tube and written as:

_ (W-Dy
n D,

C (7

U, being the overall loss coefficient is useful in defining the rate of heat loss as:
01 = Uin DoL (Tym — T) (®)

The instantaneous collection efficiency of the collector based on beam radiation
alone is defined below:

Qu

9 9
= LWL ©)
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2 Results and Discussion

The flow rate of heat transfer fluid (HTF) is varied, and the deviations in the perfor-
mance of the collector are recorded. The results are studied in the form of a curve.
The values of flow rate are 0.06, 0.08 and 0.10 kg/s. The results follow the trend
stated in [5] for various parameters.

It is expressed in Fig. 2 that the temperature of receiver or absorber tube (T'pm)
is maximum when the flow rate is least. The largest value of T, derived from this
work is 344.3 K for flow rate 0.06 kg/s, at noon. This value is lowest at mornings
and then increases to become largest at noon and further decreases from noon to
evening. At noon, the lowest value of Ty, is derived for 0.10 kg/s flow rate, i.e.,
338.5 K. A difference of 5.8 °C is expressed in Tpy for maximum and minimum
flow rate at noon. Also, the value of T}y, is lowest in the morning for the whole
day. The lowest value being 324.3 K for highest flow rate 0.10 kg/s. This nature of
T',m owes to increase in solar radiation during noon as more concentrated radiation
results in temperature increase of absorber. Also, with the increase in flow rate, the
heat capacity of the HTF also increases thereby requiring more heat to increase its
temperature.

As can be derived from the aforementioned discussion, more temperature results
higher losses. This statement is in compliance with the results expressed in Fig. 3.
It is seen that the value of overall loss coefficient (U)) is largest for the lowest flow

345
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B 335
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3
=
=
z
5 330 |
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=
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Fig. 2 Absorber tube temperature change over time for variable flow rate
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Fig. 3 Overall loss coefficient change over time for variable flow rate

rate of 0.06 kg/s for which T', is maximum. The highest losses are for lowest flow
rate as Ty is largest for this flow rate, whereas the loss coefficient is lowest when
the flow rate is highest. Also, the heat removal factor for collector (F,) is directly
related to the flow rate; hence, this value is lowest for the least flow rate and goes on
increasing by increasing the flow rate. Figure 4 shows that the value of F' is lowest
at noon and is higher both in the morning and evening.

The rate of useful heat gain (Q,) is also related to the values of F; and U,. For
the lowest flow rate, the least value of F, and the highest value of U, correspond to
the lowest value of Qy. As seen in Fig. 5, Q, is lowest for the lowest flow rate, and
it increases when flow rate is increased. 1111 W is the highest Q, for highest flow
rate at noon, and 81.94 W is the lowest for least flow rate in the morning.

Figure 6 shows the deviations in exit temperature of heat transfer fluid (HTF)
by changing the flow rates. Though exit temperature is directly related to Q, but
its nature is opposite to Q, because the increase in flow rate is much higher than
the increase in Q, by changing the flow rate. At noon, the percentage increase in
Q. for change in flow rate is 2.68%, whereas the same for flow rate is 66.67%.
This higher increase in flow rate than Q, is responsible for a decreased value in exit
temperature for higher flow rate. With the increase in flow rate, the heat capacity of
HTF increases; hence, it needs much higher heat to increase the exit temperature for
higher flow rate. The highest value of exit temperature is 330.5 K for least flow rate.
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Fig. 4 Heat removal factor change over time for variable flow rate
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Fig. 6 Fluid exit temperature change over time for variable flow rate

At noon, the increase in exit temperature is 2.8 °C between highest and lowest flow
rates.

Figure 7 is the deviation in instantaneous efficiency of collection with time for
change in flow rate. The largest efficiency is 58.47% for highest flow rate at noon. It
is expressed that the deviation in efficiency is larger for higher flow rate, and its value
decreases for decrease in flow rate. This nature shows that although the conversion of
solar radiation into heat and thereby into fluid exit temperature is higher for lower flow
rate, but this conversion is not done efficiently in lower flow rates. The conversion of
available solar radiation into useful heat is achieved with higher efficiency for larger
flow rates. In other words, larger degradation of solar energy is done at lower flow
rate of HTF. At noon, the difference in collection efficiency is 1.49% between the
highest and least flow rate.

3 Conclusions

The performance of a PTC with variable flow rate is assessed using this mathemat-
ical model for steady-state situation. The results expressed through this study are
examined to make the following conclusions:



234 A. Tewari and R. S. Mishra

Collection Efficiency

60
55
50
45
40
—-m=0.06kg's
35 ¥ -1 =0.08kg's
m=0.10kg's
30
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time (hr)

Fig. 7 Instantaneous collection efficiency change over time for variable flow rate

The largest value of temperature of absorber tube expressed in this study is 344.3 K
for least flow rate 0.06 kg/s. This value is largest at noon and minimum in the
mornings. The magnitude of absorber temperature is reduced when the flow rate
is increased. At noon, this difference in temperature is 5.8 °C.

Due to higher absorber temperature, the convection, radiation and re-radiation
losses are also higher. Therefore, the magnitude of loss coefficient is large for
least flow rate and decreases by increasing the flow rate.

Rate of useful heat gain is highest for maximum flow rate, and its value decreases
when flow rate is reduced. 1111 W is the maximum rate derived from this study
for highest flow rate 0.10 kg/s. At low flow rate, lower value of heat removal factor
and higher value of loss lead to lower heat gain.

The exit temperature of heat transfer fluid is highest for least flow rate, and its value
is decreased by increasing the flow rate. At noon, the difference in temperature
between lowest and highest flow rate is 2.8 °C.

The maximum collection efficiency derived from this work is 58.47% for highest
flow rate 0.10 kg/s. This value decreases when flow rate is decreased. The
difference in efficiency between highest and lowest flow rate is 1.49%.
Therefore, it can be derived that the maximum temperature is achieved with lower
flow rate but degradation of energy is more in case of lower flow rate as compared
with higher flow rate.
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Influence of Nanoparticles in Different )
Types of Cutting Fluids: A Literature oo
Review

Anurag Sharma, R. C. Singh, Ranganath M. Singari, and S. L. Bhandarkar

Abstract The cutting fluids provide lubrication and cooling at the interface of work-
piece and cutting tool. Nanoparticles of metals, metal oxides, non-metals, non-metal
oxides, ceramics, etc. have been found to increase the lubrication, cooling and some-
times both lubrication and cooling with hybrid combinations on comparing with the
base conventional cutting fluid. The nanoparticles are used with straight oils, lubri-
cating oils and mineral oils have reduced the friction between contacting surfaces.
This paper is focused toward the effects of nanoparticles found by researchers with
different types of cutting fluids.

Keywords Nanoparticles + Nano-cutting fluids - Machining + Cooling -
Lubrication

1 Introduction

Machining condition is the localized environment created in the proximity of the
cutting tool and workpiece. Besides, machinability parameters like (i) speed, (ii)
feed and (iii) depth of cut machining condition may be considered for the analysis
of tool wear and surface morphology of workpiece. The machining condition may
be dry, conventional cutting fluids, minimum quantity lubrication, and cryogenic
cooling [1].
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1.1 Dry Machining

In this machining condition, cutting tool and workpiece may work in dry condition
like without the use of any coolant or lubrication. This may increase the temperature
at the interface of cutting tool and workpiece and deteriorated tool and surface of the
workpiece. In the case of steel as workpiece, the chips were long, staggered at both
sides with material outflow to both of the sides. This process may be considered as
eco-friendly and economical but the manufacturing rate was slow due to machining
at low machinability parameters for the optimum tool wear and surface roughness.
Researchers have proposed some harder tool material with a coating of TiN, diamond
powder, etc. [1, 2].

1.2 Conventional Cutting Fluid

In this machining condition, a conventional cutting fluid used at the interface of tool
and workpiece. This may include natural oils, straight oils, vegetable oil and emul-
sions may vary with oil (1-20%) approximately in the remaining water. The supply
rate could be from 500 to 20,000 ml per h. Researchers have found that tool wear
and surface roughness were (20-31%) lower as compared with dry machining. This
may vary further depending upon the type of workpiece material. But, environmental
and health issues like skin infections, itching, nausea, etc. may emerge during the
handling and recycling of debris and chips. The chips contaminated with the ingre-
dients of cutting fluid may be difficult in separating and economically cost elevating.
The fumes generated with conventional cutting fluids and contact with hands may
increase skin infections, itching in eyes, sometimes nausea, etc. [2].

1.3 Minimum Quantity Lubrication (MQL)

The oil in small quantity generally 100-500 ml/h used during machining at the inter-
face of cutting tool and workpiece. One method was continuous drop-wise flow and
another method was mixing oil and compressed air in equal proportionate. The mist
generated was supplied at the interface of the cutting tool and workpiece. This method
may be environmentally friendly depending upon the type of oil. Vegetable and
biocompatible oils could make this method eco-friendly and operator’s health may
be solved. The chips or debris created may be found clean and free from impurities
and further recycled with almost negligible cost [2, 3].
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1.4 Nano-cutting Fluids

Nanoparticles are in the range of 1-100 nm. Researchers have tried to mix nanopar-
ticles in oils for lubrication and cooling purpose. The selection of nanoparticles was
based on the type of base fluid like some nanoparticles were found easily mixing
with oil but the same may not be mixing with water. Nanoparticles may increase
the thermal conductivity of the base fluid and lowered the tool wear and surface
roughness of workpiece during machining. Eco-friendly nano-cutting fluids could
be made by selecting biodegradable oil and nanoparticles like nanoparticle of MoS,
in sunflower or olive oil. The surfactant if used should be biocompatible. Water-based
nano-cutting fluid could be economical. This may be easily availability of water and
further conversion into distilled water. The heat transfer coefficient of water was
found to be more than oil. This may improve the heat carrying capacity and further
improvement in machinability properties. Besides, increasing cooling capacity of
base fluids lubrication property may be imparted. The fluid may provide cooling
and lubricating effect. Nanoparticles in water-based fluid with oil (1-10%) may be
known as water emulsion. The percentage of oil may vary with the type of oil and
the amount of lubrication needed [3, 4].

2 Literature Review

The research work is tabulated into four columns. The first column depicts serial
number; second column shows author, year, and reference number; third and fourth
column show work done and result/findings, respectively.

2.1 Cutting Fluids/High Pressure Fluids for Metal Cutting

Cutting fluids are used in machining processes for providing coolant and lubrication.
Generally, cutting fluids are supplied by the in housed pump fitted in machine.

The speed of supply of cutting supply is almost fixed. The cutting fluid moves in
a closed cycle and comes back to the pump after filtration.

Table 1 depicts the workdone by researchers during use of cutting fluids and high
pressure fluids.

2.2 Effects of Nanoparticles in Cutting Fluids

Nanoparticles are very fine particles of magnitude of 10~ m. These particles change
various parameters during machining applications.
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Table 1 Details of research papers regarding cutting/high pressure fluids at interface of cutting
tool and workpiece

S. No. | Author, year, reference no. | Accomplishment of work Outcome

1 Naves et al. 2013 [4] The experimentation was It was found that tool wear
done on lathe machine using | and tool chip length were
AISI 316 as workpiece and | declined on comparing with
coated carbide cutting insert | other concentration of
with supply of high pressure | cutting fluid. The amount of
cutting fluid at different wear was lowest at higher
levels of concentration and | concentration of cutting
pressure fluid and pressure

2 Mosleh et al. 2017 [5] The experiments were It has been found that wear
performed on four-ball scar length was shorter in
tester for checking and prepared fluid of MoS, for
analyzing the wear all concentration as
properties of balls under compared with diamond
prepared fluid with MoS; at | particles
different concentrations
varied from 2-4% and
0.5-1% for diamond

3 Paul et al. 2016 [6] The experimentation was It was found the wear in
performed in different tool declined and surface
localized created finish incremented during
environment like without (MQL) minimum quantity
any coolant (dry), wet and | lubrication as compared
(MQL) with dry and wet

4 Shokrani et al. 2012 [7] The processes involved in It has been found that
machining of hard materials | cooling technique was
with different types of dependent on type of
cooling techniques used by | quality of machining,
researchers have been machining parameters and
discussed ease in availability

5 Jayal et al. 2009 [8] The experiments were The results showed that tool
performed in different life was lower in dry
machining conditions. The | condition as compared with
nozzle was kept at overhead | other machining conditions
position of cutting chip
during machining

6 Verochaka et al. 2014 [9] | Investigated the effect of The results showed the

Filtered cathodic vacuum
arc deposition (FCV AD)
coatings on carbide inserts.
Cutting parameters were
selected in accordance with
industrial applications

cutting tool life of inserts in
more than two times as
compared to conventional
coated carbide inserts

(continued)
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Table 1 (continued)
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S. No. | Author, year, reference no. | Accomplishment of work Outcome
7 Bork et al. 2014 [10] The experiments were Jatropha cutting oil
performed by using new presented best result in
product jatropha vegetable | relation to lubrication mean
base soluble cutting oil in roughness index, life span
relation to the canola oil of cutting tool increased by
(vegetable), synthetic 30% as comparative to other
(jatropha ester) and oils
semi-synthetic (mineral)
traditionally used in
machining aluminum alloy
8 Sokovic et al. 2001 [11] The properties of available | It has been found that better
cutting fluid were discussed | results of machining
and a newly cutting fluid characteristics with newly
was developed developed cutting fluid
9 Hermoso et al. 2014 [12] | The influence of additives | It was found that organoclay
on viscosity and different and concentration highly
concentrations were effect the viscous flow of oil
analyzed for change in
rheological properties at for
oil base drilling fluids
10 Khan et al. 2009 [13] The experimentation of It has been found that
turning was performed on | minimum quantity
under dry, wet and (MQL) | lubrication gave lower
for AISI 9310 as workpiece | machining properties like
tool wear, surface
roughness, cutting
temperature on comparing
with other created localized
environmental conditions
with eco-friendly behavior
11 Lvetal. 2016[14] The influence of oil mixed | It has been found that
with LN in a mixing cooling strategy with LN,
chamber and directly gave lower tool wear and
supplied at the contacting surface roughness
position of cutting tool and
workpiece was compared
with traditional cutting fluid
for milling operation
12 Baradie 1995 [15] The study was done on the | Many pollution problems

problems related to recycle
of cutting fluids and
disposal in environment
which may not produce any
toxic effects

have been found to be
solved on treating of cutting
fluids with solvents that my
reduced the toxic and other
unwanted chemical effects
as negligible. Then disposal
problem was not an issue
and became pollution free

(continued)
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Table 1 (continued)

S. No. | Author, year, reference no. | Accomplishment of work Outcome

13 Lotierzo et al. 2016 [16] The properties of developed | It has been found that
(MWEF) with corrosion to brass was
primary/tertiary amines in | influenced by number of
oil with water emulsions carbon atoms in amines
with brass was investigated | which was inversely

proportionate

14 Rabic et al. 2002 [17] The process of selection ISO-L-MAG (Synthetic
metal working fluids on the | concentrate) gave longer life
basis tribological property | as compared to ISO-L-MAE
for milling machines were | (Micro-emulsion)
investigated

15 Courbon et al. 2011 [18] | The cooling process with The numerical model was
high pressure jet during validated by FEM
turning was investigated simulation using ALE
with numerical model approach
considering mechanical
load and thermal effects

16 Xavior et al. 2009 [19] The effects of different It has been found that wear
cooling methods were in tool was declined but
analyzed. The cooling was | surface finish incremented
done individually by with coconut oil as
coconut oil, soluble oil and | compared with other
straight cutting oil with cooling methods
carbide tool

In accordance with the type of nanoparticles can give lubrication effect, cooling
effects and abrasive effects.
Nanoparticles are water soluble and oil soluble. Generally, oil soluble nanopar-
ticles cannot become soluble in water or vice versa. The nano-cutting fluids are
supplied in very controlled way at the surface of tool.
Table 2 shows the research work done by using nanoparticles in cutting fluids.

2.3

Nanoparticles in Lubricants

Nanoparticles mixed with lubricants then lubricity of lubricants get increase many
times. The hybrid use of more than one nanoparticles has increased the viscosity and
film thickness.

The higher temperature has negligible effect on viscosity of nanolubricant as
compared to base fluid (without nanoparticles).

Table 3 shows the research work done by developing nanolubricants.
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Table 3 Details of research papers regarding nanoparticles in lubricants

S. No. | Author, year, reference Accomplishment of work Outcome

no.

1 Esfe et al. 2017 [32] The viscosity was It has been found that
investigated of nano-lubricants followed
nano-lubricants prepared by | Newtons law of viscosity.
mixing multi-walled carbon | The maximum ride in
tubes (90%) and zinc oxide | viscosity of nanolubricant
(10%) by volume in engine | was 33%
oil of grade SAE 40 in
different concentrations from
(0-1%)

2 Ali et al. 2016 [33] The experiments were It has been found that 0.25%
performed on prepared concentration gave better
nano-lubricants by mixing results. Coefficient of
nano-alumina and titanium | friction and wear rate were
in different compositions for | declined
analyzing the tribological
properties

3 Asadi et al. 2016 [34] The samples were prepared | It has been found that
with nano-magnesium oxide | dynamic viscosity declined
and multi-walled carbon with increment in
nano-tube in different temperature. At room
compositions with temperature the dynamic
lubricating oil SAE 50 and | viscosity was lowest for all
analyzed for change in samples of nanolubricants
viscosity at a particular
range of temperature

4 Ali et al. 2016 [35] Investigated nano-additive It has been found that of
for reducing frictional power | composition of 0.05 wt% of
automotive engine parts and | nano-aluminina and
gave a cleaner environment | titanium oxide gave better

results in terms of frictional
losses and wear rate as
compared to other
compositions of lubricants

5 Esfe et al. 2017 [36] The samples of It was found that all samples

nanolubricants were
prepared with different
composition of Nanoparticls
SiO; in lubricating oil SAE
40 and investigated for
change in rheological
properties

of nanolubricants followed
Newtons law of viscosity

(continued)
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S. No. | Author, year, reference Accomplishment of work Outcome
no.
6 Maheswaran et al. 2016 | The different samples were | It was found all the
[37] developed by varying the developed samples were
percentage of nano-garnet stable upto 500 °C
particles in the incrementing | The viscous behavior was
order of 0.25% (w/w) with influenced by the amount of
SNS500 lubricant concentration of
nanoparticles

7 Callisti et al. 2014 [38] A self lubricant W-S-C The resistance to adhesion
coating with different damage W-S-C coating was
Ni-Ti-(CU) interlayers was | improved by using Ni-Ti
fabricated by magnetron (CU) interlayers
sputtering

8 Afrand et al. 2016 [39] The different samples of It has been found from
nanolubricants were optimal artificial neural
developed with MWCNTSs, | network presented a
SiO; in SAE 40 lubricant deviation margin of 1.5%

9 Kumar et al. 2015 [40] The thin layer of It has been found that
nanoparticles aluminia was | surface finish improved
sprayed over the job piece of
mild steel

10 Cho et al. 2013 [41] Investigated the possible It was found that small
lubricating effects of amounts of h-BN
aqueous dispersions of nano-sheets enhanced wear
hexagonal boron nitride resistance and reduced
(h-BN) nanosheets friction coefficient. The

tribological properties were
declined after the thirty days
of preparation of nanofluid

11 Shahnazar et al. 2016 Nanolubricants were Nanoparticles delivered

[42] prepared by nanoparticles excellent lubrication
properties

12 Hu et al. 2015.[43] The samples were prepared | It was found that
by using nanoparticle of nanolubricant could bear
copper in the base fluid of higher load without film
normal octane. Molecular breakage which was
dynamic and simulations supported by both the
models were formed for models
understanding mechanisms

13 Liv etal. 2017 [44] Novel double hollow-sphere | The DHSM/SM composited

MoS;, (DHSM)
nanoparticles with an
average diameter of 90 nm
were synthesized on sericite
mic (SM)

was used an additive in
polyalphaolefin oil friction
and wear were decreased by
22.4% and 63.5%,
respectively

(continued)
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Table 3 (continued)

A. Sharma et al.

S. No. | Author, year, reference Accomplishment of work Outcome

no.

14 Tao et al. 2014 [45] The samples with different | It was found that
composition of treated and | nanoparticles improved the
untreated nanoparticles AIN | modified effect and
were mixed with lubricating | enhanced dispersion
oil and characterization was | stability in base oil. The
performed composition of 0.3%

concentration of
nanoparticles performed
better as compared to
remaining samples

15 Zheng et al. 2017 [46] Titanium nitride was treated | It was found that hardness
with carbon nanohoops and flexibility incremented

and tribological properties
improved

16 Yang et al. 2016 [47] Oleic acid Tribological results showed
surface—modified that OA-LaF3 GO
Lanthanum trifluoride nanohybrids had excellent
graphene oxide friction reduction and anti
(OA-LaF3-GO) nanohybrids | wear ability at the loading of
were successfully prepared | 0.5 wt% of OA-LaF3-GO
by surface modification nano-hybrids compared to
technology liquid paraffin alone

17 Xiang et al. 2014 [48] The samples were prepared | It was found that the
with magnetic nano-flakes composition of 1.5%
with different composition | magnetic ferric oxide
with base lubricating oil and | performed better in delivery
tested on four-ball tester for | of results. The coefficient of
tribological properties friction and wear scar

diameter were declined by
18.06% and 11.20%,
respectively

18 Zovari et al. 2014 [49] The polyester powder was It was found that graphite or
applied on aluminum and h-BN had influence on wear
investigated for change in life
properties

19 Tang et al. 2014 [50] The properties of lubricants | It has been found that

were improved by adding
some additives which
reduced friction of lubricants
and wear rate of contacting
surfaces. The modifications
made by researchers have
been discussed

organomolybdenum
compounds reduced friction
and wear rate to higher
extent as compared to other
available compounds
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3 Results and Discussion

The wear mechanism responsible for soft nanoparticles is the mending effect in
which soft nanoparticles get embedded between the gaps or minor cracks developed
during movement of contacting surfaces and create a smooth surface. The coefficient
of friction get reduced.

The hard nanoparticles fill the gap like a roller bearing between contacting surface
and reduce the coefficient of friction. This is known as rolling effect.

4 Conclusions

The work done by researchers is collected, deeply studied and broadly divided into
three major categories of research papers related to cutting fluids/ high pressure fluids,
nanoparticles in cutting fluids and nanoparticles in lubricants. The major conclusions
are in the following ways:

e The mineral oil, straight oil and lubricating oil are used as cutting fluids in
machining operations like turning, drilling, milling, etc.

e The conventional cutting fluids release fumes, itching to operators hands and
sometimes eyes problems.

e The use of nanoparticles in different types of cutting fluids decreased the surface
roughness, tool wear, cutting force and coefficient of friction by 15-25%, 25—
30%, 32-35% and 40—45% as compared with dry machining condition found
by previous researchers depending on type of workpiece material and machining
parameters.

e The tool life increased by 40-65% using nanoparticles in cutting as compared to
dry machining condition.

The wear mechanism of rolling effect was found with hard nanoparticles.
The wear mechanism of mending effect was found with soft nanoparticles.
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The High Energy Concentration of Heat )
Pipe for Enhanced Electronic Cooling L

P. Senthil Kumar, Syed Abudhagir Umar, and R. Balaji

Abstract Availability and highly performed electronic devices there would be a
more need of management in thermal properties of those electronic devices. The
reciprocating or reciprocating heat pipe has more heat dissipation characteristics. In
addition, it can be able to eliminate the higher heat flux. The thermal properties of
those devices can transfer the excessive heat than the existing heat pipes. The usage of
these heat pipes can be suitable for computers and latest electronic systems (satellites,
etc.). In this work, the analysis made to understanding the working principles of a
reciprocating heat pipe. The design as well as fabrication of heat pipe is done based
on the uses like electronic system cooling, concept of green energy and the heat
exchanger to allow fluid to circulate around it. Particularly, this research work is
focused on the nanofluid technology for preparation of reciprocating heat pipe.

Keywords High energy + Nanofluid - Heat transfer rate

1 Introduction

Wang et al. [1] described in his article the understanding of innovative electronic
devices for applying them to the thermal control in electronic devices and compo-
nents. Senthil Kumar et al. [2] stated that a reciprocating heat pipe is subjected to
elevated temperature, and the nanofluids circulate in the evaporator will increase the
pressure. The interlinked bonding of the nanofluids in the tubes will allow flowing the
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liquid slug and vaporing foams once in the first segment of the tunnel to the condenser
portion, further leading to increase of slugs and foams in the next segment toward
next temperature level in the evaporator portion. The heat pipes acting as a accel-
erating force and interplay as a restoring force, and thus, the restoring force allows
the vapor and liquid in the vertical direction. The scenario of the operating condition
in reciprocating heat pipes was the arrangement of heat tubes’ single surging turned
toward tunnel [3-5].

Compared with regular heat pipes, a reciprocating type had some common
features, thus little drop in working fluid pressure. Though nanofluid has the wick-
shaped structure, it is easier to fabricate [6, 7]. However, the wick-shaped recipro-
cating heat-pipe sections are inadequate to build. The pressure drops of the liquid
caused by due to the frictional vapor flow were considerably decreased same as
fluid flow [8]. These reciprocating flows of nanofluids inside the capillary tube
produced vacuum surfaces by providing a thin-film region. The forced convection
could distribute by the heat in the evaporating area that can overcome by the forced
convection of the nanofluids. Due to this, a phase of heat transfer rate changes in the
capillary-tube [9, 10] reciprocating motions.

The best and suitable applications for reciprocating heat pipe are in electronic
cooling. For more effective cooling on this, an appropriate method should adopt to
increase the performance of these electronic devices. In case of high-end of appli-
cations like CPU servers the cooling will be done through heat sinks. This work is
mainly focusing to merge the technology of nanofluids with design of reciprocating
heat pipe. It was observed that the change in dimensions of heat pipes is to make as
compact.

1.1 Literature Survey

Tang et al. [11] extensively investigated the higher-end density packaging of elec-
tronic components that exhibit higher performance while used in mobile electronics.
They stated that flattens thickness exerts significant influence on the thermal perfor-
mance of UTHPs. In addition, they described that developing of UTHP process is
crucial on fabricating UTHPs.

Xin et al. [12] studied and found wall temperature, pressure drop and velocity.
The article consists of the facts that design of wick is put into a flat heat pipe, because
of that the low thermal conductivity coefficient is with rate of heat transfer. Also,
the changes in the tube and vapor chamber are found as more because of more heat
dissipation. In addition, from the analytical calculations, they found that marginal
effect is negligible on the parameters of thermal performance [13-15].

An integrated system was adopted for energy conversation by heat transfer values
through samples. Based on the different parameters and scenario, a prototype is
designed for cooling heat sink. They found that the range of cooling drastically
increased to consumption of fuel with increasing ambient air temperature [16-20].
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2 Experimental Setup

A prototype of the OHP is shown in Fig. 1. In the fabricated prototype, copper
material is used for the heat pipe with conductivity of heat as 385.01 W/mk. Water is
used as a working fluid with temperature range from 0 to 150 °C and 72.8 x 103 N/m
as surface tension. The copper-made heat pipe is made with five spins. It contains
the dimensions with specifications of 2.45 and 3 mm of external diameter as shown
in Fig. 2. The specifications of plates with the 50-mm, 70 mm and 5 mm are taken
as the evaporator and condensers in the heat pipes. The tubes were made bend by

Fig. 1 Reciprocating heat pipe

Fig. 2 Hand-made bend on tube
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Fig. 3 Final setup for reciprocating heat pipe

hand with the arc radius of 12.5 mm each. Also 1060 mm is filled with 48% of water
content.

The copper tubes and plates were treated with brazing to attain the uniform heat
conductivity. A big-sized candle is used to heating the evaporator. A continuous
temperature measurement was taken on the heat pipe using digital thermometer. The
whole arrangement is mounted on a plywood frame for maintaining the ergonomics.

Initially, the evacuation and filling were done on the tube with vacuum. Further,
the water is allowed to 48% on the tube. At the end of tubes, male connectors are
provided with a size of 1/8 in. nonreturn valve. During the trails, the heating was
done on evaporator for 1 min for reaching its mean temperature 70 °C. Later, the
cooling fan is utilized for raising heat dissipation. Images of the investigational setup
and its parameters are shown in Figs. 3 and 4.

3 Results and Discussion

From the study, the following observations were made:

1. The pressure in the evaporators of the oscillating pipe was available.
During the adiabatic fragment process of the heat pipe, a foam train flow was
there.

3. The unsteady distribution of pressure is on heat pipe.

The heat pipe is purely dependent on the oscillating motions of the transfer in
vapor-liquid mixture canal of heat pipe. The water particles in the reciprocating heat
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2R AN

Fig. 4 Trail test on reciprocating setup

pipe are an important scenario for identifying the deviation in heat transfer rate of
the heat pipes. The rate of heat transfer in the reciprocating pipe is observed that it is
better than an existing used heat pipe. From the images, it can be observed that the
period needs to reduce in the cooling load.

Characteristics of flow of vapor and nanofluid inside the capillary tubes were
present including the effects in the capillary forces, constant of gas spring, speci-
fications, gravitational forces and primary distributions of pressure on the working
fluids.

Also, the analytical solution was indicating the generation of stronger reciproca-
tions due the effect of isothermal bulk modulus. During the trail on the tubes, it is
found that the bubble sizes and liquid plugs create the oscillation motions. And the
forces like capillary and gravitational are the primary distributions of pressure in the
working fluid.

Oscillation damp was occurring because of the force of gravitation, and it tends to
steady the reciprocating motion of flow slug in the cell at few occasions. Hence, the
slug flow in the reciprocating motion is orientation of tubes to the pipes. To maintain
the sustainability of the slug flow, the required parameters in the tubes must reduce
(Fig. 5).

During the positioning (orientation) process, the temperature changed from 90°
to 60°. It shows better development in the thermal resistance of the heat pipes.
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Fig. 5 Graph between time versus temperature

4 Conclusion

In this work, the heat pipe was fabricated then it investigated to the definite require-
ments of the heat pipe. Those findings are conducted and calculated from the simple
experiments. From the experiments, it has been found that design is effective than
existing heat pipes, and it will help to prevent the reciprocating heat pipe to reach its
full potential. The evidence of performance from the trail is also up to mark. Due to
its changeableness, it will have to keep for more research and development activity
to expand as an excellent heat exchanger into our technology.
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Effect of Block Location in a Suddenly )
Expanded Micro-combustor oo

Arees Qamareen (), Shahood S. Alam @, and Mubashshir A. Ansari

Abstract Premixed H,/air combustion in a micro-combustor with backward facing
step and axially located triangular block having variable blockage ratio (BR) was
investigated numerically. Recirculation zones formed due to step and block insert
help in better mixing and heat transfer. Simulations with inlet velocities varying
from 4 to 48 m/s and BR = 0.4, 0.5 and 0.6 were done. The outer wall temperature
distribution was found to be influenced by the axial location of block insert with the
highest peaks observed for blocks farthest downstream for most of the inlet velocity
regime due to enlargement of recirculation zone near the step wall.

Keywords Micro-combustor - Block - Axial location - Numerical simulation

1 Introduction

Cylindrical combustors with hydrocarbon fuels as heat releasing sources are widely
researched using CFD modeling softwares such as ANSYS (Fluent & CFX), Comsol
multiphysics, and opensource software OpenFOAM. These are often used along with
the codes developed using various programming languages such as FORTRAN and
C++.

The combustion devices find applications in macro- as well as micro-scaled
devices such as IC engines, gas turbines, and direct power generating systems
such as Micro-Thermo Electric (MTE) generators and Micro-Thermo Photo Voltaic
(MTPV) units. Hydrocarbon fuels have a much higher energy densities (approx-
imately 40 MJ/kg) as compared to the most efficient batteries (about 10 MJ/kg)
[1]. Micro-combustors face several challenges due to their miniature-sized geometry
which causes higher heat losses from the large outer surface area. Radical destruc-
tion at the gas-solid interfaces and reduced residence time also hinder the combustor
performance. Still combustor-based micro-power generating devices have attracted
a colossal increase in research lately [2]. CFD helps in the prediction of performance

A. Qamareen (X)) - S. S. Alam - M. A. Ansari
Department of Mechanical Engineering, Aligarh Muslim University, Aligarh 202002, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 261
K. Govindan et al. (eds.), Advances in Mechanical and Materials Technology,

Lecture Notes in Mechanical Engineering,

https://doi.org/10.1007/978-981-16-2794-1_23


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2794-1_23&domain=pdf
http://orcid.org/0000-0002-7824-5441
http://orcid.org/0000-0002-4455-3163
https://doi.org/10.1007/978-981-16-2794-1_23

262 A. Qamareen et al.

of these devices and also the combustion characteristics of conventional as well as
newly synthesized fuels.

Backward facing step has been found to enhance flame stability and outer wall
temperature by inducing heat and flow recirculation [3]. Along with recirculation
induced due to step, insertion of bluff bodies/blocks [4], wall fins/ribs [5, 6], cavi-
ties [7], porous media [8, 9], catalyst addition [10] have been explored with posi-
tive influence on the micro-combustor efficiency. While research on block inserted
simple micro-combustors have been undertaken by various researchers, a detailed
investigation of suddenly expanded micro-combustor with block inserts is still
required.

In the present study, effectiveness of a triangular block insert in a suddenly
expanded micro-combustor is reported in comparison with the case without any
insertion. The varying parameters are inlet velocity and location of the block for
different blockage ratios.

2 Mathematical Model

2.1 Geometric Model

Micro-combustors with combined backward facing step and a triangular block
inserted along the centerline at varying axial locations are investigated and shown
in Fig. 1. Case MC04L10 signifies micro-combustor with blockage ratio of 0.4 and
block located at 1 mm from combustion chamber inlet and so on. The flame anchoring

Fig. 1 Design features of micro-combustor with block insert
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Table 1 Geometrical parameters of micro-combustors

Geometrical parameter | Parameter name (mm) Constant/variable
L Combustor length 27 Constant
L; Inlet length 7 Constant
h Block location 1,2,3 Variable
hi Inlet height 0.5 Constant
hy Step height 0.5 Constant
hy Combustor wall thickness 0.5 Constant
b Block height 0.4,0.5,0.6 Variable
Block length 0.4,0.5,0.6 Variable
AR Aspect ratio = d/b 1 Constant
BR Blockage ratio = d/(h; + hy) 0.4,0.5,0.6 Variable

due to the step wall and block is expected to enhance combustion due to flow and
heat recirculation. Table 1 summarizes the geometrical parameters considered.

2.2 Numerical Scheme

A global Hy/air reaction mechanism was adopted for combustion modeling
neglecting the surface reactions on the combustor wall. All the governing equations
[11]including conservation of mass, momentum, energy and species along with perti-
nent boundary conditions were resolved by using the commercial finite volume solver
ANSYS FLUENT 16.0. Second-order upwind discretization scheme and SIMPLE
pressure—velocity coupling algorithm were employed. Turbulence-chemistry inter-
action was simulated using Finite Rate/Eddy Dissipation Model.

Reacting flows are difficult to solve numerically due to stability and convergence
issues due to a strong coupling between the mass/momentum equations and species
transport equation. Reactions occurring in combustion release excessive heat causing
subsequent density fluctuations and large accelerations in flow (Table 2).

A reduced value of thermal conductivity (5 W/m—K) for stainless steel combustor
wall and block was considered due to oxidation of steel at high temperatures [12].
Gas mixture density was attained from ideal gas equation and mixture specific
heat, viscosity and thermal conductivity from mass fraction weighted average of
the species properties. Specific heat for each species is calculated by piecewise poly-
nomial fitting of temperature. Values of k = 1 x 107 for and ¢ = 1 x 107 for the
k—e turbulence model were defined.
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Table 2 Boundary conditions

Boundary Conditions applied

Fluid—solid interfaces No-slip velocity condition
Zero flux of all species
Coupled heat transfer

Inlet Uniform velocity inlet (4—48 m/s)
Incoming H;-air mixture temperature = 300 K
Equivalence ratio of mixture, ¢ = 0.8

Outlet Zero gauge pressure
Inlet/outlet walls Adiabatic (zero heat flux)
Outer wall Mixed boundary condition (radiation/convection)

Wall Surface emissivity = 0.6
Heat transfer coefficient = 10 W/m?-K
Ambient temperature = 300 K

3 Results and Discussion

Premixed H,/air combustion is extensively investigated for CFD applications. H, and
various hydrocarbon fuels when numerically studied require large amount of compu-
tational time and power. Simulations are a great means to examine the experiment
results and to obtain an in-depth insight of the combustion phenomenon occurring
within the micro-scaled combustors which is 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 struc-
tured quadrilateral multi-zone mesh is used with 1.26 x 10° numbers of nodes
(see Fig. 2). Finer grids were also verified (not presented here), with no noticeable
difference of T,y was witnessed.

The numerical result for the case with inlet velocity = 12 m/s, ¢ = 0.8 and ¢ = 0.6
was verified against the results (Fig. 3) that were obtained experimentally by Li et al.
[13]. 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 [1] that are
otherwise considered in the detailed mechanisms cause such differences in numerical
and experimental results.

Figure 4 illustrates a comparative study of T, (outer wall temperature) distribu-
tion of micro-combustors with varying block (BR = 0.4) locations along with the
temperature contours for an overall view of temperature distribution throughout the
combustor. The flame is located in the combustion chamber where the occurrence
of maximum temperature gradient is witnessed. As inlet mixture velocity increases
from 4 to 48 m/s, T, increases dramatically. As observed from the figure, when
the inlet velocity is increased, rise in Ty, is observed with the location of peak
temperature shifting downstream. The high temperature region behind the block
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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.

Large amount of heat gets released in the combustion chamber due to an increased
amount of incoming fuel. Upon further increasing the inlet velocity, sustenance of
combustion in the combustion chamber is difficult due to greater amount of heat loss
from the combustor.

Similar trends are observed for the micro-combustors with blocks having BR =
0.5 and 0.6 as are seen in Figs. 5 and 6. As the inlet velocity increases, the flame
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Fig. 4 Temperature contours and 7oy distribution for MCO04 with different block locations, A =
1 mm (left), 2 = 2 mm (center), # = 3 mm (right)

Fig. 5 Temperature contours and 7oy distribution for MCO5 with different block locations, & =
1 mm (left), 2 = 2 mm (center), 2 = 3 mm (right)

moves behind the obstruction and two recirculation zones are formed—one near the
step and other behind the block.

Figure 7 shows the effect of block location on the maximum 7 attained at a
particular inlet velocity. For lower velocity of 4 m/s, it is observed that for blocks
nearest to the inlet, higher peak temperatures are attained for all blockage ratios. This
phenomenon can be explained from the streamline plots shown in Figs. 8, 9 and 10
where the recirculation zones formed behind the blocks for a particular blockage ratio
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Fig. 6 Temperature contours and 7oy distribution for MCO6 with different block locations, h =
1 mm (left), 2 = 2 mm (center), 2 = 3 mm (right)

and u = 4 m/s keep shrinking in size as the block moves downstream. On increasing
the velocity, micro-combustors with blocks farthest downstream seem to dominate
and perform better for all blockage ratios.

Figures 8, 9 and 10, help in the explanation of heat transfer and flow recirculation
phenomenon occurring within the combustion chamber. For a particular case, an
increase in velocity causes strengthening and enlargement of vortices formed near the
step as well as behind the block. As the block is moved downstream, the recirculation
zone near the step gets enlarged causing more heat transfer. For BR = 0.6, one can
clearly see an enlargement of the recirculation zone near the step as well as behind
the block. This causes an enhanced heat recirculation in the combustion chamber,
leading to additional heat transfer to the combustor wall. Overall performance of the
micro-combustors with block insertion farthest from the inlet is better and a higher
T ou; is observed.

4 Conclusions

The effect of axial location of triangular block insert in a suddenly expanded micro-
combustor on the outer wall temperature was numerically investigated. From the
results, it can be concluded that the block which is placed farthest from the combustion
chamber inlet showed best performance due to enlargement of recirculation zones
formed near the step and behind the block. The recirculation zones help in better
heat transfer from the combustion zone to the combustor wall causing higher wall
temperatures.
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Fig. 8 Axial velocity contours overlaid with streamlines for MCO04 for varying block locations
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Fig. 9 Axial velocity contours overlaid with streamlines for MCOS5 for varying block locations
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Fig. 10 Axial velocity contours overlaid with streamlines for MCO06 for varying block locations
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An Analysis of the Effect of E-mobility )
Trend on the Traditional Suppliers L
in the Global Automotive Industry
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Abstract The automobile is undoubtedly one of the best inventions in human lives.
Since a decade, the automotive industry is on the verge of transformation due to
certain technological megatrends. To combat global issues such as depleting oil
reserves, rising fuel prices, and ever-increasing greenhouse gas and carbon footprint,
all countries in the world have started considering the option of E-mobility. Although
electrification is a sustainable solution for urban mobility, it is highly disrupting the
business of major stakeholders within the automotive industry. This study aims at
presenting a status quo of the E-mobility trend in the automotive industry. It also
covers the risks associated with the trend for traditional automotive suppliers. For this
purpose, a mixed approach consisting of both qualitative and quantitative methods
have been used. Using a risk management approach, the major business risks due to
E-mobility have been identified, and the level of impact has been evaluated. It was
found that the E-mobility trend presents the suppliers with certain medium-to-high
risks and various opportunities at the same time. At the end of this work, a set of
strategies have been proposed on how the suppliers can position themselves in future
automotive industry, which is more uncertain than ever. Crucial for business success
would be the adoption of modern technology by anticipating market trends with the
development of innovative business models.

Keywords E-mobility - Automotive industry + Suppliers - Business risks -
Business opportunities *+ Business strategies
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1 Introduction

Today’s world is dramatically changing. Certain megatrends are emerging in the
global market that has been revolutionizing the industrial sector. They have always
managed to help the economies of the countries flourish at a rapid pace.

When it comes to the automobile sector, an unprecedented transformation has
already begun. The global automotive industry has found itself amid a disruption for
several years now. The shift to driverless, electric vehicles (EVs), change of owner-
ship, and a whole new digitized driving experience are directing these developments
forward. Moreover, forces like globalization, entry of fresh players, supply chain
digitization, and rise in cost pressure are shaping the face of the future auto industry.
The last century was all about fine tuning of the production of automobiles to make
them more efficient for mass scale. There is a more fundamental force for change
from now on: Digital channeling along with safe and ecological drives to redefine
the role that the automobiles play in human lives. To summarize, connected cars,
autonomous driving, shared mobility, and E-mobility are the top four megatrends
present in the current automotive industry [1].

The current climate change, in particular, is driving original equipment manufac-
turers (OEMs) and the suppliers to continually improve the environmental compat-
ibility and carbon dioxide (CO,) and particulate matter (PM) efficiency of their
products. E-mobility is arguably one of the best solutions to tackle this problem and
promote sustainability. Although it seems to be highly eco-friendly on the consumers’
side, it has significant impact on the business of established stakeholders within
the industry. The effect of this wave of transformation is not only limited to auto
manufacturers. However, it will also affect the other participants in the automotive
sector, including automotive component suppliers. There are certain highly special-
ized suppliers in the market that have been running their core business model on
a single product group and are therefore dependent on a single source of revenue
since their establishment. Due to the transition from internal combustion engines to
electric motors, a large number of traditional suppliers are expected to be affected
by this trend [2].

This study aims to address the status quo of E-mobility trend along with the
risks involved for the traditional automotive suppliers in accordance with the rate of
development of the trend. This study also intends to provide recommendations of
certain strategies for the traditional suppliers, thus helping them to take precautionary
measures against the imminent changes in future.

2 Methodology

Qualitative and quantitative research has been used to acquire relevant data for this
study. Both primary and secondary data have been used for this purpose.
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The qualitative approach has been conducted using semi-structured interviews
with 7 different individuals employed in the automotive industry in Germany and
India, two countries with entirely different scenarios regarding E-mobility trend.

The following interviews were conducted to acquire the required data:

Interview 1: Development Engineer at OEM, Stuttgart, Germany
Interview 2: Strategic Buyer at Tier-1 supplier, Stuttgart, Germany
Interview 3: Development Engineer at Tier-1 supplier, Sailauf, Germany
Interview 4: Product Development Manager at Tier-1 supplier, Pune, India
Interview 5: Project Engineer at OEM, Chennai, India

Interview 6: Purchase Engineer at Tier-1 supplier, Pune, India

Interview 7: Senior Manager [Retd.] at OEM, Pune, India.

The responses recorded in the interviews helped to gain insights about the trend.
The participants were given a choice to stay anonymous, considering their identity
protection. Each interview took about 20-30 min. The interviews were based on a
semi-structured method, i.e., subsequent questions were derived as per the responses.

The quantitative method in the form of the questionnaire provided statistical data
about the expectations about E-mobility of 50 different individuals.

3 E-mobility

E-mobility is not a hyped topic anymore. It has clearly shown tremendous devel-
opment potential in the past few years. Ability to cut substantial carbon footprint,
reduction in operational and maintenance costs, the gradual development of charging
infrastructure, a significant reduction in battery costs, and government incentives have
made the EVs a perfect choice for future mobility.

Norway, China, Japan, USA, Germany, France, South Korea, and the Netherlands
have been leading the race of E-mobility for a while. In contrast, developing nations
like India, Brazil, and Eastern European countries somehow lack behind [3].

Currently, variants such as ICEs, Fuel Cell EVs (FCEV), Hybrid EVs (HEV),
Plug-in Hybrid EVs (PHEV), and Battery EVs (BEV) are available in the market [4]
(Table 1; Fig. 1).

Table 1 Powertrain variants and characteristics

Type Power source Range Infrastructure | Sustainability
ICEV Petrol or diesel High High Low

FCEV Hydrogen + Oxygen High Low Average
HEV ICE + Battery (internal charging) High High Average
PHEV | ICE + Battery (external charging) | High High Average
BEV Only battery pack Average Average High




276 A. S. Narkar and T. P. Naik
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Table 2 Effect of E-mobility trend on individual parts [6]

# Part(s) Vulnerability
1 Transmission, engine, fuel, and exhaust system High

2 Axles, brakes, climate control, and cooling system Medium

3 Exterior, interior, steering, infotainment system Low

Owing to the distinct powertrains, the future beholds production of all of them. It
can be seen in the above forecast that the ICE powertrains are gradually losing their
share after 2020, whereas HEVs are showing immense potential. BEVs, after a slow
start, advance for a larger share after 2025.

In the E-mobility age, apart from powertrain components, some of the other major
auto components are subjected to change, due to inter-linkage.

Table 2 represents the effect of electrification on major parts of a vehicle. It can be
clearly seen that the powertrain components including transmission systems, engine
components (pistons, cylinders, crankshafts, camshafts), fuel supply systems (tank,
injection, filler, line), and exhaust systems (mufflers, resonators, catalytic converters,
pipes) are at risk at the highest level than any other parts due to the E-mobility trend.

4 Risk Analysis

Using brainstorming and checklist methods, the following risks were identified.
The risks have been further classified into two scenarios: Business risks with the
current product portfolio and business risks, while entering the E-mobility sector.
For convenience, the risks are marked as R1, R2, R3, ..., R16.
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4.1 Business Risks for Current Product Portfolio

R1: Compliance risks: The introduction of certain emission norms such as Euro 6 in
Europe, Bharat Stage VI in India, China 6 in China and other such norms worldwide
have put the exhaust system developers under relentless pressure to develop systems
with zero emissions[7]. Thus, they are subjected to compliance risks country wise.

R2: Strategic market: The automotive market is currently developing much slower
than in the past due to changes in buying patterns, fuel prices, interest rate levels,
and uncertainty in the powertrain forecast, while exhibiting increasing instability and
ambiguity [8]. A shift in forecasted sales could have a severe impact on the business.

R3: Technology and innovation: Powertrain electrification in automobiles is
progressing, and thus, the optimization of ICE powertrains is being pressurized.
The rapid pace of development in battery technology and cost reduction can lead to
early adoption of BEVs, thus jeopardizing the business of ICE powertrain suppliers.
The transition ICEVs to BEVs will result in the increasing value of new products,
thus affecting suppliers’ return on sales (ROS) and return on investment (ROI) on
their products.

R4: Obsolescence of products: An ICE drivetrain is built out of around 2000 +
parts, whereas a BEV drivetrain comprises of only 20 parts [9]. The parts are already
becoming less relevant and are getting replaced with new ones. The decline of the
ICE will result in gradual obsolescence of their core products, thus resulting in
diminishing relationships with the current suppliers, as their services will not be
required anymore.

RS5: Shutting down of plants: The suppliers possess a prominent risk of shutting
down, downsizing production lines, and selling some of the operating divisions in
the E-mobility age in certain regions, which can incur unavoidable costs. This could
adversely affect the profitability margin and reduction in market share.

R6: Intense Competition/New Entrants: The suppliers are subjected to risks of
being surpassed by existing competitors or new entrants and their products being
substituted by new products. The availability of new high-tech substitutes to core
products directly affects the aftermarket business. Moreover, new entrants like Tesla
have been using their all force to target the key markets all over the world. Although
they will need time achieve the required expertise concerning the dynamics and other
mechanics, it still creates a risk for the experienced suppliers.

R7: Change in OEMs’ External Sourcing Strategy: The OEMs have increased the
external sourcing of engineering services as a reaction to the uncertainty of different
powertrain technologies, thus boosting the models’ diversity and ever shorter model
lifecycles [10]. However, it is plausible that OEMs will utilize their own engineering
services for cost reduction in future. This will significantly reduce the demand for
projects, and thus, contraction in future business volume.
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R8: Pricing risks: There are high chances that OEMs will attempt to negotiate the
price of products and services with their suppliers in order to compensate for the cost
of production lines for new powertrain technology on their side. Moreover, there
is always immense pricing pressure from procuring bodies and leaner competitors,
particularly in the rising markets.

4.2 Business Risks for Future Product Portfolio (E-mobility)

R9: Project risks: Many inherent risks, including unforeseen technical hurdles, may
arise during the development and production stage of new E-mobility projects, and
this could lead to higher series initial costs or higher capital spending than they
were initially proposed. The range and complications of projects can entail risks in
planning, calculating, implementing, and processing.

R10: Personnel risks: The development of future E-mobility systems will require
employees with individual-specific skillsets, especially in the Research and Devel-
opment (R&D), product management and sales [11]. Moreover, the reduction in
demand for traditional components due to E-mobility will result in laying-off the
current staff.

R11: Procurement risks: New E-mobility products will demand a group of entirely
new Tier-2 suppliers. It will take time for the company to gain trust and form strong
business relationships with the new suppliers.

R12: Production risks: E-mobility production will demand a new set of tools and
machinery and thus, new manufacturing methods. This means the investment of time
and money in new production processes.

R13: Product piracy risks: E-mobility systems are supposed to be developed with
high-quality standards and a high degree of innovation, and thus, it makes them
vulnerable to product piracy to a great extent. Alternate average-quality products
are generally available, especially in the third-world country markets like India and
China, with significantly reduced prices, which disrupts product demand and thus
results in a request for price reductions.

R14: Product Launch: The launch or development of a new product in the E-
mobility era can be a challenging task for traditional suppliers. The underlying
success factors for a new product launch include the timely design optimization
by the OEMs before start of production (SOP), the readiness of production facilities,
efficient manufacturing processes, precise number on targeted volumes, and quality
of the product. The failure-to-success to any of these factors will result in incurring
the risk of new product launch.

R15: Liquidity risks: Every company has the pressure of not meeting its payment
obligations before deadlines. Due to increasing cost pressure in the investment of
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E-mobility products, liquidity risks may occur if current equity or debt financing
schemes cannot meet the funding needs. The loan and bond agreements include
certain limitations with an obligation to meeting financial bonds. Under some
instances, the investors are entitled to call the debt before maturity, even if promises
are not fulfilled, which would increase the debt amount being due instantly (Fig. 2).

5 Strategy Development

Opportunities come hand-in-hand with risks. Although the challenges are substantial
for traditional suppliers, they offer excellent opportunities to grab new markets and
further minimize their expenses.

For developing strategies, scenario analysis has been used considering the
timeframe of the E-mobility trend and high vulnerability for the powertrain suppliers.

5.1 SCENARIO 1: High Vulnerability and Slow
Electrification

STRATEGY 1: Diversification Through Consolidation

Several components will be used in both HEVs and BEVs simultaneously. One of the
most common parts includes a traction battery pack, which is used to store energy
generated during the braking mechanism for HEVs and from externally sourced
power for PHEVs. Today, battery constitutes one-third of BEV’s total cost, making
it overly expensive [12].

However, building EV components has not been the core proficiencies of most
traditional suppliers. Since battery pack is a brand-new product to them, it would
cost the company much pressure in terms of R&D investment and time to develop
the product on their own.
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OEMs have been following the concept of consolidation for a long time. It seems
that they have realized that grouping up with industry peers, mainly to keep pace
with non-core technological challengers instead of managing impending risks alone,
will be fundamental to future success strategies [13]. Therefore, the suppliers should
consider developing “strategic alliances” or “vertical partnerships” with battery tech-
nology specialists. Forming alliances could be in terms of joint ventures or acquisition
of startups, who are already developing batteries and looking for a platform to estab-
lish themselves in the automotive industry. There are always smaller companies that
manufacture auxiliary auto parts, such as batteries, alternators, and inverters.

The further improvement of energy storage systems could be in the form of
increasing the battery density, optimizing the battery life intelligently, downsizing
the outer covering, increasing durability, reducing charging time, reliability, and
safety. Also, investing in a charging infrastructure might be a promising idea, thus
optimizing the charging performance and reducing the charging time.

This strategy would allow the suppliers to cut down R&D expenditures along with
the development of new products even faster in the market. The exchange would be
in the form of expertise and market share for both.

STRATEGY 2: Product Development

The government agencies will continue to put pressure on the OEMs and suppliers to
reduce CO, emissions. To tackle the challenge of complying with intensifying envi-
ronmental regulations, traditional auto suppliers, especially the engine and exhaust
system manufacturers, need to develop efficient products over the next few years. It
means that cars with conventional engines must be fitted with special devices such
as engine control systems and improved exhaust after-treatment technologies.

This creates an opportunity for the exhaust system suppliers to transform them-
selves into a more efficient supplier for a low-emissions and zero-emissions age.
Zero-emission systems and air quality systems are the latest technologies that the
future sustainable market needs.

This will expand their business and improve their market position simultaneously.
Using the expertise developed over the years and recruiting additional experts would
help them to achieve this goal.

STRATEGY 3: Market Development
The pace of electrification is lower than expected in the developing Arabic and Asian
countries. For example, five out of the top ten most abundant oil reserves are located
in the Gulf countries. When it comes to E-mobility, they lack charging infrastructure
and the charging stations are built at a slow pace [14]. Also, coal constitutes for
48.7% of the total electricity production in India, which is highly non-sustainable
source [15]. This leads to the conclusion that the nations in the Middle East and Asia
will continue the usage of ICEs with a parallel growth of hybrids. BEVs have a long
way to go.

Consequently, this provides powertrain players with a chance to establish them-
selves in such markets and thus expand their business. This could aid the companies
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in terms of extending their footprint, and thus grabbing a new market share and
increasing earnings.

5.2 SCENARIO 2: High Vulnerability and Fast
Electrification

STRATEGY 4: Cashing Out

If a supplier located in a developed country has a little technological leeway or not
enough financial resources to invest in a new portfolio of E-mobility products or enter
new markets from scratch with a limited span left, it may be reasonable to consider
cashing out as soon as possible.

6 Discussion

E-mobility will definitely reshape the auto industry. The automotive industry has
managed to master an impressive range of challenges over the last century. However,
the level of challenges is elevated than it used to be, and the upcoming disruptions
will be on a much bigger scale.

Although it is highly impossible to estimate the nature of powertrains after a
decade from now, the suppliers should get themselves ready to play a role in the
car industry’s profoundly diverse prospect. Powertrain suppliers need to prepare
themselves for considerable declines in their market share and sales volumes. They
will be obliged to pay high production costs, primarily because of the excessive R&D
to design and manufacture different powertrains.

Suppliers will have the choice to adapt to the E-mobility trend by being the first
movers or followers. In the latter, the risks are higher as it will be not easy to catch
up with the other players. Moreover, the competitors may develop their expertise and
become the market leaders within that period.

For suppliers that grasp the new realities, there are opportunities to adapt to the
new world and position themselves innovatively through diversification, including
sectors beyond the core competencies so that they prosper in the broader mobility
ecosystem. They should also expand their technological expertise about the critical
components required in EVs and thus be among the leaders of the future mobility.
Finally, they should increase the depth and breadth of added value in the production
of their core product in the internal combustion engines.
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7

Conclusions

The transition from ICEs to hybrids and finally to BEVs will be a long-term
roadmap, thus providing enough time for suppliers to revise their business model.
The powertrain suppliers possess medium-to-high risks, including country wise
compliance risks, obsolescence of products, high pricing, R&D costs, and
threats from new entrants. To tackle these challenges, diversifying products
through consolidation with battery manufacturers, developing air quality and
zero emission systems along with sustainable after-exhaust treatment systems,
and expanding markets with current products in the unexplored regions are some
of the strategies that can be implemented to increase profitability margin and
market share.

To conclude, adaptability to the new era of E-mobility by transforming its core
product portfolio can help the suppliers to survive the technological and financial
pressure that this trend is about to bring upon their business.
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Faster RCNN for Face Detection )
on a FACENET Model ey

U. Syed Abudhagir, Karne Anuja, and Jigar Patel

Abstract Inthis work, an individual face detection process is involved and outcomes
which are more exact are gained within a short amount of spell through less amount
of intricacy on a face detection yardstick that is well-thought-out as a podium
by using FACENET. Enhancement is added to the performance by using a Faster
Regional Convolutional Neural Networks (RCNN) process entailing diverse number
of stratagems named as hard negative mining that separates positive and negative
examples, multi-scale training to train different scales images, model pre-training
and concatenation of characteristics on one shot learned images with loss functions
with the support of region of interest (ROI) and regional proposed networks (RPN).
As a consequence, this scheme comprises of one of the best face detection perfor-
mance, as the images in dataset are one shot learned. It has the triplet loss which helps
to avoid more unrelated example of pictures while passing through the convolutional
sheets.

Keywords Regional convolutional neural network - Region of interests - Face
detection * Hard negative mining - Feature concatenation

1 Introduction

Nowadays, use of unconventional apparatus in every field became popular. Artificial
intelligence is the cutting-edge technology which is making the anthropoid work to
getdemounted and helping us in every possible occasion. A lot of biometrical security
systems are being developed. These are using physical contact for face detection and
also there are voluminous problems in the existing systems. Computer vision can be
helpful for various aspects if some extra assets or functions are added to the current

U. S. Abudhagir (X)) - K. Anuja - J. Patel

Department of Electronics and Communication Engineering, B. V. Raju Institute of Technology,
Narsapur, Medak District, Telengana, India

e-mail: syedabudhagir.u@bvrit.ac.in

J. Patel
e-mail: jigar.patel @bvrit.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 283
K. Govindan et al. (eds.), Advances in Mechanical and Materials Technology,

Lecture Notes in Mechanical Engineering,

https://doi.org/10.1007/978-981-16-2794-1_25


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2794-1_25&domain=pdf
mailto:syedabudhagir.u@bvrit.ac.in
mailto:jigar.patel@bvrit.ac.in
https://doi.org/10.1007/978-981-16-2794-1_25

284 U. S. Abudhagir et al.

procedures. Detection of face is considered as key in order to access many face
regarding bids. These applications may be face classification, face recognition, face
bunching, face dissection, etc. In topical years usage of biometric claims is too often,
so computer vision is mentioned as the emerging tool to handle all the profligate
technology nonetheless people need bright entities with hand-crafted features in
computer vision field and each personage can only accomplish individual tasks at an
optimal level. To complete a progression, these optimal tasks should be combined and
the results may not be a full magnitude here. In order to avoid, Convolutional Neural
Network (CNN) is concealed to overcome the difficulties in computer vision field.
In this paper, the unrehearsed CNN framework called Faster Regional Convolutional
Neural Networks (RCNN) on a FACENET model is used.

Machine learning is taking the prime and many applications dispute solving skills
using trending methods. There are different encroachments in this field that will
campaign us to have a closer idea to any problem while processing. This area has
a genre involving machine work to larger extent. Face recognition is a sensitive
field that has to be fingered carefully. It has been arising out from various ways
that are considered as backward comparing to the present methods. Newfangled
implementations are added to the prevailing works. Some inventiveness is made based
on the previous predictions. Faster RCNN is emerged out from past face detection
problems with the content that may solve the issues humans came up with. Computer
vision is considered as the mostly used application, keeping in mind the use it has
with the many projects. Before coming up with faster RCNN, there is already an idea
on convolutional networks which are the most resourceful detection schemes unlike
OpenCV. Convolutional neural networks are used for dealing out with a preexisting
dataset and applying different techniques on it leads to better results which make our
project dissimilar from the existing.

2 Related Work

Viola and Jones [1] have proposed rectangular HAAR-like features in a cascaded
AdaBoost classifier for triumphing real-time face detection in 2001. Characteristic
size was too large and also it could not properly handle non-anterior faces and aspects
consisting in the wild.

Zhu et al. [2] proposed a methodology to derive the more intricate features
like HOG that tops to the occurrence of inclinational positioning of circumscribed
portions of an image.

Later SIFT, SURF [3] have been proposed in 2013 by Li, J., and Zhang, Y., which
pleats the internal feature points of the iris and then limit the scale indifferent key
points in the iris image to express later the key points using the local patterns that
are present around the key points.

Yang et al. [4] have proposed a novel aggregate channel features, which was
premeditated as the ratio of two factors.
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Liao et al. [5] introduced a retrieval-based manner that gains back the images and
diversified with differentiate learning. But this type of training and testing are more
time-consuming methods. In this approach, performance increment was relatively
limited.

Davis E. King proposed Dlib-m which is a well-known Dlib C++ Library [6] took
Support Vector Machine (SVM) classifier in aspect detector. Increasing the process
in order to cope with the errors of detection was another emerging topic.

Zhu [7] came up with a method to seizure faces that involve different views and
expressions in a deformable method.

Chen et al. [8] have proposed a model to ensure the detection of faces with face
position. In their model, they have achieved best performance through accuracy and
less time. In recent years, the advancement in the area of face detection using deep
learning approach significantly dominates the traditional computer vision processes.

Girshick [9] and others worked on object detection and combined regions with
convolutional neural networks.

Girshick [10] came up with fast RCNN for detection by training with the help of
a deep network and boosted the existing methods in accuracy.

Li et al. [11] presented a method for wild faces detection, which integrates a
convolutional network and a 3D face model in a multi-task discriminative agenda.

Recently, Jiang and Learned-Miller [12] have proposed the faster RCNN for
nonspecific object detector and accomplished better results. In addition to this,
numerous efforts have been done to rectify the faster RCNN architecture.

3 Model

FACENET model is a prototype which is fulfilled by one shot learning. It can be
used to cluster faces and has embedded images with triplet losses. Once a planetary
of vector is formed, applications such as recognition, corroboration and clustering
can be implemented. Here the new imageries have been auxiliaried without the use
of repeated training. At initial stage, the picture goes through sophisticated layers.
Feature maps are extracted. A coasting window has used in RPN for each location
over the feature map. For each location, to bring out regional proposals anchor packets
are used. A cataloguing layer predicts and outputs whether there is object or not for k
chests. A regression layer outputs 1 k for the coordinates of k boxes. RPN using CNN
will be swapped instead with Selective Search (SS) for RPN. At later stages, Region
of Interests (ROI) pooling has performed. The pooled area goes through CNN and
two Fully Connected (FC) branches for Softmax and hop box regression.

Since the convolutional layers are shared to citate the feature maps with various
yields at the end, training process is different. Train RPN with FACENET model.
Separate detection network can be trained with FACENET. Use the detector network
to prime the RPN training, fix the shared convolutional layers and fine-tune only
the unique layers of RPN. Having the convolutional layers fixed, fine-tuning is done
on the inimitable layers of detector network. This proposition is tested with feature
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extractors of FACENET having output strides for the extractor. Training set along
with testing set is split from the dataset as 70% and 30%, respectively. Then a pre-
trained model is loaded and used to engender features for the selected images of firm
resolutions.

Faster RCNN is applied over the dataset trained over FACENET. Faster RCNN
implementation is better than other slants in matching strategy, bounding box ratio,
data augmentation and in the feature map used for object detection. As there is no need
to conduct 2000 proposals for one single image and the dataset is one shot learned, the
exactitude is increased and time is fewer for detection process. This work is developed
by applying faster RCNN which is a deep learning charter to FACENET, as it gives
the precise results. This context consists of a proposed network with regions called
as RPN to develop a section proposals list which embraces objects pain staked as
ROIs and faster RCNN network that refines the boundaries of previously developed
ROIs after classifying each region of interest. In this work, some more layers are
added to the existing faster RCNN. First, train the model with the set and then use
this on test set. Initially, the CNN model of faster RCNN is taken and drilled using
the wider face dataset. Same dataset is used to examine the pre-trained model in
order to generate hard negative mining’s as shown in Fig. 1.

Fig.1 Procedure in the
form of flowchart Triplet loss and embedded images

Pretrain this images and make dataset

Train this model over facenet

Undergo hard negative mining

MuRiiscale training is done

Combine all the mputs
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In the successive step, fleet the images to develop hard or solid negative mining’s
into the network. The model generated will be fine-tuned on the face detection stan-
dard dataset. End process includes the multi-scale training and feature concatenation
to rally this model. This whole training procedure has the similar training method as
that of faster RCNN. Final stage usually converts the rectangular boxes presenting
detection to ellipses as human faces are elliptical in shape. Functional procedure of
each part of faster RCNN is explained in the ensuing section which encompasses the
major part of the project.

3.1 Hard Negative Mining

The first is the Hard Negative (HN) Mining which is for upgrading the recital of
the model for object detection tasks in deep learning. These are the areas of ROIs
named as the hard negative. The network nosedives in involving a correct prediction
in these parts. So, iterate the process by resending these negatives so as to improve
the performance of proposed model and have a better classification by having the
fewer positives in false.

A hard negative is the region whose Jacquard index, i.e., area of intersection
and area of union ratio is less than 0.5. It involves in construction of both positive
ROIs and a subset of negative ROIs would be given to the region of interests so as
to improve the act of the model. Here this will go through this stage to make the
foreground and background ratio to 1:3.

3.2 Multi-scale Training

In multi-scale training, immovable size of images is maintained. The way of training
process can be seen in Fig. 2. The detector can cram the image having features made
with similar magnitude. This scale invariance may be helpful for efficient work later
on. Usually, three or more values are consigned in order to pass onto the network.

3.3 Feature Concatenation

Faster RCNN uses Feature Concatenation in Fig. 3 which is nothing but summation
of several input layers to rundown to one output layer. ROI pooling is done in order
to use a single map of features for all RPN’s. This approach can’t be used for all the
images, because sometimes this may leave some important features off. This results
in many important parts loss and that leads to less performance. Feature maps of
multiple convolutional layers are combined and to improve the ROI pooling higher
and lower features are also included. This bid combines all the ROI pooled features
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in every convolutional layer to match the unique features. Mostly these features are
L2 pooled. One layered CNN will be passed to the original network in order to match
with any one of the channels.

4 Implementation

This process is appraised on a face detection benchmark using a pre-trained model,
that has a total of nearly 10,000 images used for testing and called as nn4_small2
dataset whereas trained set is from Labelled Faces in the Wild (LFW) with 30,000
images which generates triple loss each time when they are passed into convolution
layers and these images are already one shot learned and has 128 embeddings with
trio loss functions. This dataset has chosen and compared with the FACENET images.
This procedure is started after giving the imageries some initial values. Every factor
picked is started with zero and ignores the picture or image that has the values which
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Fig. 4 Faster RCNN architecture

are greater than the near alike values. At this stage, many images are deleted. The
detailed faster RCNN architecture is shown in Fig. 4.

A pre-trained model is used to get into the networks for some hundred times with
the rate of learning rate to some 0.001. Assumption of any of the original ratio of
size helps the pre-trained images to get compared. Short and long sides are rescaled.
Horizontal flipping is done for data augmentation. During the time of training images
with pixel size 160 and ratio 1:1 are used. Then the background values and foreground
values are compared and checked if the comparison is more than 0.6. In order to have
the equivalence well, ratio between background and foreground is fixed as 1:2 ratios.
Now the dataset is passed to CNN. The images that are more comparative than
the fixed are moved to next step whereas the images having the harmonizing less
than 0.6 are discarded. These are considered as hard negatives. This procedure of
finding hard negatives is repeated up to some iteration until all the images having
this 0.6 value are deleted. This is finally used for our detection task. This model is
also verified by changing the dimensions and aspect ratios to different values. Even
if new images are added to this dataset, retraining the model is not required. Both
increments and decrements in images have been tried. But some limitations are given
while increasing the size of copy.

Same procedure is repeated here as previous. All the outputs from each convolu-
tional layer are joined. The scales after changing, may give different or fixed results.
Here combining all the iterations per image, nearly 30,000 iterations are done with
learning rate 0.01. In each step of generating the region proposals, a total of 90
proposals are generated. One among this is regarded as face if its match is greater
than 0.6. One shot learned and embedded images are used in this work. And also,
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Table 1 Value assignment

Blur Expressions Illuminations Occlusion Pose
Normal High Normal High
0.6 1 1 1 0.6 1 1

generated triplet loss at each stage and applying faster RCNN increases the accuracy
and performance and decreases complexity compared to existing models (Table 1).

5 Results and Discussion

Below are the two tables, one is representing the datasets along with features and
another one shows comparison between the different approaches present along with
the specifications of this model. The tables show the process approach in this method
and in various existing methods regarding batch sizes, resolutions, anchor boxes,
speed and accuracy (Tables 2 and 3).

Table 2 Ablation studies of the proposal along with previous works

S. No. Dataset Triplet loss Length Scale
1 Kaggle No Small Fixed
2 ImageNet No Long Unfixed
3 Google No Long Unfixed
4 FACENET Yes Long Unfixed

Table 3 Different neural networks

Approach Reference Batch size | Resolution | Anchor boxes | Speed | mAP (%)
papers
RCNN Rich feature 1 224 x 224 | Around 50 120 | 50-60

hierarchies for
accurate object
detection and
semantic
segmentation

Fast RCNN Fast R-CNN

Faster RCNN Face detection
with the faster
R-CNN

Faster RCNN | Proposed 2 1000 x 800 | Around 5000 | 2250 |96
with FACENET | Model

—

500 x 500 | Around 100 | 2000 |60-70
1000 x 600 | Around 4800 | 125 |86-90

—
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CNN is an interdisciplinary field of computer vision achieving enormous amounts
of adhesion in the past years. Since CNNs are introduced, self-driving vehicles took
the center stage. The major reason in having no proceedings with this issue by
structuring a standard CN tracked by a Fully Connected (FC) layer. Length of the
productive layer is variable, because of the number of incidences of the objects of
notice is not stable.

RCNN is to face this incident of choosing a greater number of regions in selective
and extracting 2 k regions from these images to use them as region proposals. It takes
more amount of time to train the system to classify 2000 region proposals per image.
It is not possible to execute in real time because it took nearly 47 s for each test
image. Static search algorithm has been used in this work. As there is no trending in
that stage which leads to the generation of bad candidate region proposals, RCNN is
used.

An improvised object detection procedure is familiarized and named it as fast
RCNN. This way is similar to R-CNN algorithm. The difference is that, instead
giving the RPN to the CNN. Train and Test image is fed to produce a convolutional
feature map. Region of proposals are found from the convolutional feature maps
and bended to squares using a Rol pooling layer and also redesigning them to an
immobile size has done so that it can be given to the FC layer. A Softmax layer is
used from the Rol feature vector.

Fast R-CNN has more speed than R-CNN because of that it does not require prior
2 k region process to the neural network every time. In replacement, the convolution
operation per image is fixed and generation of feature maps is involved. The CNN is
present in fast R-CNN generally pre-trained on the classification task of ImageNet
using its final pooling layer called as “ROI pooling” layer and its final FC layer
will be replaced by two divisions x(K + 1) category Softmax layer division and
a category-specific bounding box regression division. Into the backbone CNN, the
entire image is given and features from the previous convolution layer are taken.
According to CNN used, the characteristic output maps are much smaller compared
to the original image size. This relies to pace the CNN backbone, comprising of
15 numbers in the VGG backbone. The object proposal windows are found from a
region proposal method like selective search. The exceptional case of Rol pooling
is spatial pyramid pooling (SPP) layer with unbiased one pyramid level. The layer
chiefly splits the structures from the selected proposal windows which come from
the region proposal algorithm and goes into sub-windows of size height/Height by
width/Width and makes a pooling operation in each of these sub-windows. A fixed-
size output features of size irrespective of the input size is given. The output is
compatible with the network’s first FC layer. The Softmax classification division
gives probability values of each ROI fitting to K categories and catching one from
all background categories. The bounding box regression division output is to make
these bounding boxes from the RPN procedures more accurate.

Some images in Fig. 5 of well-known people with faces from the dataset bounded
by arectangular box if the image needed is recognized. The images are indicating the
faces, with the rectangular box bounded around the face image implying that they
are detected. Images of dataset may have similar classes taken in different conditions
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Fig. 5 Examples with rectangular bounding box

and also different poses, i.e., the same person images will be under same class but
considered as non-similar picture.

6 Conclusion

This proposition is a dissimilar method in order to detect faces with the help of deep
learning techniques. It came up with addition of techniques to make the application
more advanced. Most importantly it achieved the increment in accuracy using faster
RCNN framework which has more impact on the images in dataset. It used one shot
learned, hard negative mining, feature concatenation and multi-scale training as the
extra boostings to the framework. This made the training procedure less complex and
the results have taken with less time. It ranked as the best compared to the erstwhile
methods.
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Amit C. Bhosale, Reeshab Goenka, and Prakash C. Ghosh

Abstract The study details out the various causes of ageing of a unitized regener-
ative fuel cell operated in its respective modes, viz. fuel cell and electrolysis mode.
The study is carried out when electrolysis mode is carried out at higher temperature of
supplied water, i.e., 45 °C. The durability of the cells is examined with respect to the
membrane, catalysts used (Pt/C and IrO,) and the bipolar plates. The results analyzed
using scanning electron microscopy, transmission electron microscopy and induc-
tively coupled plasma technique reveal electrolysis mode to be the primary cause
of URFC ageing. Furthermore, oxidation base of the catalyst, i.e., carbon leading to
the catalyst agglomeration and its further loss over time is primary result of the high
temperature electrolysis. Results also reveal the electrode getting delaminated from
the solid electrolyte, i.e., membrane. The surfaces of bipolar plates are observed to
have been oxidized.

Keywords Bipolar plate degradation - Agglomeration of catalyst - Delamination
of electrode -+ Membrane thinning - Regenerative fuel cell

1 Introduction

A Unitized regenerative fuel cell (URFC) is an extension of conventional fuel cell
with an additional functionality to work in electrolysis (EL) mode [1]. It there-
fore, works in both fuel cell (FC) mode as well as EL mode. Since, URFC’s power
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and energy can be decoupled, it can potentially mitigate the mismatch in energy
required in stand-alone renewable energy systems [2, 3]. Despite efforts to use URFCs
commercially, several factors have hindered them from being used on a large scale,
including component costs, cell durability, the quality of fuel supplied and even some
operating parameters [4].

Degradation in individual fuel cells and electrolyzers has been studied by several
authors [5-8] and membrane cracking and thinning, corrosion, catalyst oxidation
and dissolution, operating conditions of temperature, water formation, etc. are only
some of the factors which have been identified. An accelerated degradation study
of a water electrolyzer based on polymer electrolyte membrane revealed catalyst
precipitation within the membrane in conjunction with membrane thinning [9]. In
order to improve the stability and durability of a polybenzimidazole (PBI) based
polymer electrolyte membrane (PEM) electrolyzer, various combinations of RuO,
and Ta,Os catalyst have been used [10]. Of these, a 90:10 ratio by wt of RuO;:Ta;Os
offered better stability than just RuO, for ~5 h at ~150 °C. Besides the catalysts
and the membranes; even bipolar plates (BPPs) and diffusion layers [11], have been
studied for degradation and the application of anticorrosive coatings on base plates
[12] have been found to be preventive.

Long term exposure to the fuel (hydrogen) and oxidant (air/oxygen) gases, i.e.,
prolonged operation at open circuit, have been reported [13—15] to cause catalyst
oxidation, leading to a loss in durability. The formation of water does not only
reduce a fuel cell performance due to flooding but in depth studies [7, 16, 17],
with a focus on degradation, have revealed it to cause morphological changes in
the membrane electrode assembly (MEA) and gas diffusion layer (GDL), ionomer
dissolution, corrosion, loss of the catalyst in terms of active surface area, thereby
diminishing the cell durability [18].

Among the other causes for fuel cell degradation, the ionomer (Nafion®) that is
used in electrodes have been found to play a dominant role [19]. An accelerated test
investigating the catalyst base for PEMFC degradation [20], did not yield a definite
relation between the electrochemical surface area (ECSA) and ratio of the Pt doped
Carbon (Pt/C), however, pinhole formation emerged as a major factor [6, 21]. It was
confirmed that the MEA failed during the PEMFC degradation due to dissolution
of the microporous layer (MPL) and the polytetrafluoroethylene (PTFE) over time.
Such phenomenon consequently led to the agglomeration of Pt, which increased
from inlet of reactant flow to its outlet because of the large pores produced. Pinholes
near inlet caused more decrements in the open circuit voltage (OCV) of the cell and
also more hydrogen crossover.

Authors, in their previous work, underlined the importance of temperature of water
on the degradation of URFC where catalyst agglomeration, membrane thinning, etc.
were studied in detail [22]. In this work, an attempt has been made to extend the
results particularly on bipolar plate (BPP) degradation over fixed cycles of both
modes of operation.
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2 Experimental Method

2.1 Preparation of the Single Cell

The electrolyte, i.e., Nafion® membrane (NRE-212, DuPont), was used after the
pretreatment. MEA was prepared as per the protocol given in [22]. In brief, a
uniform suspension of activated carbon (VulcanXC-72) and hydrophobic agent
(PTFE, ~15 wt%) in an appropriate solvent (isopropyl alcohol, IPA) was coated
on gas diffusion backing layer, viz. carbon paper. The coating process was repeated
until the activated carbon in appropriate quantity (~1.5 mg cm~2) was loaded and
later sintered at 350 °C to form the gas diffusion layers (GDLs). It was then followed
by electrode preparation, by coating the catalysts, i.e., Pt/C (40 wt%) and IrO;, both
mixed in IPA along with Nafion® solution (5 wt%) as an ionomer on the GDL.
Catalyst loading for hydrogen electrode was maintained at 0.1 mg cm~2 of Pt while
that for the oxygen electrode was 0.5 mg cm™2 of both Pt and IrO,. The electrodes
(apparent area = 4.5 cm x 5 cm) and the pretreated membrane were then hot pressed
at ~60 kg cm~2 with platens maintained at ~130 °C. The entire assembly was cush-
ioned appropriately and was pressed for ~3 min to form MEA. A pair of SS bipolar
plates, coated with titanium nitride (TiN, Oerlikon Balzers) to avoid corrosion at the
interfaces, was used with the MEA placed in between. The entire assembly was then
clamped with nuts and bolts using a torque wrench to form the complete single cell.
The same torque of 2.8 Nm was applied to each of the 4 bolts, to ensure uniform
contact pressure at the interface of electrode and bipolar plate and consequently
decrease the contact resistance [23] and ensuring the leak-proof cell as well.

2.2 Identification of Degradation

In order to diagnose the degradation, the cell was characterized in terms of its current
and power outputs. Further visual and chemical analyses were performed on the
MEA, both before and after the tests. Scanning electron microscopy (SEM) was
used to visualize the impact on membrane as well as catalyst layer positioning and
their physical appearances. Transmission electron microscopy (TEM) was found
helpful in comparing the catalyst agglomeration before and after the study. Also,
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was used for
quantifying the catalyst that was washed away during electrolysis mode in the view
of cell degradation.

2.2.1 Electrochemical Characterization

The URFC performance was studied throughout 3 days in both modes, alternatively
FC mode and EL mode as illustrated in Fig. 1a, at an operating temperature of 45 °C
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Fig. 1 a Plan for the experimental investigation and b graphic outline of the set up

(temperature of the deionized (DI) water in the electrolysis mode). The procedure
was initiated in FC mode with the conditioning of the MEA (1-2 in Fig. 1a), followed
by a switch to the electrolysis mode wherein deionized (DI) water was supplied at
the operating temperature of the cell. The cell was run in this mode for 8 h (3—4 in
Fig. 1a), using the chronopotentiometry at 100 mA in a programmable DC power
source, followed by an idle duration for 4 h (4-5 in Fig. 1a), thus completing one
cycle. The same cycle was then repeated on days 2 and 3, as per the nomenclature
in Fig. 1a. The cell was characterized at 2, 6, 10, 3, 4, 8, and, 12, in the respective
fuel cell and electrolysis modes.

Different combinations of equipments were adopted to handle the intricacies of
the experiments in the different modes, as presented in Fig. 1b. A fuel cell test
station (FCATS-G050, Green Light Innovation, Canada) was used in the FC mode
for conditioning as well as to study the polarization behaviors of the cells, whereas,
a programmable DC power source (2651 A source meter, Keithley, USA) was used
to study the URFC in electrolysis mode. An arrangement of DI water, at definite
temperature and flow rate was made for a comfortable operation in electrolysis mode.

2.2.2 Visual Analysis

SEM (Ultra 55, Zeiss, Germany), together with elemental mapping, was used to
visualize the MEA cross-sections, before and after subjecting those to the cycles of
electrochemical tests mentioned earlier. The relative distribution of the catalysts, i.e.,
Pt and Ir were respectively compared. TEM (CM200, Philips, Netherlands) was also
performed on these MEAsS, to study the catalyst degradation.

2.2.3 Chemical Analysis

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was
performed on the MEAs to measure the catalyst concentrations (Pt and Ir) before
and after the electrochemical testing cycles were completed. Samples of the MEAs
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were cut out (2 cm?) which were then dissolved in a blend of 2 mL HNO; (45
wt%), 10 mL HF (40 wt%) and 2 mL HCI (60 wt%) in a microwave maintained at
~250 °C for ~ 30 min. The acid digested MEA was filtered and this filtered solu-
tion was collected in a beaker to which DI water was added later to make the total
volume to 25 mL. The solution was later inspected by a ICP spectrometry (SPECTRO
Analytical Instruments GmbH, Germany) to quantify the catalyst concentrations.

3 Results and Discussion

Multiple MEAs for the cell were fabricated for examination at 45 °C. The results
thus obtained were averaged and reported.

3.1 I-V Characteristics

Figure 2a shows the current—voltage behavior of the URFC in FC mode and EL
mode, respectively, on the various days. This is one of the initial steps toward the
understanding of the degradation. The performance decrease was quite rapid at45 °C,
as is evident in the figure. This rapid degradation could be attributed to catalyst
oxidation and its agglomeration, which may have been facilitated by the oxidation
of carbon during the EL mode. Furthermore, degradation (thermal, mechanical and
chemical) of the membrane was also considered, and later confirmed by further
studies. The temperature, coupled with the high voltages in the EL. mode, makes the
various parts of the cell more prone to corrosion, especially, the ones that come in
contact with active oxygen.
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Fig. 2 a Performance comparison of the cell operated in both FC and EL modes, b comparison
of catalysts present in fresh and used MEA and ¢ measures of catalysts found in DI water samples
over time
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3.2 ICP-AES

The catalyst present in the MEA and its loss was quantified using inductively coupled
plasma—atomic emission spectroscopy (ICP-AES) to appreciate the amounts of Pt
and Ir present in the samples. Figure 2b showcases the comparison between the
catalyst concentrations in a fresh MEA and the one after it was used during the
investigation. The difference clearly indicates the loss of catalyst which could be
attributed to oxidation of catalyst base, i.e., carbon.

Figure 2c quantifies the Pt and Ir concentrations found in the effluent DI water that
was supplied to the cell during the EL. mode. For each successive day, the water was
replaced with fresh DI water before commencement of each EL mode of operation.
The quantity of catalyst on day 1 was the highest to the rest, indicating that most of
the catalyst got washed away at end of the day 1. These values further corroborate
the earlier inferences of the EL. mode operation causing the most degradation. This
was due to the oxidation of the catalyst base, leaving the catalyst (Pt and Ir) to be
washed away with water. On day 2 and 3, the catalyst remaining within the MEA
was already quite low, and hence lower amounts of catalyst were washed away with
the DI water supplied.

3.3 Microscopy Study

The cross-sections of fresh MEA were compared with that of used one to reveal the
delamination observed between electrodes and the membrane (Fig. 3a, b). Further-
more, membrane thinning was also seen underlining the heavy loss in mechanical
(structural) as well as chemical strength of the membrane. Consequently, uneven
surfaces were produced on a microscopic scale thereby separating out the electrodes
(delamination of the MEA).

Figure 3c, d revealed the particle size as well as distribution of catalyst before and
after the study respectively using TEM analysis. The degraded MEA was observed
to have more agglomerated catalyst particles compared to fresh one. This provides
compelling evidence of the oxidation of the catalyst base, hypothesized with the
earlier tests and confirms the cause of the low performance of the URFC over time.

3.4 Chronopotentiometry

The potential of cells during EL. mode was recorded against 100 mA of supply current
and plotted to observe its variation. Figure 4c reveals the variation of potential over
time when cell is operated during EL. mode. It was observed that on day 1, the
performance in EL. mode was relatively stable and the cell impedance did not vary
much; however, on day 2, with time, the cell impedance increased. This implies that
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distribution before ¢ and after d the investigation

there was degradation in the catalyst, membrane or bipolar plate (BPP) (Fig. 4a, b)
or in all of them and that the degradation likely took place right after the operations
on day 1.

34.1 X Ray Diffraction

The fresh and used BPPs were further analyzed for X ray diffraction (XRD) to
evaluate the presence of oxidized layer over the surface of the coated plates. Figure 4a,
b shows the pictorial view of BPP before and after the analysis. The presence of an
oxide layer was detected confirming the loss in conductivity of the surface. XRD
analysis (Fig. 4d) of the plates revealed the presence of various oxides and other
oxidation products of TiN, such as Ti,CN and TisOs. The fresh BPP, as expected,
was seen to predominantly have TiN over entire surface as confirmed from the XRD
peaks.
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4 Conclusions

In this study, URFC degradation is studied at 45 °C. The results, clearly indicate that
the degradation is prominent, especially in the EL mode operation, where the degra-
dation process is enhanced. Loss in mechanical and chemical strength of the solid
electrolyte is brought about, leading to its thinning over time and consequently, its
delamination. However, the clamping pressure applied during assembly tends to mask
the consequences of this delamination, when the cell is in the assembled condition.
Catalyst agglomeration and its washout over time, however, severely degrades the
URFC due to the loss of catalyst support (oxidation), carbon, at the inflated operating
potentials of the cell, especially in the EL mode. The severely diminished solidity
and longevity of the bipolar plate surface in the view of electrical conductivity is due
to the oxidation at the high potentials in the EL mode. Therefore, in order to mitigate
these problems for the future, the material of the catalyst base and the bipolar plates,
need to be studied more deeply, and accordingly, suitable modifications need to be
made.
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Crashworthiness of Bird Inspired )
Fuselage of Small UAV oo

Rohit Naryal and Pankaj Dorlikar

Abstract With the increasing demand for advanced UAVs in the market, high
sustainability, reliability, and better workability are the most critical priorities. During
UAV operations, accidents are common, leading to severe damage to expensive and
vital equipment. A crashworthy UAV structure would help reduce equipment loss,
which would lead to safer conditions while flying. The growing requirement for
surveillance through onboard cameras dictates stable flying. Hence, we are adopting
a hummingbird body, having the best hovering capabilities available within nature.
Our research explores the simulations of crash scenarios to understand the colli-
sion resistance and crash-energy absorption capability of the hummingbird inspired
CAD model. We have identified the sections in a UAV’s fuselage, which carries
mission-critical components and found the maximum acceleration at those sections.
RADIOSS™ module of Altair HyperWorks™ Software is used to simulate the
crashes and to examine the maximum acceleration responses at the vital locations.
The 3D printed multi-material composite UAV’s fuselage with strengthening at crit-
ical locations made the notable difference in energy absorption of structure and
transfer of acceleration on the payload. We found that the specific energy absorption
maximized and transferred acceleration on the critical locations reduced up to 8.88%
when compared with the initial ABS material. This design methodology is proposed
to be used in small UAVs to minimize the crash loads in avian flight-based vehicles.

Keywords Crashworthiness + UAV (unmanned aerial vehicle) - Fuselage + Energy
absorption + Hummingbird
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1 Introduction

UAVs carry expensive onboard modules like cameras, RCs, and battery, which
gets damaged when UAVs crash. We must design UAVs for crashworthiness, as
studies prove their accident rates are considerably higher than crewed airplanes.
To extract vital information collected during UAV’s operations, our prime concern
is to minimize transferred acceleration at the expensive payload during crashing.
Few researchers have already worked on solving the same problem. Troiani and
Falaschetti [1] have proposed a crashworthiness improvement with a new carbon-
fiber-reinforced polymer (CFRP) crash absorber. It reduces the resistance forces in
the avionic and payload bay of a small UAV. They have conducted experiments to
analyze the characteristics of energy absorption by the material. They had inves-
tigated the outcomes of energy dissipation at specific locations where the crash
absorber has been installed in the UAV’s fuselage. The study concludes that this new
light crash absorber helps in minimizing the reaction forces and the stresses at the
vital module locations.

Hiremath and Somashekar [2] studied the crash behavior of UAV during two
separate landing impacts (bill down accident and belly landing collision). They
found the maximum amount of crushing force at the specific locations where
some of the crucial modules were installed, like surveillance cameras, servomo-
tors, the fuel tank, payload, and receiver. They developed a finite element model
of UAV using LS-DYNA. The necessary components in the UAV modeled as mass
elements. By assigning the nodal forces to capture the resultant forces, the crashing
force—time histories were investigated for each part individually. Their research
concludes that the design of critical modules and supporting structures must over-
come these maximum crashing forces at these locations of the UAV structure. They
also suggested two solutions to minimize peak forces. The first is to reduce the eleva-
tion or terminal velocity of the UAV to minimize resultant collision force. And the
second one is to use a crash absorber as a supporting structure.

Some studies used a different way to reach the target of enhancing the crash-
worthiness. Leomar et al. [3], has been successful in doing the same. They have
strengthened the structure components using composite materials. In their study,
the fuselage is reinforced by choosing appropriate fiber orientations and stacking
sequence as design variables. They have used E-Glass/Epoxy and High modulus
(HM) carbon/Epoxy composites to manufacture the designed UAV fuselage.

From our literature review [1-9], we found that understanding the material
response used in the manufacturing of the UAV after the crash is vital, and it can
be improved using numerous techniques. Different methods to enhance the crashing
response are, installing a crash absorber with new configuration or new material [6],
varying the structural stiffness of the skin [5], or strengthening the main assembly
using a new composite material configuration [7, 8]. In this research, for imple-
menting the learnings, we have used the RADIOSS™ module of HyperWorks™ Soft-
ware to develop an FE model of the Hummingbird based UAV fuselage. We analyzed
for the crashworthiness of the UAV’s fuselage using the same material configuration.
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Then, we have further optimized maximum stress regions using different materials
to minimize the generated stresses. We have focused only on 3D printing rapid proto-
typing techniques because of the availability and freedom of manufacturing, even the
complex shapes. The results show the locations of maximum stresses during different
crashing situations. Hence, the fuselage design could be enhanced with the help of
the FE techniques by varying the material configurations.

2 Finite Element Modeling and Simulation

The basis of our UAV is adopted from nature’s best hovering capable hummingbird
body. Hence it is necessary to incorporate the natural attributes like shape and size
of Hummingbird inside our FEA model. We first modeled a CAD geometry using
the exterior form data of Hummingbird. As maximum materials exhibit non-linear
behaviors in the real world, therefore, it is crucial to possess a basic understanding
of non-linear behavior of materials to construct an FE model. The FEA modeling
of the designed UAV fuselage created considering the non-linear response of the
material. The plastic material data and stress—strain curves reviewed from the research
papers [10]. Altair RADIOSS™ module of Altair HyperWorks™ Software is used
to simulate the crashes and to examine the maximum acceleration responses at the
vital locations surrounding the payload of the modeled UAV fuselage. Furthermore,
it contains a complete library of various material models to simulate the non-linear
behavior of materials. The FEA modeling of the modeled UAV’s fuselage is carried
out using the steps described in detail in the following subsections. Vital components,
like the camera and flapping mechanisms, are adopted as concentrated mass elements.

The basic equation of motion equation for the structural impact of the fuselage
can be expressed as:

[M]{dzu vl ki = (i
F} {E} uy = exl()

where M is the mass matrix, C is damping matrix, K is stiffness matrix, u is displace-
ment vector, and Fgy is an external force vector [9, 11]. We can notice that for our
proposed small UAV fuselage, since the fuselage is light, hence the acceleration can
be much higher in intensity for the same amount of external force acting on it while
crashing. The final FEA mesh model with selected material can be seen in Fig. 1.

2.1 CAD Modeling

Hummingbirds are one of a few species having the outstanding capability to hover.
Because of their different bone structure, they can quickly fly in any direction. Their
outer body shape also plays a vital role in providing them with a better lift. Inspired
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Fig. 1 FEM mesh
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Fig. 2 UAV internal layout

/ CA Flapping mechanism

Monitoring camera

Radio-frequency module %\

by hummingbirds, we have designed a fuselage model using the available image
data at different profiles. Then, we have opted for the approach of strengthening the
biomimetic structure at specific locations to reduce the transfer of acceleration to
the payloads. Mounting locations added to place equipment like monitoring camera,
flapping mechanism, and battery, as shown in Fig. 2. These locations then stiff-
ened using circular rings. 3D printable TPU pads incorporated to have better shock
absorption capability.

Battery

2.2 Initial Landing Conditions

The material model MAT/LAW 36 “PLAS_TAB” in RADIOSS™ is adapted to model
ABS and Nylon components such as fuselage skin, stiffeners. The material model
MAT/LAW 65 “ELASTOMER” in RADIOSS adopted to model TPU components,
i.e., shock absorber pads. Crash behavior has been investigated using different mate-
rials and applied impact forces. To model crashing conditions, the FE model UAV
fuselage strikes a hard floor. The rigid base restrained in all degrees of freedom.
Crash analysis carried out on the UAV fuselage model for two different impact
landing conditions, and post-processing of the results are investigated for these impact
conditions to determine the maximum force at the payload. Four different material
configurations were tested for two separate impact conditions based on the angle of
impact, the first one is a vertical impact (bill down), and the second one is an inclined
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Direction of Impact,
V=10m/s

\
(a) Fully fixed rigid body )

Fig. 3 Different impact conditions. a Inclined impact at an angle of 50°. b Vertical impact

impact (belly landing) with a 50° angle, as shown in Fig. 3. The FE UAV fuselage
model impacts the floor with an initial velocity of 10 m/s for these impact conditions.
Besides, standard earth gravity (g) is applied to all components as acceleration due
to gravity is considered as the leading force for all design considerations.

3 Results and Discussions

This work concentrates on the study of the crashing response of the critical system
inside the UAV fuselage. Due to its high cost and valuable information, we want
the resultant acceleration to be minimum. The payload in the UAV is necessary and
unavoidable to complete different operations to accomplish the mission. To achieve
the minimization of acceleration, we have opted for strengthening the fuselage struc-
ture by varying the appropriate 3D printable material. The response of the proposed
fuselage was investigating through the acceleration-time histories on the critical
system, i.e., payload and compared with the initially referenced fuselage.

The crashing acceleration parameter is a crucial factor during the crashing process
because it causes severe damage to the fuselage structural components. Therefore
the acceleration-time histories of the critical system have been captured to know the
maximum crashing acceleration during the different impacts. This paper exhibits the
acceleration-time accounts of the vital equipment during the two distinct collision
situations.

After knowing the maximum accelerations on the payload while crashing, it was
essential to formulate a technique to lessen it, like strengthening or increasing the
stiffness of the fuselage structure surrounding the payload to sustain the maximum
crushing acceleration. Looking at the results, as shown in Fig. 4, the maximum
crushing accelerations on the payload/critical system of the composite fuselage in
comparison with reference fuselage reduces up to 8.88% in the case of vertical colli-
sion. The other case, as shown in Fig. 5, the collision was at an impact angle of 50°.
It was found that maximum acceleration on the payload of the proposed fuselage in
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Fig. 5 Acceleration-time graph of the payload during an inclined collision at 50°

comparison with the reference fuselage was reduced to 4.45%. The crashing accel-
eration can be reduced by reducing the altitude at which the UAV is flying, or by

reducing the propelling velocity.
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Table 1 Comparison in terms of % variation of local acceleration concerning reference
configuration

Structure Vertical impact acceleration Inclined impact acceleration
A% A%

Nylon structure —-0.1727 —1.62

Composite ABS plus Nylon | —2.467 —1.77

Composite structure with —8.88 —4.45

shock absorbers

The following Table 1 compares the variation in the maximum acceleration of
varieties of the fuselage structure. It can be seen that one could easily safeguard the
fuselage choosing the right configuration of the material.

4 Conclusions

The rapid evolution of unmanned aerial vehicles leads to an increased concentration
on their huge accident rates. More attention to improving the protection and safety
levels is required. Hence, the prime motive of the present study is to investigate
the crashworthiness of Hummingbird based UAV fuselage to protect the critical
system. The methodology followed to achieve the aim of the present study was, first,
generate the UAV fuselage from available data. Second, the development of its FE
(finite element) model using RADIOSS software. Third, study the crash analysis
of the fuselage under different impact conditions. Then, establish a multi-material
model fuselage based on the crash analysis study and analysis of its crashworthiness.
Finally, comparing the crashworthiness results concerning the payload among the
designed and improved UAV fuselage. Results show that increasing the strength of
UAV fuselage with the help of a multi-material model plays a vital role in absorbing
energy effectively. This fuselage structure was efficient in reducing the transferred
acceleration by 8.88% on the payload when compared with ABS fuselage. The results
can be further refined to reduce the crashing acceleration by reducing the altitude
at which the UAV is flying. Another way to achieve this can be by reducing the
propelling velocity.
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Abstract This paper studies the experiential learning in a virtual environment using
HMD-based immersive virtual reality technologies. This digital technology is mostly
beneficial in product design and development. However, usability of virtual reality
in the area of the design is still explorative for reviewing a 3D model. Several factors
having an impact on the design review of 3D models in the virtual environment. In
experiment, design review score is calculated for different working conditions with
different parameter ranges. The significant order of the parameters is determined
using Taguchi method, and the outcomes are compared with ANOVA method. Exper-
imental results indicate that the effect of factor-1 (grooves) is more contributing than
factor-3 (blocks), and factor-2 (sidewall) is least significant on design review process

in simulated 3D state.

Keywords Design review - Virtual reality - Taguchi method - ANOVA

Nomenclature

ANOVA  Analysis of variance
CAD Computer-aided design

CI Confidence interval

DOF Degree of freedom

IVE Immersive virtual environment
IVR Immersive virtual reality

OA Orthogonal array

S/N Signal-to-noise ratio

SD Standard deviation
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VE Virtual environment
VR Virtual reality

1 Introduction

Virtual reality is a digitally created non-real environment which gives operators the
impression of being someplace other than where they are. The principal features
that separate it from different means that of displaying info are the ideas of immer-
sion and presence. Reviewing in virtual reality system was more evident than the
desktop-based interface when reviewing product models at a higher level of difficulty
[1]. VR gives a secure, immersive and realistic feel for users. One of the principles
focuses on Industry 4.0 is to connect the simulated system and physical system,
which are referred to as cyberphysical systems. This environment gives exceptional
potential to support this endeavor. Kovar et al. [2] sum up the numerous applica-
tions in the Industry 4.0 and state that this digital platform can successfully deduct
cost as well as time at some point in the design of new machines. Mujber et al. [3]
categorize this digital systems based on immersion into three sets: non-immersive
systems, partially immersive system and completely immersive systems. Fully IVR
systems yield quality by picking up the human gesture and interface with models and
replicating the same in the digital state. Non-immersive system conjointly places the
user during a 3D setting and permits manipulations, but only utilizing a conventional
hardware. Improvements in new gadgets and high-end connectivity have made VR
progressively attractive and reasonable. This expanded trend is qualified for an exten-
sive range of user areas for this digital technology outside of the gaming world. Today,
these digital technologies are used in a broad range of fields such as teaching, mili-
tary, medical science, engineering, sports and many more. Initial applicable areas can
be found in entertainment, promotion and publicity. Use of prototyping and design
review in virtual environment permits participants to observe models in a realistic
way in the earlier design stages. This process is conducted by many corporates to
detect faults in their newly developed products before the actual one is manufactured.
Today, the process of classic design review is achieved directly on CAD modeling
software. The 3D models are observed on the screen and find the possible errors. The
issue here is that the user is not familiar with modeling software and may not complete
this process. The simple consideration of difficult 3D models on a 2D interface forms
the undesirable impressions of the measurements, and scales are lost. Previous study
tells that the users observed two categories of 3D models for predefined errors. The
outcomes of those studies specify that this activity in virtual environment permits
operators to see a little more errors than in a traditional 3D CAD-created method on
a system.

Kwon [4] conducted experiments, and results show that the vividness and interac-
tivity on digital platform permit the participants to closely distinguish virtual capa-
bilities as direct involvements and learning outcome are enhanced. Lanzotti et al. [5]
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analyze simulated prototype and real prototypes using fuzzy methodology toward
the estimation of the optimal design. Additive manufactured physical model is used
for this case study. In their methodology, they tested on the Neapolitan coffee-maker,
for the optimal design [5]. Wolfartsberger [6] developed VR-based tool named as
“VRSmart” to check the experience of users. Design review based on digital platform
permits manipulators to determine slightly further faults throughout a 3D model than
desktop-based approach [6]. Gao et al. [7] developed a VR-based module to simulate
different assembly tasks, and visibility of assembling parts and postures of a user
are quantified in presence of human factors. The new methods of calculations based
on final positions and forces during assembly are presented to perform additional
realistic assembly operations [7]. Linn et al. [8] generate an idea for digital visual
remote assessments of manufacturing equipment.

VR is a useful tool to assist maintaining activities with remote inspections that
allow you to optimize the maintenance process. By comparing desktop interface and
virtual interface, Satter et al. [9] stated that user with digital surroundings required
substantially less time to finish the given assignment. Author conveyed that some
activities like path tracking take additional time on this platform [10]. They stated
that comment on greater capabilities in this non-real surrounding results in a longer
span of design reviews. Hou et al. [11] claimed that VR tool has greater capability
for analyzing 3D models since they preserve realistic features of a given model,
offer a natural sensation when manipulating with the model, allow participants to
develop precise optimistic visualization and create a better sense of presence. In
the case study, members specified that virtual environment assists them in keeping
attention on the engineering design review since no visual interruptions from external
world could disturb the process [12]. Users were trained to identify faults in given
models, and the results propose the same error finding performance in VR and DI
[13]. Authors experimented and observed VR with basic manipulation functions and
advanced functions to improve the understanding of designs in respect of counting
the parts. Use of the advanced functions boosted the confidence of the users in terms
of answering related to visualization of design [14]. Abidi et al. [15] experimented
in digital platform and gain better result on completing the assembly task within
limits. VR-based assembly training is beneficial in terms of economically and time.
In design review, the final prototype of any physical system leads to high cost and
manufacturing of the individual product [15]. In comparison with the use of VR has
demonstrated a more effective result. This offers an opportunity for a more realistic
virtual prototype with comparatively low cost and minimum time to produce. As
compared to traditional method simulation and visualization with CAD software,
VR gives a more realistic experience each time participant senses in space of the
virtual environment. Current virtual reality technology gives a quantitative and qual-
itative result in terms of visualization. Interaction with the virtual model increases
due to immersion and high-quality resolution. Computer-generated reality will not
substitute the customary design review process; however, it is a significant expansion
for any research organization that performs design reviews on 3D models of their
respective products.
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2 Experimental Design

2.1 Hardware Setup

Two hardware setups were used in this experiment. For 3D review portions of the
experiment, the interface consisted of a regular PC screen, a keyboard and a mouse.
For the VR portion of the experiment, the hardware setup includes an HMD as an
output display (HTC VIVE) and a gamepad controller for input. The HMD reso-
lution per eye is 1080 * 1200 pixels, with a 165° field of view, internal tracking
via gyroscope, accelerometer and magnetometer updating at 1000 Hz and positional
tracking via near-infrared sensor and CMOS sensor updating at 90 Hz. The infrared
positional tracking was placed above the computer monitor approximately 20 in. in
front of the participant. It requires 12—15 ft space for full setup.

2.2 Taguchi Method

Many researchers have focused on how different parameters are affected on the design
review process, but the significant order and impact of the factors in the virtual envi-
ronment have not been determined by using classical techniques. Genichi Taguchi
gives a method for process or parameter optimization. Key advantages are reduc-
tion in time, low development cost and less effort for more number of experiments.
This method has orthogonal array tables to offer a comprehensive performance. In
design review process, three different parameters as in Table 1 are considered, such
as grooves, block with sipes and sidewall.

In Taguchi methodology, the outcomes of the objective functions are changed to
the S/N quantity. “Higher is better” is chosen for this case. This approach is applied
to VR design review to maximize data from each experiment of the system. Initially,
the degree of freedom was calculated, and after that, orthogonal array was decided.
There are three factors associated with all three levels; overall DOF is 7. As indicated
by the Taguchi technique, an orthogonal array ought to be higher than DOF, and nine
cases are adequate to check the order with optimum condition of working. Thus, L9
OA is indorsed by this technique.

Table 1 Factor Factor no. | Factor name

classifications
Factor-1 | Lateral grooves | Circumferential | Grooves angle
grooves
Factor-2 | Tread blocks Sipes Rib

Factor-3 Sidewall Rim
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2.3 Analysis of Variance (ANOVA)

This method is used to analyze the contribution of the individual factor on the perfor-
mance. This approach is used to demonstrate the significant order of influencing
factors on the output and used to endorse the outcomes found from the Taguchi
method. The significance of individual parameter on the design review of the tire in
VR is determined by calculating SS of individual factors and determines the contri-
bution of each factor on target functions. The significance level of this method is
0.05 (95% CI).

3 Results and Discussion

Taguchi’s approach may be finished with a lesser range of experimentations in
comparison to different analysis. This experiment contains three factors and three
levels. Taguchi method reduced the experiments with L9 orthogonal array from 27
experiments to nine experiments. This experimental design has been applied to set
the best order of the design factors of tires in VR for design review with L9 orthogonal
array. In results, Taguchi method gives an optimum order based on rank (difference
in S/N ratio) as shown in Table 2.

The difference between the uppermost and lowermost S/N ratio is less, and at
that point, the impact of the factor on the objective function is moderately small.
Highest difference is with rank 1 and then rank 2 and rank 3. From results, factor-1
contribution is more significant than factor 3, and factor 2 is least significant and less
effect of noise factor on this experimentation. The contribution for each parameter
on tire design review task is calculated, and the results of Taguchi methodology (rank
of factors) are endorsed with ANOVA technique (% contribution of SS of individual
factor).

The contribution of factors found on basis of the Taguchi technique is shown
in Table 2. An impact ratio of factor-1, factor-2 and factor-3 is 52.40%, 19.87%
and 27.71%, respectively. The influence quantity acquired based on the ANOVA is
presented in Table 3. An impact ratio of factor-1, factor-2 and factor-3 is 51.37%,
17.12% and 27.80%, accordingly. Match the two outcomes as shown in Fig. 1, and
the optimum order of the factors for tire design review is determined based on (%)
contribution: factor-1 > factor-3 > factor-2.

Table 2 Factorial effect for

. . .. No. Factor-1 Factor-2 Factor-3
tire design review in VR
(Taguchi) Delta 0.87 0.33 0.46
% contribution 52.40 19.87 27.71
Rank 1 3 2
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Table 3 Factorial effect for g, DOF | Adj. sum of square (%) | Rank
tire design review in VR
(ANOVA) Factor-1 2 51.37 1
Factor-2 2 17.12 3
Factor-3 2 27.80 2
Error 2 3.71
Total 8
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§ 40
!
‘Fs_ 30
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Factors

m ANOVA = Taguchi

Fig. 1 Results’ comparison

4 Conclusions

This present study describes the use of Taguchi procedure to decide the optimum
order of design parameters of tire for a design review in virtual product (tire) room.
Taguchi method is used, and results are compared with ANOVA. Results show that
optimum order for design review of the tire as a result of the Taguchi experiment is
nearer to ANOVA. For design review of tire, effect of factor 1 is more significant than
factor 3, and factor 2 is least significant. The general investigation tells that virtual
reality is a valuable expansion, but not a substitution, to existing design review
activity.

In the above work, less number of experiments have been conducted because of
fewer factors. Factors are classified into three groups. For optimization, conventional
methods are used like Taguchi and ANOVA. But in case of more factors, analysis
of those factors may be difficult with the use of these conventional techniques. For
more reliable solution, the use of non-conventional techniques like fuzzy logic, multi-
criteria decision making (MCDM) analysis and machine learning techniques may
be opted. For more accurate results, more number of data are required for these
non-conventional techniques [5].
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Energy and Exergy Analysis of Poovan m
Banana Under Single Slope Forced L
and Natural Convection Solar Drying

E. Elavarasan, Anagh S. Bhanu, Yogesh Kumar, R. Mouresh,
and Sendhil Kumar Natarajan

Abstract The presence of moisture in the food particles can be reduced up to a
certain level through the process of drying. This allows to stretch out the expiry
period of the products and storage safety by inhibiting the growth of bacteria. Poovan
banana is extensively grown in tropical region which is one of the most consumed
varieties of banana all over the world. Hence it is necessary to preserve banana to
avoid the post-harvest losses. Sun drying is the conventional mode, practised in many
countries. But this method has several issues which arises due to the accumulation of
dust, soil, sand particles, insects, etc. Several methods of drying came into existence
to overcome this drawback. Solar dryer utilises the energy from the insolation and
collector to dry the food products. A single slope solar dryer is fabricated with both
forced and natural mode of convection to conduct the analysis of energy and exergy of
drying of poovan banana. One kilogram of uniform size poovan banana samples were
placed on the rectangular mesh of both the drying units. The equilibrium moisture
content was achieved within 7 h in forced convection solar drying, whereas it took
10 h using natural convection solar drying. The analysis was conducted using the
first and second law of thermodynamic to determine the ratio of utilisation of energy,
exergy losses and efficiency. The obtained results are explained with the help of
graphs.

Keywords Banana drying - Forced convection solar dryer + Natural convection
solar dryer - Energy and exergy analysis
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1 Introduction

Bananas are one of the most consumed and cheapest fruits in the world which mainly
grown for its fruit. It is the most traded fruit and the fifth most traded agricultural
product. There are over 1000 different varieties of banana available around the globe,
which is subdivided into 50 groups. Poovan banana is one of the most consumed
varieties of banana across the world [1]. The banana is extensively cultivated in
tropical climate and they have a wetness of 74% by wet basis [2]. For minimising
the post-production losses and the difficulty in storage and transport, drying is used
as preservation method. Moisture present in the food crops can be minimised by
performing, so that the growth of bacteria present in the product will be inhibited and
the expiry of the product will increase. It is used for preserving agricultural products
because the quality of the products is least affected due to drying [3]. Sun drying is
the convectional mode of drying practised all over the world. But this method has
a lot of demerits which arise due to the accumulation of dust, soil, sand particles
insects, etc. However, several types of fryers came into existence to overcome this
drawback such as infrared dryer, microwave dryer, and vacuum dryer. Solar dryer is
the best and cheapest mode of drying because it uses solar energy which is renewable,
inexhaustible, abundant and non-pollutant. Food samples placed inside the drying
unit will receive energy from the collector and insolation. This analysis is an important
tool to determine the design, analysis and optimisation of any drying unit [4]. The
maximum amount of useful work that can be extracted from a thermodynamic system
when it is brought to dead state is known as exergy [5]. The objective of the drying
process is to utilise minimum amount of energy to remove maximum amount of
wetness from the food sample for the preferred final condition of the product.
Natarajan and Elavarasan [6] elaborately reviewed the application of computa-
tional fluid dynamics analysis on different types of greenhouse dryer for dehydrating
various agricultural crops in forced and natural mode of convections. Maia et al. [7]
designed a prototype solar updraft tower to conduct thermodynamic analysis banana
dried in it. They concluded that exergetic efficiency would be higher if incident
solar radiation is higher. They observed an increase in exergetic efficiency with the
load. Bennamoun [8] conducted an all-round review about the different mathematical
methods to calculate energy and exergy efficiency of a drying unit. Energy balance
and mass balance were established to obtain the result. After calculating input, output
and exergy loss exergy balance is established to obtain the exergy efficiency. Rabha
et al. [9] designed a tunnel dryer using solar energy with active mode of convection
having a heat exchanger to dehumidify ghost chilli and slice ginger. The analysis
of exergy shows that the exergetic efficiency when ghost chilli was dried was in the
range of 21-98% having a mean of 63% and for the ginger slices it was 4-96% with
an average of 47%. They also noted an increase in exergetic efficiency increases
according to the duration of drying hours. Corzo et al. [10] conducted exergy anal-
ysis of corobo samples at different temperature and velocities in a heat exchanger.
The values of exergy losses vary from 0.005 to 0.010 kJ and the exergetic efficiency
is in between 97 and 80%. Akpinar [11] conducted a detailed investigation of sliced
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red pepper dried in a convective drier. He conducted the experiment by varying both
the inlet temperature and air velocity. The exergy losses vary from 0.06 klJ/kg to
1.48 kJ/kg whereas the exergetic efficiency is obtained as 67.28-97.92%. Lingayat
etal. [12] fabricated an indirect type passive solar dryer to study the energy and exergy
analysis on drying of banana. The loss of exergy ranges from 3.36 to 25.21 kJ/kg and
the exergetic efficiency values vary from 7.4 to 45.32%. Akbulut and Durmus [13]
designed a solar dryer of active mode of convection to analyse the exergy of drying
of mulberry samples. The experiments were performed in different mass flow rates
of drying air and they have observed that the loss in exergy dipped with the increase
in the mass flow rate. Tiwari et al. [14] developed a greenhouse dryer to analyse
energy exergy on drying of fish. They observed that the exergetic efficiency is lower
than its corresponding energy efficiency of the active and passive mode of drying.

The detailed literature review for this study shows that there is no much research
conducted by comparing the energy and exergy efficiency of the poovan banana dried
under forced and natural convection solar dryer. Hence, this paper majorly focuses on
the energy and exergy analysis of the poovan banana dried in a single slope forced and
natural convection solar drying unit which is located in the geographical condition
of Karaikal (11° N, 80° E), India.

2 Material and Methods

2.1 Solar Drier Setup

The experiments were conducted in a single sloped forced and natural convection
solar dryer which is 125 cm long, 82 cm wide and 45 cm high. Galvanised iron sheet
is used to laminate the interior of the both drying units. The walls of the drying units
were insulated with coconut husk and thermocol to prevent the escape of hot air gases
to the environment. Glass plane was fixed at the top of the plane with an inclination of
11° facing south. Correctly measured banana samples were placed inside the drying
units by keeping them on the wire mesh tray. The photograph of the drying units is
given in Fig. 1.

2.2 Devices Used

Hukseflux pyranometer (SR20-T1I, secondary standard (ISO 9060)) having a sensi-
tivity of 14.77 x 10® V/W/m? is used to measure the Global solar radiation. Each
drying unit was connected with 8 K-type thermocouple. Out of 8 thermocouples,
three thermocouples were used to measure drying air temperature, two thermocou-
ples for absorber plate and one thermocouple each to measure inlet, outlet and glass



324 E. Elavarasan et al.

Fig. 1 Single slope forced convection and natural convection solar dryer

temperature [15]. To display the data from the thermocouples, the output of the ther-
mocouples were interlinked with a data acquisition system of type Agilent 34972A
having an error correction of +0.25% [16].

2.3 Sample Preparation

Fresh poovan bananas were bought from the market in Karaikal, India. The bananas
were cut into slices having uniform thickness and shape. 1 kg of bananas were
accurately measured with weighing balance and were placed on the rectangular-
shaped wire mesh tray of both the drying unit and open sun drying.

3 Calculation

3.1 Energy Analysis

The energy analysis was conducted by using the data obtained during the experiment.
First law of thermodynamics is used to do the analysis by considering open steady
flow [11].

Mass balance equation of the drying system is,

> Giisi +rinp) =Y ring ()
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Energy conservation of the system is,

2 2
Q'—W=Zma[ho+%]—zmi[hi+%} @)

where, Q and W are the heat energy flow and the rate of mechanical work respectively
in Watts. m is the mass flow rate of air in kg/s. h; and h, are the enthalpy of drying
air at inlet and outlet air, respectively. v; and v, are the velocity of air at inlet and
outlet respectively in m/s. By eliminating the terms which have no effect the process,
Eq. (3) becomes,

EU = m(h; — h,) (3)
The energy utilisation ratio (EUR) can be calculated by applying following Eq. (4).

EUR = m(hl - ho)

~i(hi — heo) @

3.2 Exergy Analysis

Second law of thermodynamics which tells about the grade, quantity and direction of
decrease of the energy is used to do the exergy analysis. The law states that the part
of energy entering the dryer will be destroyed due to the irreversibilties. According
to these postulates, the total inflow, outflow and the losses of exergy of the processes
were determined. This analysis is a significant tool that can be utilised to design the
thermal system. The basic formula of exergy for a steady state system is given by
(111,

Exergy = Work + Internal Energy + Chemaical Energy + Gravity — Entropy
&)

By simplifying and eliminating the unwanted terms, Eq. (5) can be reduced to the
form a shown below,

Ex=C, |:(T — To) — Too In Ti] (6)

oo

where, C,, is specific heat in J/kg. By using the above equation the exergy inflow and
outflow at the outlet and inlet temperature of the drying unit were calculated (7) and
(8). The loss in exergy can be determined by using the formula given below (10),
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T;
Ex; = Cpi |:(Tl - Too) —Tw In _] (7)
T
T,
Ex, = C})()|:(T0 —Tx) —Twln _] ®)
T
Exergy loss = Exergy inflow — Exergy outflow )

Z EXjoss = Z Ex; — Z Ex, (10)

The exergetic efficiency can be described as the fraction of exergy used for dehy-
drating the banana sample to the exergy of the drying air supplied to the system. The
expression for calculating exergetic efficiency is shown Eq. (11)

Exergy inflow — Exergy loss
Exergy efficiency = X gyllixer;l inﬂ())(wgy (11)

Equation (12) can also be stated as,

EXloss
EX;

nex =1— (12)

4 Results and Discussions

4.1 Drying Characteristics and Environmental Conditions

Dehumidification process by solar dryers is affected by several environmental condi-
tions like the insolation, the surrounding temperature, relative humidity and velocity
of wind inside the dryer. Figure 2a, b shows the change in some of these parame-
ters with respect to drying in both types of solar dryers. The incident global solar
radiation varied from 297 to 1008 W/m?. At the beginning of the experiment, the
recorded ambient temperature was 29 °C, after a while, maximised to a temperature
of 31 °C at the 3rd hour of drying. At the termination of the experiment the ambient
temperature was reported to be 28 °C. The drying temperature of natural convection
dryer varied from 35 to 56 °C and for forced convection solar dryer, the temperature
varied from 38 °C to 68 °C. The temperature of the collector plate of the natural
convection dryer varied from 33 to 60 °C and that of forced convection solar dryer
varied from 36 to 72 °C. The temperature variation in the solar dryer is showing the
same trend of variation of the incident solar radiation.
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Fig. 2 a and b Effect of solar radiation inlet, drying air, absorber plate and ambient temperature
on natural and forced convection solar dryer, respectively

4.2 Moisture Ratio

Comparison of variation of moisture ratio of poovan banana samples dried under the
natural and forced convection solar dryer is shown in Fig. 3. In both the curves we can
notice that at the beginning of the experiment the moisture ratio decreases rapidly and
gradually the rate of decrease of moisture. The poovan banana samples were dried
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to 20% wet basis wetness content from an initial moisture content of 74% within
7 h when dried using forced convection solar dryer, while the same moisture content
was achieved within 10 h when the samples were dried using the natural convection
solar dryer. From the graph, it is observed that the period of drying required is shorter
for forced convection than the natural convection solar drying process. This shorter
time period occurred in forced convection process due to the high air velocity created
inside along with energy received from the incident solar radiation, while the natural
convection had a lower air velocity and lower energy received via the incident solar
radiation.

4.3 Energy and Exergy Analysis

The energy and exergy analysis is vital to determine the performance of the dryer
since it analyses the energy and available energy associated with the dryer and their
utilisation. Figure 4a, b shows the deviation of exergy at inlet, outlet and losses of
the single slope natural and forced convection solar dryers. The results show that the
exergy of inflow and outflow varied corresponding to the variations in the incident
solar radiation.

A comparative study of variation in energy utilisation ratio of natural solar dryer
and forced solar dryer is mentioned in Fig. 5. The energy utilisation ratio of natural
convection dryer varies from 38 to 59% with an average of 46% whereas in the case
of forced convection dryer it varies from 14 to 30% with an average of 23%.

Figure 6 represents the change in exergetic efficiency with respect to drying time
of forced convection and natural convection solar dryer. The exergetic efficiency of
the forced convection solar dryer varies from 36 to 66% with an average of 53%. In
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Fig. 4 Variation of exergy
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the natural convection solar dryer, the value varies from 39 to 56% with an average

of 46%.

5 Conclusion

The energy and exergy analysis of poovan banana dried in single slope solar dryer
with natural and forced mode of convection were done in this study. The wet basis
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Fig. 5 Variation of energy
utilisation ratio under forced
and natural convection solar
dryer

Fig. 6 Variation of exergy
efficiency with time in forced
convection and natural
convection solar dryer
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wetness present in the bananas were minimised to 20% from an initial wetness content
0f 74%. The equilibrium moisture content was achieved in the forced convection solar
dryer within 7 h with the temperatures ranging from 37 to 68 °C. However, the natural
convection solar dryer took 10 h of drying to achieve equilibrium moisture content
with the temperatures ranging from 35 °C to 56 °C, respectively. The insolation
was observed to be from 297 to 1008 W/m?. The exergetic efficiency of the forced
convection dryer was about 53% whereas in natural convection solar dryer it is 46%.
The highest value of exergy was obtained when the exergy losses were minimum.
At higher temperatures, the exergy losses were minimum and higher value of exer-
getic efficiency was obtained. The energy utilisation ratio of natural convection solar



Energy and Exergy Analysis of Poovan Banana Under Single Slope ... 331

dryer varies from 38 to 59% with an average of 46% whereas in the case of forced
convection dryer it varies from 14 to 30% with an average of 23%.
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Experimental Investigation of Surface m
Roughness in Electric Discharge L
Machining of Hybrid Metal Matrix

Composite

Gurpreet Singh Matharou and B. K. Bhuyan

Abstract This study is an attempt to investigate the influence of selected input
variables on very essential response parameters surface roughness (R,) during die-
sinking electrode discharge machining (EDM) of aluminum-based hybrid metal
matrix composite (HMMC) using a copper electrode. The HMMC was developed
through stir casting route with the parent metal (Aluminum 6063), reinforcement
materials (silicon carbide (SiC) and boron carbide (B4C)), and magnesium (Mg).
The trend of the graph suggests that R, increases with an increase in voltage, current,
and pulse on time but decreases with an increase in pulse off time. Moreover, the
lowest value of R, observed at spark gap at 5 mm, current at 5 A, and voltage at 25-V
settings, and the highest R, was obtained at pulse of time at 8 yum with spark gap at
7 mm and current at 10 A parameter settings.

Keywords Electric discharge machining - Material removal rate *+ Aluminum
composite + Current + Voltage - HMMC

Abbreviations

R, Surface roughness
MRR  Material removal rate
EWR  Electrode wear rate

\% Voltage

Ip Current

Ton Pulse on time
T of Pulse off time
S, Spark gap

Al Aluminum

10SiC  10% wt of Silicon carbide
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5B4C 5% wt of boron carbide
Mg Magnesium

1 Introduction

Advanced engineering materials are known for their improved temperature and corro-
sion resistance with extreme strength and hardness properties. Composite materials
are one such material that is in exponential demand from different fields of automo-
biles, space research, nuclear energy, aeronautics, missile technology, electronics,
and biomedical engineering, etc. [1] Composites materials are developed from two
or more additive material or elements with differentiating chemical composition and
physical properties that, when combined, produce a new substance with character-
istics different from base materials. Aluminum-based metal matrix composite has
emerged as an advance engineering material due to high stiffness, high strength, less
density, better resistance against wear, and high thermal properties. The new novel
HMMC is Al-SiC-B4C-Mg, which has got lots of demand in elaborative applica-
tions in automobiles, mineral processing industries, aerospace, etc. [2] Traditional
processes have machining difficulties in machining and finishing these novel mate-
rials due to extremely high machining costs, low processing speed, and poor cut
quality. Non-conventional machining processes like, electro-chemical machining
(ECM), laser beam machining (LBM), water jet machining (WJM), etc., are an alter-
native to overcome the stated problems. Still, these processes generally carry limi-
tations of their own regarding processing cost, workpiece material, shapes, method,
etc. To cope up with such problems, the die-sinking EDM has now being devel-
oped for a competent and cost-effective machining process. In die-sinking EDM,
the shape of the electrode is mirrored on the workpiece. The electrode of complex
shape requires considerable time for development. Still, once it has been developed,
a large number of workpieces can be mirrored by the electrode shape using die-
sinking EDM. In EDM process, the input variables such as current (A), gap voltage
(V), pulse on time (T',), Spark gap (S,), and duty factor (7)) have more influence on
output variables like MRR, EWR, and R, [3]. The input process parameters thus need
to be optimized to meet the industry requirements. In the past, much research had
performed to conduct the experiments using EDM of different composites, alloys,
steels, tungsten materials, etc.

Dikshit et al. [4] had conducted an investigation on Inconel 625 superalloy by
forming an empirical model for R, and MRR as output variables. They concluded
that MRR got influenced by I, and then by T, and R, got greatly influenced by T'o,
then 7 . Sahu et al. [5] had attempted EDM of Nimonic alloy using the copper elec-
trode to ascertain the effect of I, and 7o, on MRR, EWR, and R,. They reported that
with a variation of /, and T',,, MRR and EWR increases. Goyal [6] had experimen-
tally observed that the T, cryogenically treated tool electrode and current directly
affects MRR and R, while working on Inconel 625 with zinc-coated wire in EDM. It



Experimental Investigation of Surface Roughness ... 335

was reported after every T, cycle, a considerable amount of debris was ejected on
workpiece causing higher R,. Luis et al. [7] have framed a mathematical model while
studying the effect of T, and I, on R,, EWR, and MRR during EDM of siliconized
silicon carbide (SiSiC). They had concluded that current proportionally affects both
MRR and EWR, whereas the pulse duration increases and reduces MRR and EWR,
respectively. Jithin et al. [8] had proposed two spark models to predict the R, for
electro-discharge texturing had predicted the arithmetic mean deviation of R, with
the experimental values of other authors and had reported prediction error of around
18% and 110%, respectively, for low and high values of T, and /..

Gopalakannan and Senthilvelan [9] had investigated on EDM machining of
aluminum with boron carbide and had concluded Ip and Ton as factors influencing
the MRR. Yang et al. [10] and Yilmaz et al. [11] have found that the addition of
rigid ceramic part to a soft matrix alloy (aluminum) improves the wear resistance,
performance of creep, and has enhanced the strength of the material. Vijaya et al.
[12] had experimentally proved that aluminum matrix could be strengthened by rein-
forcing with ceramic particles such as silicon carbide (SiC), boron carbide (B4C), and
alumina (Al,O3). Uvuraja et al. [13] had varied the reinforced material (SiC, B4C)
volume fraction from 2 to 11 wt% with base metal Aluminum 6061 they concluded
that with increase in reinforced volume fraction, the friction coefficient and elec-
trode wear rate decrease, and the presence of SiC improves the microhardness value.
Satyaraj et al. [2] had used B4C and Al,O; separately as a reinforcement material in
AI-MMC. They compared the 3 and 6% addition of B4C and Al,O3 in AI-MMC and
had concluded that with an increase in SiC, the hardness value had increased, and
with a rise in Al,Os, the impact value and wear resistance increases. Patel et al. [14]
had used an aluminum ceramic composite with a regression model of the second
order for prediction of R, through response surface methodology (RSM).

From the available literature review, the HMMC Al 6063-10SiC-5B4C-Mg is
found to be in the experimental stage as very little work has been reported. The
EDM input parameters role in affecting R, of the said composite workpiece has
attempted.

2 Experimental Work

2.1 Fabrication of Hybrid Metal Matrix Composite

The HMMC Al 6063-10SiC-5B4C-Mg was prepared using the conventional stir
casting method since it is known for its low cost, most straight forward operation, and
mass production suitability. Kalaiselvan et al. [15] Table 1 shows the composition
of the composite. The reinforcement material SiC is known to withstand extreme
temperatures and has got high hardness with low density, and B4C has got good
mechanical strength with properties relating to neuron absorption Shorowordi et al.
[16].
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Table 1 Composition of hybrid composite materials

Element | Aluminum 6063 | SiC of micron size 45 pm | B4C of micron size 52 pm | Mg
% (Wt) 84 10 5 1

Firstly, the elements of the composites were measured using an electronic balancer
to ascertain the % wt of the constituents Fig. 1a. The reinforced materials SiC and
B4C were preheated at about 900—1050 °C for about 1 hin a furnace Fig. 1b to remove
any moisture in them and to oxidize their surfaces. The Aluminum 6063 pieces were
taken in a new crucible and heated to 480-500 °C for around 2 h before melting.
After that the aluminum is heated beyond its melting temperature at 700-750 °C, so
that it completely melts. Now for about 15-20 min, SiC and B4C are being added
manually, and stirrer motor is operated in between at 400 and 500 rpm to mix the
contents and to achieve the best consistency possible. After stirring operation, the
melt was poured in the rectangular mold Fig. 1¢ to give a brick of size length 140 mm,
breadth 60 mm, and height 30 mm.

The brick is further cut into a smaller size of 20 mm x 30 mm x 5 mm for
experimentation on die-sinking EDM Fig. 2, and the pure copper with 15 mm cutting
diameter has been used as an electrode. The composition of Al-6063 is shown in

e d
-

(©

Fig. 1 Composite development through stir casting. a Electronic balancer. b Electric furnace.
¢ Mold with composite brick

Fig. 2 HMMC samples
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Table 2 Composition of

Al-6063

337
Al-6063 Wt% Al-6063 Wt%
composition composition
Al Max 97.5 Mn Max 0.1
Cr Max 0.1 Si 0.2-0.6
Cu Max 0.1 Ti Max 0.1
Fe Max 0.35 Zn Max 0.1
Mg 0.45-0.9

Table 3 Thermal and mechanical properties of the individual constituents

Material Tensile strength | Density | Thermal conductivity | Modulus of elasticity
(MPa) (glem?) | (W/m-K) (GPa)

Al alloy 6063 300 2.7 167 68.9

Silicon carbide | 137.9 3.1 120 450

Boron carbide | 261 2.3 30-42 362

Table 4 Mechanical properties of hybrid composite materials Kalaiselvan et al. [15]

Hybrid metal | Tensile Yield strength | Density Brinell Break
matrix strength hardness load
composite (N/mm?) (N/mm?) (Kg/m3) (HB) (kN)
material
84 wt% Al-10 | 120.32 98.75 2537.5 71.58 9.45
wt% SiC-5 Maximum Elongation Flexural break | Flexural Flexural
wt% B4C displacement load maximum | strength
deflection
(mm) % (kN) (mm) (MPa)
9.7 7.53 3.68 5.6 214.12

Table 2. The thermal and mechanical properties of the individual constituents of the
composite are depicted in Table 3. Table 4 shows the mechanical properties of hybrid
composite materials.

2.2 Experimentation on an EDM

The die-sinking EDM machine used was a JOEMARS EDM AZ50 series Taiwan
make with three-phase power input with a maximum current of 50 A. With direct
polarity, a pure copper electrode was used for experimentation. Figure 3 shows the
JOEMARS EDM. Table 5 shows the experimental facility used.
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YIS iviams A7

Fig. 3 JOEMARS EDM AZ50 series

Table S Experimental

facility used Facility Specifications

EDM machine JOEMARS EDM AZ50 series
Taiwan make

Surface roughness tester | Mitutoyo SJ-201 Sr. No. 500829
surface finish meter
(=200 pm to 4150 pm)

Digital weigh balancer Generic Digital Pocket Scale

0.001-200 gm

Electrode Pure copper rod of dia 15 mm and
height 100 mm

Flushing speed Flow rate of 1.2 kg/cm? kept

constant through all experiments

Dielectric medium Kerosene-based EDM oil

The ranges of selected input variables were voltage “V” (25, 50, 75 V), current
“Ip” (5, 10, 15 A), pulse on time “T,,” (50, 75, 100 s), pulse off time “T o5 (8,
12, 16 ws), and spark gap “S,” (3, 5, 7 mm); a most predominant output parameter
like R, (um) is selected based on literature review and pilot experiments. Machining
time is kept constant at 15 min per sample.

2.3 Calculation of R,

The samples were cut into equal sizes of 20 x 30 x 4 mm Fig. 1d. The copper
electrode of 15 mm diameter and an initial sample weight was measured using the
Generic Digital Pocket Scale (0.001-200 gm). The workpiece and electrode were
mounted on the workbench and chuck, respectively, and alignment and leveling
performed.
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As per the design of experiment, the input parameters were feed in the EDM.
Before starting the EDM machine, the input voltage was being checked for any faults
in terms of fluctuations, etc. The side flushing method is used by manually setting
the flow of flushing pressure directly on the top of the surface of the workpiece
for maximum cleaning action and thus better R,. The electrode placed near the
workpiece, and the lift was adjusted accordingly. The machine was allowed to run
for 15 min. During this period, the electrode approaches near to the surface of the
workpiece, creating a spark, and then lifts off. During liftoff, the flushing mechanism
flushes the debris of the workpiece from its surface. After 15 min of EDM action,
the machine switched off, the workpiece and electrode were removed and weighed
again with the digital scale. Mitutoyo SJ-201 Sr.No., 500829 surface finish meter,
has been used to find R,.

3 Results and Discussion

The consequence of various input parameters like voltage (V), current (Ip), pulse
on time (7 oy), pulse off time (T'ofr), and spark gap (S,) on output parameter R, was
studied using EDM process during the machining of A16063-10SiC-5B4C-Mg with
an electrode made from pure copper. The experiments had been carried out with
varying one input parameter while keeping other parameters to remain constant. The
following trends of graph have been illustrated and elaborated in different sections.

3.1 EffectofVonR,

Effect of applied voltage on R, in the EDM process, keeping other parameters
constant is illustrated in (Fig. 4). It can be observed in the figure that the R, increases
proportionally with an increase in applied voltage for three different values of spark
gap (3, 5 and 7) mm. This phenomenon is because as V increases, the spark energy
increases, causing more material removal rate leading to a rise in R,. However, due

Fig. 4 Effect of voltage on 9.00 4 =#=3mm

R, :E|. =f=5mm
= 8.00 ;
3 mm
2
£ 7.00
(-2
H
8 6.00
3
§ 5.00
=
? 4.00
25 50 75

Voltage (Volt)
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Fig. 5 Effect of current on 10.00 =4=3 mm

R =fl=5 mm
9.00

7 mm /-
8.00

n
7.00

6.00

5.00

Surface Roughness (pm)

4.00
5 10 15

I, (Amp)

to the carbide particle availability in the HMMC, it brings down the material removal
rate. It does not give ample energy to melt and aerate the carbide material when a
voltage increases beyond 50 V, decrease in R, was observed.

3.2 Effect of I, on R,

The R, rises with an increase in current. The occurrence could be because, as current
increases, more will be the spark energy content. Due to high energy content in the
spark, more will be the MRR due to the high rate of erosion, causing more deep
craters on the surface of the workpiece, thereby increase in R,. The lowest value of
R, is observed at I, = 5 A with S, 5 mm (Fig. 5).

3.3 Effect of T,, on R,

The R, has increasing patter concerning T,, increase, keeping other parameters
constant. As T, increases, more heat energy liberated per cycle of operation. (Fig. 6)
That increases the localized heat causes clusters formation on the workpiece surface,
leading to a deteriorated surface finish. Besides, the melted materials from the work-
piece might also get re-solidified back onto the surface crest in uneven form, thereby
increasing R,. A significant observation made that beyond 7', (75 s) at 3 and 5 mm
spark gap, the decline in R, was observed because of the deposition of molten metal
back into the cavities and pores. At a 7 mm spark gap, no such decrease in R, can be
observed. The lowest value of R, is visible at T, (50 ps) with a 5 mm spark gap.
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Fig. 6 Effect of pulse on 11.00
time on R, —4—3 mm

10.00 5 mm

. 7 mm |
8.00 y

Surface Roughness (pm)

50 75 100
Ton (Bs)

3.4 Effect of Toiron R,

The general trend shows a decline in R, with an increase in To. (Fig. 7) The
phenomenon could be because of better flushing action. As T increases, better
flushing is possible since the time for workpiece surface cleaning improves, thereby
removal of molten metal formed during T, action flushed out from the workpiece
surface in a better way. Moreover, more 7T o time will reduce the temperature of the
surface; some of the molten metal gets re-solidified back onto the surface, thereby
filling the gaps caused during machining. At high T, less R, observed.

13.00
12.00
11.00
10.00
9.00
8.00
7.00
6.00
5.00
4.00

e 3 MM
=5 mm

=@ 7mm

Surface Roughness (pm)

8 12 16
Totr (MS)

Fig. 7 Effect of pulse off time on R,
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4

Conclusion

The hybrid metal matrix composite with Al 6063 as matrix material and B4C, SiC
as reinforced material, has been successfully prepared using a stir casting route. The
key observations noted while EDM of the HMMC is as follows.

With an increase in V, I,,, and Ty, the R, increases because of excessive spark
energy discharge from the electrode, causing significant material removal from
the workpiece surface, causing uneven surface topology. A decrease in surface
roughness is observed when the V increases beyond 50 V. Almost constant R,
values at a S, of 3 mm.

The R, observed to decrease with an increase in Tog. The I, and T, are the
most influential input parameters on which the R, depends directly. R, decreases
beyond T, (75 pus) at a S, of 3 and 5 mm.

The trends of the graphs demonstrate that S; of 5 mm, depicted with the higher
MRR as compared to the S at 3 mm and 7 mm. The lowest value of R, is observed
during S, at 5 mm, I, at 5 A, and V at 25 V, and the highest R, was obtained at
Tofr at 8 pm with Sg at 7 mm and /,, at 10 A.
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Modeling and Simulation of Mechanical )
System for Power Generation Using ek
Footsteps

Anmol Singh, Anshul Singh, and Arunesh Chandra

Abstract Energy needs have been majorly met by fossil fuels like coal, natural
gas, and petroleum, and its fulfillment has become an issue that has deteriorated
the surrounding environment in many ways. Into the growing world of a massive
population, the needs of humans have increased drastically. This is due to a significant
change in the lifestyle and social status of the people in the past 2-3 decades, and
these needs result in the requirement of the enormous amount of energy in the modern
era. As a result, there is an urgent need for an alternative source to meet the energy
crises, and renewable sources like solar, wind, thermal, ocean, etc., have shown good
results to meet the needs, but its economics, efficiency, and effectiveness are still a
matter of concern. The work presented in this study is an approach to find a feasible
solution to the problem by harnessing the enormous amount of footstep energy which
can be generated by a massive population using the principle of electromagnetic
induction. In this method, change in the magnetic field is obtained with the help of
a special generator that converts the vertical displacement of the foot by the use of
a special double grooved shaft that fits in a freely moving dual ratchet mechanism.
This unidirectional rotation is possible with the help of bearings that utilize the
momentum and increase the rotation speed of the outer wheel with magnets which
induces electricity into the windings, providing an approximate 2.5 V per footstep.
The method provided in this study is green, economical and if installed effectively
at workplaces having large population or gathering will deliver huge energy which
can be used and stored for further use.
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1 Introduction

All organisms need the energy to exist. Energy is connected to any or all life activities:
Whenever we predict or move, we tend to utilize the energy that is held in our body,
and every one of the objects that we tend to use or that surround us want energy to
figure or require energy once they were engineered. Energy illuminates and warms
our homes, aids the vehicles to maneuver, feeds the tools we tend to use to harvest
food, and so on. All that produces energy is “an energy source”. The Sun is the main
supply of energy for the planet [1, 2].

The way into the future is based on the alternative fuel and systems which not only
help fulfill the energy needs but also can promise good eco-friendly results. These
come up with very not so promising results till date as mankind rushing toward a
replaceable source, the current productivity of these alternative systems is still low
but if these can be managed to integrate into a connected system that can help utilize
the bits of these outputs and transform it to a larger one [3].

The development of several green (clean) energy system is a major strategy to
achieve environment balance [4-7]. We know that most people spend most of their
lifetime in walking. During walking, human feet exert force on the ground, and
this force can be used to generate electrical energy with the help of footstep power
generator.

Several types of footstep power generations methods are available, and majority
of these devices use piezoelectric transducer to generate power. Major problem in
designing with piezoelectric transducer is the selection of suitable ferroelectric mate-
rial because it governs the efficiency of energy conversion, i.e., from kinetic to
electrical energy [8].

In this paper, we are talking about a proposal toward a newer thought of generating
electricity, by taking the human footsteps as the primary source of the supply of fuel.
The growing population leaves a larger footfall which rejects the energy down toward
the earth, and this not so large energy yet can be utilized in a way through the system
designed and connected in order to harness the footfall’s exerted force.

2 Literature Review

Innovative technology always gives the latest and versatile trend in every field. In the
past few years, we have perceived that every task was difficult due to less evolved
technologies, but today’s technology provides many more new directions in every
field of electronics, agriculture, business, medical, etc. This project portrays the
evolution of technology in the field of alternate sources of energy. The new devel-
opment that our project offers is that we composed the design of the device which
converts human kinetic energy into electrical energy. In previously published papers
on footsteps arrangement, we found that there were used rack and pinion mecha-
nisms and piezoelectric materials for power generation through human footsteps.
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Our arrangement consists of a shaft, pin, nut, and ratchet mechanism which has
simpler construction than rack and pinion arrangement and is more economical than
the one with piezoelectric sensors.

The paper [9] presents a mechanism that harvests energy from human walking
efficiently. A power generation arrangement is consisting of a permanent magnetic
motor, racks and pinions gears, and a one-way clutch unit. The up-and-down motion
of the paver’s high panel to the unidirectional rotational motion is achieved by one-
way clutch unit. A regulator is connected to the electrical generator to gain the full
advantage of the available potential energy during human walking. Their experi-
mental results show that, during typical human walking, the arrangement is capable
of producing an average electric power of 3.6 W, with a peak value of 12 W.

In the paper [10], authors present an idea to harvest non-conventional energy from
just walking into electrical energy. They used a simple drive mechanism, i.e., rack
and pinion assembly for power generation. The management mechanism carries the
rack and pinion and D.C generator to output. In this project, they used to generate
electrical power as a non-conventional method by simply walking or running. A
battery is used to store the generated power and also for activating the connected
loads. Power generation by this type of method uses compact and efficient systems
that can easily be installed in many regions.

In the paper [11], the idea is the same for power generation, i.e., using piezoelectric
materials, but they also used a GPS tracking system with their arrangement to trace
the number of footsteps. Their working is based on the principle of the piezoelectric
effect. The piezoelectric sensors are used to produce output energy in the form of
AC voltage. With GPS tracking, streetlights switching techniques are also added as
compared with the existing model.

Most of the footsteps generators are based on piezoelectric transducer which
increase the cost of power generation. To counter this problem, Ang et al. [12]
proposed a simple and economical mechanism of power generation.

According to this paper [13], the maximum output generated by tile during both
downward and upward motion is 15 W. A synchronous generator is used for its better
output and its suitability. A flywheel is used to store required potential energy and
to get maximum inertia as much as possible. For smooth power generation with less
damping, two one-way clutches units are used. To generate different output, different
flywheels with different inertia can be used.

In the context [14], authors developed a system based on two square-sized tile
structure pavers in which two fluid bags are connected through flow control mecha-
nisms including unidirectional valves and a mini-hydro generator that convert human
motion like walking and running into electrical energy. Their working is based on a
fluid mechanics mechanism, and the arrangement can produce an average output of
1.4 W per step during typical human walking and can power up a DC load of 390 2
LED.
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3 Methodology

3.1 Material Selection

The design has to be taking the to and fro loads during a longer period time, so the
tensile strength of the material and also their fatigue strength shall be high so that
they can withstand such type of repeated loading without having any problem. The
material that would be preferred for the actual prototype is S45C steel, this steel
is used heavily and most commonly in the gear making industry, we will make the
shaft, ratchets, pins, pawls, and nut out of this steel, and for the outer wheel and
caging purpose, we would use the S40C steel [15]. The outermost case for all the
material will be of black steel. With the use of stainless steel eventually, the weight
of the device can be reduced and at the same time will not have to negotiate with the
strength of the device.

3.2 Components Used

Generator

Shaft

Nut

Pin

Pawl

Ratchet

Outer wheel
Casing

Magnets
Winding coil
Tile (1 x 1 sq. ft)
Bearings (Fig. 1).

3.3 Design and Simulation

After seeing the low productivity of the piezoelectric systems and the low reliability
of the rack and pinion mechanism, there arose a need to design a new type of device.
Based on the principle of electromagnetism a new method of power generation has
been developed to harness the human footsteps energy. This also led to the devopment
of undirectional motion (uniform output) whether the shaft goes down or comes up.
For this designing of a double helical grooved shaft that has a separation slot, was
done. Then, these grooves are locked into the pins which are mounted on the nut,
this nut also has a pawl on the opposite end which is in contact with one of the two
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Fig.1 CAD exploded view

ratchets, and these ratchets are then keyed into the outer wheel with a slotted key
joint. At last, the outer wheel gives the uninterrupted unidirectional motion out of the
vertical to and fro because of the footstep. The simulation of the major parts taken
with average weight as 65 kg has shown that our design is safe at all points and can
be feasible too.

3.4 3D Printed Prototype

After the simulation of our model using Fusion 360 software, the next step was to get
some hands-on the actual conditional working of the device, so printing a 3D model
of a smaller scaled device to check off some flaws or the improvements that can be
suggested on the existing model. This was done using the IDEA MAKER software.
This process helped to understand and look deeper into the design problems that
could emerge in the actual fabrication of the full-scale model (Figs. 2, 3 and 4).

3.5 Design Modification

After testing the individual elements into the software, it was then the time to check
that the mechanism worked out on the actual turf, so checking this with the help
of the 3D model through additive manufacturing. It was also noticed there were a
few flaws that needed improvements and had to be changed so that during actual
manufacturing they do not pose a problem.

These flaws were as follows:
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Fig. 2 Shaft

Fig. 3 a Ratchet b Outer wheel with ratchet

1. The incorporation of pawl into the nut as manufacturing it individually was
creating a problem of integrating it inside the nut at that time. So, redesigning
of pawl into two parts and providing threads to both the parts are done to solve
this problem.

2. It then was also seen that the pin was somewhat thrown out of its cavity by the
forces of the shaft’s rotation, so here comes up the solution to give threads to
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Fig. 4 Nut

the pin as well as the internal cavity of the nut. This helped to maintain the pin
in the position and oppose the force.

3. It was also noticed some slippage of the nut in the vertical direction because of
gravity therefore giving some ring-like extensions to the ratchet to lock the nut
and the pawl in the right place (Fig. 5).

-0

Nut without pin and pawl Nut with pin and pawl

Fig. 5 Nut design upgradation
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3.6 Final 3D Print Prototype

The final and actual-sized prototype shows that the mechanism would work properly
and can be used for the testing and trials for the next phase of increasing output and
making it more reliable by using the actual materials to test it on the real turf.

4 Working

Working is based on both mechanical and electrical phenomenon. Mechanically,
footfall force is required to rotate the shaft, and electrically, the mechanism is based
on Faraday’s law of electromagnetic induction. This electrical mechanism is coupled
with mechanical arrangement to generate electricity.

With the help of a block diagram, the working procedure is explained in step-by-
step manner (Fig. 6.)

Step 1: When the force is applied on the tile by virtue stamping of the tile, the
shaft starts rotating downward.

Step 2: Pin slides in the shaft groove and is also attached to the nut through the
screwed joint, so when the shaft starts rotating, the nut also starts rotating.

Step 3: The rotating shaft produces a torque which is the product of the force
applied on the tile and shaft radius.

Step 4: Pawl attached to the nut also rotates with the nut and gets engaged with
ratchet teeth, and therefore, ratchet starts rotating.

I : 1 :
2 ' L T
T

1) Tile (1x1 sq. ft)

|
1

2) Footstep power Generator

3) Battery
4) Invertor
5) Lighting load

Fig. 6 Footsteps arrangement block diagram
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Step 5: Ratchet is connected to an outer wheel, and therefore, the outer wheel also
rotates with the shaft’s downward and upward motion.
Step 6: Number of rotations of the shaft is fixed in both upward and downward
motion which is equal to the number of helical types grooved on it.
Step 7: This outer wheel is fixed into a simple ball bearing, and magnets are also
attached to the bearing. The winding wheel is fixed with a casing inside which
magnets on the bearing rotate to induce EMF into the coil.
Step 8: Induced EMF produces electricity that can be used for practical application
directly or through an energy storage system like a battery.

5 Simulation

Simulation is carried out in the Autodesk fusion 360 software to check the impact

of the load on the moving parts like shaft, pin, and ratchet wheel (Table 1).

The simulation analysis of the components is done by taking load, i.e., taking
three times the average human weight (2000 N approx.). The blue region shows that
parts are within the safety limits.

Load, P =65 x 3 x 9.81 = 1912.95

Yield Strength of Steel = 207 MPa

.. Maximum Permisible Force = 207 x area of shaft = 4062.375 N

The force by footfall on one tile is distributed over four tiles attached underneath
of the tile in an ideal condition.

Table 1 Generator dimensions used for 3D print

.. Actual Force on shaft = 1912.95 - 4 = 478.23 N

Parts Material used | Yield strength | Dimensions (mm)

(MPa) Length diameter | Inner diameter | Outer
Shaft Steel 207 45 05
Outer Wheel | Steel 207 28 28 32
Ratchet Steel 207 24 28
Nut Steel 207 10.50 20
Pin Steel 207 05.80 01.86 02.716
Pawl Steel 207 04.767 02
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Fig. 7 Shear stresses induce on the shaft

Actual force is less than the maximum permissible force, and hence, we can say
that shaft is safe under practical loading conditions.

Factor of safety = 4062.375 +— 478.23 = 8.49

Blue region in Fig. 7 shows that shear stresses induced on the shaft under loading
are within a limit and eight FOS show that external load can be exceeded by the
factor of 8.

Pin simulation is also carried out in a similar manner which is shown in Fig. 8.
The red region is under deformation due to shear stresses induced on it, but this will
only happen if the factor of safety in this region is less than 2. The rest part of the
pin is safe which is shown by the blue region.

6 Conclusion

After looking into many new technologies, likewise solar, wind, geothermal, there
is one thing that comes common to all of them. All these have one or more very
drastically unfavorable reasons for not giving their full potential of use. Although it
can also not be said that the footstep technology is the only future, there is a new
alternative available now which can be used in almost any weather condition, ideally,
zero paid raw input for continuous generation and only requires a minimal workforce
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Fig. 8 Pin simulation

to handle the maintenance factor of the project. The money invested would also turn
up to give future profits in a very short duration.

Furthermore, the technology is also beneficial in those highly populated target

zones where the generated output can be utilized for street lightings, Wi-Fi routers,
and even lighting up the shopping malls, etc., at a very minimal cost and no loss to
nature. Mankind is not changing all the things, nor we can afford to, it is rather our
turn and time to upgrade the old possibilities.

References

—

e

10.

11.

12.

Ipsos M (2011) Global support poll shift towards alternative source energy resource

Global Wind Power Cumulative Capacity, Global Wind Energy Council (2018)

IRENA (2017), Renewable Energy Prospects for India, a working paper based on REmap. The
International Renewable Energy Agency (IRENA), Abu Dhabi. www.irena.org/remap
Thakur J, Rauner S, Chakraborty B (2017) Int J Smart Grid Clean Energy 6:3

Stefanov Y, Ivanov K, Petrov P (2017) Int J Smart Grid Clean Energy 6:3

Zhang J, Daniela A, Fang Y, Desmonda A, Antwi EO (2018) Int J Smart Grid Clean Energy
7:3

Chang EC, Liu YC (2018) Int J Smart Grid Clean Energy 7:1

Nyan HR (2015) J Mater Sci Eng 4:3

Liu M, Lin R, Zhou S, Yu Y, Ishida A, McGrath M, Kennedy B, Hajj M, Zuo L (2018) Design,
simulation and experiment of a novel high efficiency energy harvesting paver. Appl Energy
212(15):966-975. ISSN 0306-2619

Nandan S, Trivedi R (2019) Design and Fabrication of mechanical footstep power generator.
Int J Eng Appl Sci Technol 4(5):214-222. ISSN No. 2455-2143

Prasad PR, Bhanuja A, Bhavani L, Bhoomika N, Srinivas B (2019) Power generation through
footsteps using piezoelectric sensors along with GPS tracking. In: 2019 4th international confer-
ence on recent trends on electronics, information, communication & technology (RTEICT),
Bangalore, India, pp 1499-1504. https://doi.org/10.1109/RTEICT46194.2019.9016865

Ang CK, Al-Talib AA, Tai SM, Lim WH (25019) Development of a footstep power generator
in converting kinetic energy to electricity. E3S Web of Conferences 80:02001


http://www.irena.org/remap
https://doi.org/10.1109/RTEICT46194.2019.9016865

356

13.

14.

15.

A. Singh et al.

Somalaraju K, Singh JG (2020) Enhancement of power generation from electromagnetic scav-
enging tile. In: International conference on power electronics & IoT applications in renewable
energy and its control (PARC), Issue: 28-29, February 2020

Chand AA, Shamsul Arefin ASM, Islam FR, Prasad KA, Singh S, Cirrincione M, Mamun KA
(2020) Design simulation of a novel fluid based footstep energy harvesting system. Sustain
Energy Technol Assess 39. ISSN 2213-1388
https://theswitch.co.uk/technology/guides/energy/energy-harvesting-tiles


https://theswitch.co.uk/technology/guides/energy/energy-harvesting-tiles

Case Study on Bearing Fault Diagnosis m
in Liquid Rocket Engine Using Envelope i
Detection Technique

Debanjan Das, P. Padmanabhan, V. Kumaresan, and D. P. Sudhakar

Abstract The case study undertaken in the paper briefs the analysis of turbopump
vibration parameters for prognostic health monitoring of a pump fed liquid rocket
engine (LRE). Real-time vibration data acquired during ground testing of LRE is
highly composite since all disturbances occurring during engine operation get trans-
mitted to the sensor via structure. The resulting signal is a convolution of multiple
forcing functions with transfer function of their concerned transmission path. Iden-
tifying weak impulses from bearing faults hence becomes a challenging task. The
paper presents an application of envelope-based demodulation using high-frequency
resonant technique (HFRT) to analyze a ground test vibration signal facilitating
detection of bearing inner race fault at early stages of fault development. Compar-
ison of the short-time Fourier transform spectra of raw data for the case discussed
with an earlier test (used as reference signal with same deterministic frequencies)
was found to distinguish carrier resonant frequency excited by the fault. The same
was used as central frequency for a band-pass filter design for pre-processing of raw
data with bandwidth set to nearly twice the fault frequency. The filtered signal was
demodulated using Hilbert transform. Computation of power spectral density (PSD)
for the demodulated waveform could distinctly detect the fault frequency with its
first harmonic.

Keywords Liquid rocket engine - Rolling element bearing fault - Hilbert transform

1 Introduction

Signals of rolling element bearings are generally non-stationary in nature. Analysis
of these signals in time domain involves estimation of factors like root mean square
acceleration and kurtosis [1]. The constituent frequencies in the time waveform
can be identified by employing analytical tools in frequency domain such as fast
Fourier transform (FFT), auto and cross-power spectrum, and cepstrum techniques
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[2, 3]. These methods intend to detect distinct frequencies arising due to bearing fault
since impulses created in such systems occur after certain definite intervals as the
imperfection, in course of its movement, hits other contacting surfaces (races and/or
rolling elements).

Fault frequency of the bearings (in Hz) can be calculated using kinematic
relationships as follows (Eqs. 1-4) [4].

r

N d
BPFO (Ball Pass Frequency Outer race) = n2 (1 ~ D cos Q)) (D)

P
n.N d,
BPFI (Ball Pass Frequency Inner race) = 5 14 Do cos @ 2)
p
. N d,
FTF (Fundamental Train Frequency) = > 1— D cos 3)
4
. ND, d, 2
BSF (Ball Spin Frequency) = 1—(—cos¥ 4)
2d, D,

Here, n, denotes number of rolling elements, N represents shaft rotational speed
in revolutions per second, D, is the bearing pitch diameter (in mm), d, is the rolling
element diameter (in mm), and @ is the contact angle.

The presence of any such frequency signature in the LRE vibration signal hampers
the reliability of the engine operation, and their detection is of utmost importance
during operational testing of the engine on ground before flight induction. However,
for such complex real-time systems involving rolling element bearing vibration,
direct detection of such frequencies becomes difficult, the signals being generated
by multiple input multiple outputs (MIMO) systems coupled with high background
noise. This case study presents a systematic approach for extraction of fault features
in such systems using envelope-based fault detection technique [5, 6].

The LRE discussed in the paper uses a bi-propellant gas generator cycle with
hypergolic earth-storable propellant combination. The propellants are fed into the
combustion chamber by a turbopump which consists of fuel, oxidizer, and coolant
pumps (coolant is used to bring down temperature of combustion products from gas
generator) driven by a turbine. The study highlights an instance of crack development
in inner raceway of coolant pump bearing during one of the engine ground tests.
Engine was operated at a chamber pressure of 64 bar for a test duration of 150 s with
turbopump operating at a rated speed of 178 revolutions per second.

2 Vibration Data Acquisition Set up for Ground Test

Figure 1 shows the rotating system configuration in this LRE mounted on three bear-
ings. Three vibration sensors are mounted, one on each pump housing for acquiring
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Fig. 2 Time waveform for coolant pump vibration signal

real-time data during engine hot test. In the case discussed, high-amplitude vibra-
tions were noted in the raw data acquired from the vibration sensor mounted on
coolant pump housing at 32 s depicting an anomaly (Fig. 2). Subsequently, the signals
obtained were analyzed for the presence of any fault signature using envelope-based
demodulation as detailed in subsequent sections.

3 Methods for Processing Acquired Waveform from Sensor

A comparison of the raw data spectrum of the obtained signal is made with that of a
reference signal to distinguish the anomalies since all other deterministic frequencies,
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being a system characteristic, remain unchanged in all tests. The spectrum is obtained
by solving the discrete Fourier transform equations (Eq. 5) implementing the fast
Fourier transform algorithm [7].

1 Np—1
Q(k) = (N—) > q(n)exp(—j2mkn/NL) )
L n=0

where Q(k) is in frequency domain and is the Fourier transform of ¢(n), the waveform
in time domain. N denotes waveform length considered for computation.

Power spectral density is another way of presenting the spectrum. First, the auto
co-relation function is calculated for the waveform, and subsequently, FFT is done on
the same to obtain the PSD. Also, time—frequency plots generated by applying Short-
time Fourier transform has been implemented in this study to confirm the repeated
appearance of any anomalous feature over time which facilitates to distinguish it
from any random noise effect.

Since impulses from bearing faults generally modulate the amplitude of vibrations
at the carrier resonant frequency of the structure which it excites, the fault frequencies
therefore do not often appear directly in the raw data spectrum. Instead, they are
manifested as modulated sideband spacing of the carrier. However, detection of
sidebands becomes difficult due to higher background noise in rocket engine systems.
Hence, the waveform is filtered and demodulated to obtain the envelope in which the
defect frequency can be noted directly. It is to be noted that the central frequency for
designing the band-pass Butterworth filter (as used in the case study) should be close
to the carrier frequency with a design bandwidth equal to or slightly more than twice
the fault/modulation frequency to facilitate its detection in the envelope spectrum.

The envelope analysis has been carried out by using Hilbert transform [7]. For a
waveform s;(t), the Hilbert transform, denoted as H;[s;(¢)], is given as (Eq. 6)

Hilsi(t)] = % / 3140 g (6)

r—r
—00

The analytic waveform p;(¢) is then given as (Eq. 7)
pi(t) = si(t) + jH;[s: ()] (N

The amplitude of p;(t) gives the required demodulated waveform envelope (Eq. 8)

ai(t) = \[s20) + Hils (1)) (®)

The above-mentioned computations were carried out for this study using
MATLAB R2018a software.
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4 Results and Discussion

During the LRE ground test, the vibration sensor mounted on coolant pump cover
read high amplitude vibrations at 32 s. The time—frequency visualization of the time
waveform in Fig. 2 is shown in Fig. 3. The distinct frequencies recorded in frequency
domain are 178 Hz (1 N), 712.9 Hz (4 N), 1426 Hz (8 N), 2139 Hz (12 N), 2852 Hz
(16 N), 4277 Hz (24 N), and 4364 Hz.

1 N frequency is corresponding to pump’s rotational speed and comparison of the
amplitude, when made with spectrum of earlier test with similar operating conditions
depicted that the residual unbalance was within acceptable range, and there was no
anomaly. The appearance of 4 N, 8 N and their harmonics were also as observed in
earlier test data, with comparable amplitudes, and they correspond to the blade pass
frequencies of the impellers. This is attributed to the fact that the impellers used for
the engine have 4 half vanes and 4 full vanes where the initial half of the full vanes
(effectively 4 half vanes) act as inducer for maintaining the required net positive
suction head at suction, and the latter half of the full vanes (effectively 4 half vanes)
with the other 4 half vanes (altogether 8 half vanes) act in series with the inducer
generating the required pumping action. 4364 Hz is an acoustic mode frequency
appearing due to standing pressure wave formation in the combustion chamber due
to interaction of incident fluctuating pressure waves generated at the flame and the
reflected wave from the sonic throat where a steep gradient in change of hot gas
density usually occurs.

The spectrum of the interval before 32 s for anomalous test (Fig. 4a) was compared
with that of an earlier good test (Fig. 4b). It was observed that frequency of 2.69 kHz
came in the anomalous test which did not appear in spectrum of similar earlier tests.
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0 | | ] \ | | |
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Fig. 3 Waterfall plot for coolant pump vibration signal
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Also, the said frequency was observed only till 32 s after which it could not be
distinctly detected in rest of the waterfall spectrum.

Based on the frequency of 2.69 kHz seen in anomalous test, extracted segments
from both tests were filtered with a sixth-order band-pass Butterworth filter. Filter
central frequency was varied in the range of 2.45-2.95 kHz, and bandwidth was
set to slightly more than twice the value of each of the fault frequencies. When the
bandwidth was set to 2600 Hz, BPFI started appearing in the envelope spectrum
obtained by Hilbert transform. The detection became prominent in the envelope
spectrum of the signal filtered with 2.5 kHz as central frequency and a bandwidth
of 3 kHz. Filtered signals for anomalous test and good test are shown in Fig. 5a, c,
respectively, and their corresponding envelopes in Fig. 5b, d in that order.
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PSD of the envelope for the anomalous test detected a distinct frequency of
1289 Hz and its first harmonic (Fig. 6). The same could not be noted in the frequency
spectrum of the good test as seen in comparison of PSD for good and anomalous test
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Fig. 6 Power spectral density of anomalous test data envelope
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(Fig. 7). The fact that the frequency of 1289 Hz is a distinct frequency and can be
differentiated from random noise which is evident from the waterfall plot computed
for the envelope waveform (Fig. 8) where the fault frequency is seen to repeat for
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Fig. 9 a Post-test observations showing thermal cracking of bearing inner race in anomalous test.
b Healthy bearing after good test

successive time instants. Also, the frequency cannot be detected after 32 s. It may be
noted that another neighboring frequency of 1245 Hz is also detected in the envelope
spectrum. However, it is not a fault frequency and has been noted in good test PSD
as well (Fig. 7).

The appearance of the fault frequency of the inner race was confirmed upon
post-test disassembly of the bearing (Fig. 9a). A healthy bearing after good test is
also shown for comparison (Fig. 9b). The crack was studied to have occurred due to
anomaly in material composition resulting in lesser hot strength and thermal cracking
of inner race.

5 Conclusion

The bearing used for coolant pump in the hot test is a self-aligning double row ball
bearing with 12 nos. of ball per row, nominal bore diameter of 20 mm, and outside
diameter of 52 mm. The calculated value of BPFI (from Eq. 2) for this bearing
corresponds to 7.17 N, i.e., 1276 Hz. Hence, the detected frequency was found close
to BPFL, i.e., frequency corresponding to imperfection on inner race. The deviation
of the observed frequency from calculated frequency is around 0.87% which is due to
the existence of some amount of random slip in real-time bearing systems in contrary
to the supposition of the model without slip for the calculated frequency.

The appearance of harmonic in the spectrum depends on the nature of impact.
Harmonics signify the deviation of the impact waveform nature from a pure sine
wave.

Also, the appearance of BPFI before 32 s shows that the generated crack edges are
sharp during initial stages generating strong impulses but eventually smoothen out
due to deformation resulting from repeated impacts with rolling elements rotating
at a very high operating speed. Hence, the method helps in fault detection at early
stages of its development.
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A Study on Machining Behaviour )
of Metal Matrix Composite: A Review L

Nikhil Bharat@® and P. S. C. Bose

Abstract Machining of metal matrix composite is extreme when analysed with
inflexible materials like steel and aluminium due to the presence of abrasive in the
reinforcement which causes damage to the workpiece. Metal matrix composite has
replaced most of the conventionally used metal components because of the high
strength and low weight of the material. Metal matrix composites find wide modern
applications in the different areas of aviation just as automobile enterprises because
of good mechanical and actual properties. This paper attempts to audit the outcomes
of different information boundaries and strategies embraced to get an enhanced
outcome.

Keywords MMC - Machining + Cutting tool + Fabrication

1 Introduction

Composites are those materials in which two or more constituents are combined to
obtain the desired product having better physical and mechanical properties. Compos-
ites usually consist of a matrix that is in continuous phase and reinforcement which
are in the discontinuous phase in the form of particles, fibres. The reinforcement
must be non-reactive and stable at high temperatures. Aluminium oxide (Al,O3) as
well as silicon carbide (SiC) are regularly utilized reinforcements because of their
better strength, hardness, accessibility, and having great wear opposing properties.
Composite materials have replaced conventional materials and are widely accepted
by the various sectors because of their characteristic behaviour of high strength and
low weight of the material. Aluminium and its alloy metal matrix composite are exten-
sively used in aerospace industries, automobile industries, etc. However, products
made from MMC required machining operation to achieve the required demand,
i.e. dimensional exactness and surface completion. Machinability is expressed in
terms of some factors like cutting powers, tool wear, and surface completion. Better
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machining consumes low power, less friction, low tool wear, and good surface finish.
In this paper, a review has been done regarding the consequences of experimental
parameters, i.e. speed, feed, profundity of cut, and cutting tool during machining of
metal matrix composite.

2 Literature Review

Ozben et al. [1] concluded that hardness and tensile strength of AlSi;Mg, metal
matrix composite increase with an increase in the reinforcement ratio but impact
toughness decreased, and it was found that surface quality was better when cutting
speed decreased. Lin et al. [2] used A359/SiC/20p metal matrix composite for the
experiment purpose and observed that the main reason for wear formation was abra-
sion wear. Surface quality was affected by increasing feed rates at a constant speed.
Ding et al. [3] selected Al-SiC metal matrix composite as a working material and
utilized PCBN and PCD apparatuses at different cutting rates. PCD tool performs in
a way that is better than the PCBN tool as it possesses better abrasion and fracture
resistance. Vineeth Kumar et al. [4] selected Al6063 as a working material forti-
fied with 5.0 as well as 10.0 wt% of steel chips with a normal size of 50-100 .
The stir casting method was used for the production of work material. The addition
of steel dust improved the mechanical properties of the workpiece and concluded
that the maximum hardness value of 84HRC was achieved compared to the control
sample of 70HRC. Sahoo et al. [5] conducted an investigation utilizing Taguchi
orthogonal array and turned Al/SiCp utilizing uncoated tungsten carbide tool, and
it was seen that the flank wear was mostly impacted by the cutting pace, not with
the profundity of cut. Rahman et al. [6] analysed the wear properties as well as
surface irregularities of two different tool inserts and examined that CBN inserts
performed better in contrast with tungsten carbide and ceramic insert. Manna and
Bhattacharya [7] investigated the machining behaviour of Al/SiCp composite using a
rhombic uncoated carbide tool during turning operation. From the test outcomes and
diverse SEM micrographs, the satisfactory scope of speed, feed, and profundity of
cut was chosen for better machining execution. EI-Gallab [8] analysed the machining
behaviour of Al/SiC (20%SiC) particulate metal matrix composite using PCD tools,
alumina, and coated carbide tool and found that PCD tool provides better tool life than
others, and abrasion was discovered to be the essential wear system for flank wear.
Puhan et al. [9] analysed on machining behaviour qualities of Al/SiCp utilizing EDM.
A hybrid procedure was utilized coordinating principal component analysis (PCA)
and fuzzy deduction framework with the Taguchi strategy to redo the multi-reaction.
Miller and Monghan [10] investigated the machining behaviour of SiCp strength-
ened with Al metal matrix composite using various non-conventional machining
cycle, for example, EDM, laser cutting, AWJ and presumed that laser and AWJ
machining offers amazing efficiency compensation for harsh cut-off application but
EDM is more applicable for machining ‘particle-reinforced metal matrix composite
(PRMMC)’. Manna and Bhattacharya [7] investigated on machinability of Al/SiCp
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composite utilizing the fixed rhombic tool and examined that feed showed less resis-
tance to flank wear in contrast with cutting speed. Dhulipalla et al. [11] researched on
blend and machining attributes of novel TiC ceramics and MOS;p strengthened Al
compound 7075 metal matrix composite and used stir casting method for synthesis
and found that AMCs have enhanced machining behaviour in contrast with base
alloy. Nataraj et al. [12] used RSM way to deal with advance the machining bound-
aries for CNC turning of Al/Al,O3; metal matrix composite. It was seen that surface
unpleasantness was affected by cutting pace just as feed rate, and best surface quality
was acquired at speed = 175.20 mm/min, feed rate = 0.052 mm/rev., and profundity
of cut = 0.256 mm. Srinivasan et al. [13] investigated on hybrid aluminium metal
matrix composite manufactured using ‘stir cum squeeze casting’ using zirconium
dioxide and graphite and found that the value of tensile strength got enhanced with
increasing in weight percentage of zirconium dioxide and hardener also. Gurupavan
et al. [14] selected Al6061 as a working material and performed the experiment on
CONCORD four-axis CNC WEDM using molybdenum wire for machining of and
embraced L.27 orthogonal exhibit strategy to direct the examinations and found that
neural network prepared with 70% of the information in preparing gives better antic-
ipate results. Przestacki et al. [15] conducted the experiment using the laser-assisted
method for turning A359/20SiCp composite and found that selected depth of cut as
well as the tool’s angular distance from laser beam decreases the surface irregulari-
ties and also improves the wear resistance of the composite. Wei et al. [16] selected
Al2124 matrix reinforced with SiCp as a working material and utilized laser-aided
turning (LAT) machine for machining and reasoned that heat influenced zones were
deficient to 20-30 pwm Ra while utilizing rapid laser-aided turning and also found
that smaller the beam diameter, better the surface of the composite.

3 Fabrication Method

The most common liquid state method adopted is the stir casting method for the
production of metal matrix composite. It is a cost-effective and simple process used
for the manufacturing of particle-reinforced metal matrix composite. The steps to be
followed for the casting of the composite are as shown in Figs. 1 and 2.

3.1 Melting of Metal Matrix Composite Material

There is a range of furnaces for dissolving purposes yet the base pouring heater is
generally fitting for the manufacture of metal matrix composite. In this technique,
the metal framework material is liquefied and kept up at a firm temperature for 2—4 h
in the heater, and simultaneously, reinforcements are preheated in different furnaces
[18].
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Melting of metal
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Stirring of molten
metal using
mechanical stirrer
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Fig.1 Process of stir casting

Fig. 2 Stir casting process
[17]
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Graphite
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3.2 Mechanical Stirring

The mechanical stirrer is associated with the going pace engine to control the speed.
There are for the most part three phases of blending the combination, for example,
single-stage mixing, twofold stage blending, and multistage mixing. The single-stage
blending technique is essentially utilized because of its flexibility and furthermore to
limit the extraordinary vortex flow. Stirring assumes the main part in the examination
of mechanical properties and microstructure of the composites as it keeps up the
circulation of reinforcement in the matrix material. The mixing cycle can be advanced
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by streamlining the mixing speed, mixing time, feed rate, impeller’s cutting edge size,
and blade angle [18].

4 Effect of Process Parameters Speed, Feed, Depth of Cut,
Temperature, and Cutting Tool

Kannan and Kishawy [19] concluded that the level of imperfections expanded with
speeding up as the strain, strain rate, and temperature corresponds to cutting speed
while machining of ‘Al6061 metal matrix composite’. Anthony and Ajith Kumar
[20] in their research work observed that surface irregularity was mainly affected
by the feed rate as well as cutting speed and also concluded that the presence of
graphite as a lubricating property provides a better surface finish. Kim et al. [21]
compared the machining of Al/SiCp using ultrasonically aided turning (UAT) and
conventional turning machine and found that ultrasonically assisted turning was more
effective while using WC tool. Kumar et al. [4] concluded that while machining of
formed Al alloy LM06 MRR enhanced with enhancing in cutting pace, feed, and
depth of cut in all the experiments. Das et al. [22] seen that PCD inserts performed
superior in contrast with carbide inserts because of wear behaviour and better surface
irregularity. El Gallab and Sklad [8] examined that cutting forces were got enhanced
while using Al,O3/TiC tool in contrast with TiN coated carbide tool while machining
Al/SiC particulate metal matrix composite and develop edge (BUE) was seen in
all devices under every single cutting condition. Manna and Bhattacharya [7] in
their research inferred that cutting rate zone between 65 and 145 m/min is adequate
for machining of Al/SiC metal matrix composite and furthermore saw that feed
rate having less effect on flank wear when contrasted with cutting rate. Miiller and
Monaghan [10] experimented and concluded that laser machining is pertinent for a
high pace of 3100 mm/min, and AW] is reasonable for a pace up to 150 mm/min and
for machining of particulate reinforced metal matrix composite (AA2618/SiC/20p).
Puhan et al. [9] utilized the Taguchi strategy for getting the improved outcome and
discovered that ideal value for MRR = 14.376 mm?/min also, surface irregularity
= 3.043 pm during machining on AlSiCp. Przestacki [23] compared the machining
of A359/20 SiCp material with laser-assisted machining (LAM) and conventional
turning process and concluded that less tool wear and improved tool life were found
in laser-assisted method. Shoba et al. [24] observed that the cutting forces are much
lower for hybrid composites as compared to unreinforced alloy and concluded that
depth of cut plays a vital role for increasing the force component due to increase
in contact area. Errico and Calzvarini [25] performed the turning experiment of the
work material Al.359/SiC/20p using two different types of tools, i.e. PCD and CVD
tool, and found that PCD performs better. Roy [26] performed the experiment by
designing an expert system using fuzzy logic and genetic algorithm for machining
of Al6061/SiCp metal matrix composite and found that genetical algorithm-trained
fuzzy expert system (GAFES) performed better than a genetic algorithm. Niknam
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Table 1 Turning parameters and tool effect [30]

S. No. Tool Matrix SiC fraction Comment

1 PCD Al1356 | 5% (mass fraction) | Good surface irregularities were
obtained as 2.86 pm, and rMRR
= 36.80 cm?/min

2 HSS A17075 | 10% (mass fraction) | Cutting powers are free of
cutting pace

3 Carbide insert | Al 7075 | 10% (mass fraction) | Optimum surface roughness was
achieved

4 PCD Al17075 | 10% (mass fraction) | The best surface
finish

5 Carbide insert | A1 7075 | 15% (mass fraction) | Better tool life was obtained and
having a tool life of 6.67 min

6 K20 series A16025 |20% (mass fraction) | Good surface quality with

enhanced tool life

et al. [27] in his experiment investigated the dry and semi-dry turning of titanium
metal matrix composite (Ti-6Al-4V) using SECO uncoated carbide tool and found
that more cutting forces as well as high surface roughness were observed in semi-
dry cutting conditions. Davim et al. [28] analysed the experimental and numerical
procedures for drilling of A356/20%SiCp-T6 and found that the main reason for
wear was abrasion, whereas torque was not sensitive to the tool wear. Kwak and
Kim [29] investigated the mechanical properties as well as grinding behaviour on
aluminium matrix composite and observed that the (i) table speed and (ii) profundity
of cut has remarkable impact on the grinding forces (Table 1).

5 Conclusion

From the detailed literature survey, it is reasoned that:

e Very few machining works have been done using hybrid machining since most
of the work has been done either using the conventional or non-conventional
machine.

e PCD tool gives better results with regards to wearing resistance as well as tool
life compared to other tools while machining metal matrix composite.

e Abrasion wear was the main wear that has been observed during the machining
operations of the composite.

e Feed rate plays a key role in the quality of the surface irregularities.
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Optimisation of E-Shell Heat Exchanger )
Using Multi-objective Evolutionary L
Algorithm NSGA-II

Abhisekh Kumar Maurya, Anubhav Agrawal, Robert Singh,
Owais Ali Khan, and Brahma Nand Agrawal

Abstract The wide applications of shell and tube heat exchanger in several indus-
tries are forced to decrease the capital and operational cost of it. In this direction, this
paper presents the multi-objective entropy-based optimization of a stainless-steel E-
Shell heat exchanger by using the genetic algorithm. A modified NSGA-II algorithm
has been used to optimize heat exchanger. The objective functions under considera-
tion are the operating cost, capital cost and entropy generation number. The design
parameters have been used as the number of tubes, baffle spacing and tube outer
diameter. Kern method has been used for the modelling of the heat exchanger with
some modifications. The relation between the hand-off of optimizing one objec-
tive to another has been established. A relationship has been developed between
the total cost of E-Shell heat exchanger and EGN. A Pareto-optimal front has been
obtained for all four cases. The results reveal that the overall cost of heat exchanger
reduced. Increment in the capital investment of STHE has been found on reducing
the entropy generation number of the shell and tube heat exchanger. The robustness
of the algorithm increases by decreasing the number of objectives.

Keywords Genetic algorithm - Entropy generation number + Optimization - Shell
tube heat exchanger
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d, Equivalent shell diameter (m)

d, Tube outer diameter (m)

D,  Shell inside diameter (m)

L Tube length (m)

N;  Entropy generation number (EGN)
P Pumping power (W)

S; Tube pitch (m)

U Overall heat transfer coefficient (W / mzK)
AP  Pressure drop (Pa)

AS Entropy generation rate

1 Introduction

Shell and tube heat exchanger (STHE) is the most commonly used type of heat
exchanger. It is used in a broad range of industries like petrochemical, agriculture,
other chemical processes. STHE is commonly used because they can operate for
a wide domain of flow, pressure and temperature. In a standard STHE, there are
multiple design parameters tube diameter, baffles, number of tubes, tube layout, etc.
In the industrial process, there is a need to reduce the global cost (including both
the material and operational costs). NSGA-II has been used to optimize a standard
STHE model. Non-dominated sorting genetic algorithm-II (NSGA-II) presented [1]
attenuates all three difficulties of multi-objective evolutionary algorithm (EAs): non-
elitism approach, computational complexity and the requirement of defining a sharing
parameter.

The multi-objective based on exergy optimization via a genetic algorithm (GA) is
implemented to study and enhance the operations based on STHE. Exergy efficiency
and cost were used as two key parameters. e-NTU and Bell-Delaware method were
followed to converge on the optimal design, heat transfer coefficient and pressure
drop in a STHE. The results were reported as maximized efficiency of exergy and
minimized the investment [2]. The particle swarm algorithm (PSO) has a higher rate
of convergence in comparison with the GA. However, the GA helps in providing a
better precision in locating the search space. When a comparative study for thermal
and economic optimization of a STHE was carried out, the result showed an increase
in the tubes leading to a reduction in the objective function is accompanied by to a
substantial percentage increase in the function values [3]. A multi-objective solver
was utilized as a genetic algorithm to optimize four different design variations. It
was indicated that baffle space to be approximated to 0.5 m for lower annual cost
values. While for smaller length, baffle spacing and diameter to approximately to
0.05-1.5 m [4]. The Pareto archived evolution strategy (PAES) algorithm represents
an uncomplicated non-trivial algorithm which has the ability of generating solutions
in the Pareto-optimal set. The study shows PAES can be viewed as a simple approach
for multi-objective optimization [5]. To compare the PSO and the GA of the heater
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design, the Bell-Delaware method was used. It has been reported that the PSO attain
a stronger set of Pareto-optimal population [6]. Thermal modelling for a new design
of a STHE was carried out by using the logarithmic mean method. It was reported
that operating cost of the derived design went down by 17-18% as compared to
previous studies and the initial cost went up by 1.76%. The study on multiple objective
optimization of STHE with helical baffles was carried out. The objective function
comprises of LMTD and pressure drop across the STHE while compared to the
original data the optimum configurations increased [7, 8]. To navigate to the optimal
values, a multi-objective optimization procedure was implemented. The material
cost and minimization of energy consumption were the two main objectives. It was
reported that the solutions for both cost of energy and material were more efficient
when compared to baseline designs. After 50th generation optimization was stopped
after that no other improvements were observed [9]. The genetic algorithm for optimal
designs of STHE s was presented from an economic point of view. The result provided
improved geometries and coefficients. In two case studies out of three, reduced value
of cost obtained while compared to the previous studies [10].

Many researchers have used different techniques like particle swarm, Pareto-
archived evolution strategy and genetic algorithms. In this paper, fast and elitist
multi-objective genetic algorithm NSGA-II has been used to present a standard STHE
model. This paper has been also modified NSGA-II which includes inverse general-
ized distance (IGD) to provide the next generation of candidates with each iteration
of the algorithm.

2 Mathematical Modelling

2.1 Proposed Method

The pumping power and heat transfer area are the two functions considered to control
the pressure drop. It is desired to compute the optimization of annual cost by using
LMTD and a set of design variable values [11]. The theoretical process layout is
given below:

Selection of fluid on shell and tube side.

Determine stream temperature.

Determine the exchanger pressure drop.

Determine velocity limits for exchanger.

Calculate fouling coefficients and heat transfer models for heat exchanger.

2.2 Thermal Model of the Heat Exchanger

The mathematical approach for the design of STHE is as follows:
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2.2.1 The Heat Transfer Coefficient

‘Q’ is given in Eq. (1). The heat transfer coefficient of exchanger (%,) and A, is given
by Eqgs. (2) and (3), respectively. The shell diameter (Ds) is given by Eq. (4).

0= (mrcpr) * (Teo — Toi) (1)
hy = (k;/d;)0.024Re?*Prd 2)
0.36 * k, s\
hy = — 0% ReDSS 4 PO (“—> 3)
dl_’ ths
CL
DS = 0.637st [T Nt <ﬁ> (4)

where st, CL and CTP are tube pitch, tube layout constant and tube count calculation
constant, respectively, for 45° and 90° tube arrangement the value of CL is 1, and
for 30° and 60°, CL = 0.87. The values of CTP are 0.93, 0.90 and 0.85 for one, two
and three tubes pass, respectively. d, (m) the equivalent shell diameter is given by
Eq. (5) [12]. While U is given by Eq. (6) [13],

0.4382 — (T1 % 0.25 % d2)

dy =4 x (5)
0.5(I * d,)

1
U= (6)

4 dyIn(
(1) 0 () (0 (1) + 452

In the design part, to determine the true temperature difference a correction factor
(F) is used. The heat exchanger surface area is given by Eq. (7).

B 0
" U % F %« LMTD

)

2.2.2 Pressure Drops

The tube and shell side pressure drop are calculated by Egs. (8) and (9), respectively.
where Darcy friction coefficient is given by f;

(02 L
AP, = '02” * ((d—l)f, +p>n (8)
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Table 1 Standard values for Parameters Values

stainless-steel E-Shell heat

exchangers Constant a; ($) 8000
Constant a, ($/m?) 259.2
Constant a3 0.93
Energy cost C, ($/kWh) 0.12
Operating time H (h/year) 8000
Discount rate per annum i (%) 10
Number of years of operation 7] 5
Pump efficiency n 0.7

2
sr () (5)(2) .

2.2.3 Objective Function

The total cost is the sum of material cost and discounted operating cost, which is
given by Eq. (10). The material cost C; for the STHE is given by Eq. (11), and the
discounted operating cost is given by Eq. (12) while the pumping power is given by
Eq. (13). Table 1 shows standard value to calculate the costs

Cot =C; + Cop (10)
Ci=a) + aA® (11)
C —Z % = PC,H (12)
Op_le 1+ - ‘
1 s
P=—<@AP,+'”—APS> (13)
n\ pr Ps

2.2.4 Entropy Generation Number (EGN)

The entropy generation rate is a parameter used to reduce the thermodynamic irre-
versibility that reduces the performance of the STHE. The total rate of entropy
generation in STHE is given by Eq. (14). The Hessel greaves EGN are shown by
Eq. (15), which is a modification of Bejan’s EGN. It is used due to Bejan’s EGN
produces an entropy generation paradox [14].
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AS = ASa; + ASaq (14)
AST,
N, = : (15)
o

2.3 Genetic Algorithm

GAs is a traditional method for optimization. GAs use a direct analogy of the natural
phenomenon of evolution like crossover and mutation. The parameter values are
represented as strings in the algorithm. The GAs work with strings instead of the
parameters themselves. A randomly generated population within the sample space
is taken, then with the underlying objective function and constraints it is evaluated
accordingly. Fitness function is used to assign values to individual stings in population
in absence of constraints. Mutation operators and crossover are applied to pairs
of individuals from the parent generation. Both operators usually ensure that the
values can escape from the local minima. The samples with the best fitness value
have a higher possibility to be comprised in the next generation. Then the selected
population from the previous generation goes to the beginning of the entire process.
After multiple generations, the solution starts to converge on the global minimum
[15]. The multiple stopping parameters can be chosen to end the iterative process
like the number of generations, time, duplicity of n and n 4 1 population (Fig. 1).

SPECIFICATIONS
(ms, e, Ter, Teos Tnis Tho)

FIXED PARAMETERS

(Corrective coefficient,

UPDATING REAL VARIABLES SIZING OF THE HEAT EXCHANGERS |+ Thermal conductivity,
(N, d,, B) Dynamic viscosity,

Resistance, Flow

arr. )

v

v

EVALUATION OF THE OBJECTIVE

GENETIC ALGORITHM USING NSGA-2

Fig.1 Algorithm flowchart
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2.3.1 Non-dominated Sorting Genetic Algorithm-II

A solution X(b) is dominated by another solution X(a) in non-dominated sorting, if
any condition is true as follows:

i.  rank of X(b) > rank of X(a)
ii. if rank of X(b) = rank of X(«) then, distance of X(a) > distance of X(b).

In GA selection of suitable individuals form, the population takes place by tourna-
ment selection method. Two strings randomly selected from the population compete
against each other; this takes place in a knockout tournament format. The process
imitates the survival of the fittest. Random mutation and uniform crossover are run
to obtain the (rn + 1)th population. The density of solutions surrounding a solution
is calculated by crowding distance. It is used, where an individual’s crowding is the
rectangle perimeter with its closest neighbour at the other end corner. Therefore, if
two individuals (b) and (a) have an equal rank, the individual with bigger crowding
distance is more suitable [16].

2.3.2 Inverse Generalized Distance (IGD) Ratio

The IGD ratio was defined to compare the IGD value of current generation to past q
generations. The user-defined § was used to decide when to execute the local search.
In this paper, the number of generations is determined by observing 0.001 or less
change in the § ratio as shown in Eq. (16) which is also given in the modified NSGA
[15].

1GDpyx — 1G Dpyip -
p =

b (16)

3 Results and Discussion

The standard values for a stainless-steel E-Shell heat exchanger have been defined
in Table 2. Limits for the number of tubes have been given from 50 to 300 and the
outer diameter of the tubes 0.015-0.051 m for all the iterations.

The input parameters for the NSGA-II algorithm have been compiled in Table 3.
All combinations of the three objectives were executed against each other except the
EGN versus the discounted operations cost because both are obtained from the same
parameter of tube and shell pressure drop. The four cases are explained as follows;

Case 1. The graph is plotted between discounted operating cost and capital cost
shown in Fig. 2. It has been observed that a Pareto-optimal front is being formed.
The graph showed a decrease in the operating cost with increasing capital investment.
One of the optimal solutions, C,, = 3124.855$ and C; = 9096.19$, obtained from
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Table 2 Standard data of
STHE

Table 3 Constant parameters
for NSGA-II

Fig. 2 Variation of DOC to
CI

A. K. Maurya et al.

Parameters Tube side Shell side
Inlet temperature 7; (K) 76.7 199
Outlet temperature 7, (K) 37.8 -
Mass flow rate m (kg/s) 18.80 5.52
Density p (kg/m?) 995 850
Specific heat Cj, (J/Kg K) 2.05 247
Kinematic viscosity p (Pa-s) 0.00358 0.0004
Fouling resistance R ¢ 0.0061 0.0061
Prandtl number Pr 0.05645 0.0076
Parameter Value
Population 40

Max. no. of generations 500
Probability of crossover 0.9
Probability of mutation 0.25

Index of crossover operator 15

Index of mutation operator 20

900

:
%
600 - %
{
%
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X

Discounted operating cost (k$)
o
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X OMOOK 20 BOROCKN XBO0OK KK

N T
8.0 8.5

T v v
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Capital Investment (k$)

the set of non-dominated population after the algorithm was terminated. It has been
found that the total cost obtained in this case study was significantly lower when
compared to the total cost given by [17].

Case 2. The graph was plotted between the capital cost and the EGN as shown in
Fig. 3. It has been deduced from the graph that EGN decreases with higher the capital
cost which is due to increase the volume of material required. The optimum solution
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Fig. 3 Variation of EGN to 0.50
capital investment

|_x_ Entropy generation number |
0.48
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obtained, by decreasing the irreversible losses of the STHE at the cost of increasing
the capital investment.

Case 3. To examine the entropy generation number and total operating cost, the
graph has been plotted as shown in Fig. 4. Figure 4 from observation shows that the
values of EGN are from 0.41 to 0.42, so it can be concluded that the set of population
have converged to the global optimum in the same number of generation and also
an inverse relation between EGN and total operating cost is being observed. The
decrease in EGN is achieved on the expense of sacrificing total operating cost.

Case 4. In this case, all three objectives have been executed simultaneously. In Fig. 1,
it has been deduced that the population has been converged towards a solution of
Pareto-optimal set. The efficiency of the algorithm decrease with an increase in
number of objectives [18]. A similar trend can be seen in Fig. 7 where some solution
sets have not converged to the Pareto front, unlike the other cases where an optimal

Fig.4 EGN versus total x Entropy generation number
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Fig. 5 EGN versus DOC 0.50
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Pareto front is obtained. Contrary to both the graphs, the obtained result is shown
in Fig. 5. The linear proportionality noticed; it is because these both objectives are
derived from the same parameters (Figs. 6 and 7).

4 Conclusion

This study shows an entropy used optimization through a GA which has been
conducted to optimize the both the cost of materials and operation in the STHE.
The following points can be concluded from the study:

e The optimal design has been developed for heat exchanger by reducing the overall
cost of the STHE while compared with previous research results.
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Fig. 7 DOC versus capital
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e While decreasing the EGN of the STHE, the capital investment of STHE increased.
e The EGN found reduced at the cost of sacrificing the total operating cost.
e By decreasing the number of objectives, the robustness of the algorithm increases.
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Integrated Approach for Flexible Job )
Shop Scheduling Using Multi-objective er
Genetic Algorithm

Sunita Nayak, Anoop Kumar Sood, and Abhishek Pandey

Abstract The study proposes a genetic algorithm-based integrated approach where
the selection of suitable machine and sequencing of operations in machines are
performed simultaneously in a flexible job shop-based environment. For this, chro-
mosome representation chosen is simple to code and decode and always results in a
feasible solution on the application of genetic operators. In true sense to real produc-
tion problems, multiple objectives are considered which will reduce the total produc-
tion time of the entire batch with efficient machine utilization. The proposed solution
is evaluated on test data, and it was shown that the algorithm is giving equivalent and
in some cases better results in comparison with existing methodologies.
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1 Introduction

Flexible job shop scheduling (FJS) problem arises in a job shop-based production
environment where multiple machines are available for performing a particular oper-
ation. This additional flexibility demands two types of decisions to be made, namely
selection of appropriate machine from the available machines for performing an
operation on a job and then finding an appropriate sequence of operations of same
or different jobs to be performed in a particular machine to achieve some desire
objectives. The first type of decision comes under the routing subproblems, and the
second type of decision falls under the scheduling subproblems of production plan-
ning domain. In line with its predecessor job shop scheduling problem (JSP), which
only concerns the scheduling of operations, it is combinatorial NP-hard problem, but
the presence of routing makes it more difficult to solve in comparison with JSP.

Several alternative approaches have been suggested in the literature to tackle FJS
problems (FJSP) which can be characterized as heuristic and meta-heuristic solu-
tion methodologies. Heuristic approaches may guarantee the optimal solution but
that may not be true if large size problem instances are considered. Whereas high-
level strategies known as meta-heuristics have produced optimal solutions within a
reasonable computational time for a different size of problem instances [1]. These
meta-heuristics use either a hierarchical or acombination approach to solve FISP. The
hierarchical approach decomposes the FJSP into routing and sequencing subprob-
lems. Routing can be done using simple dispatching rules or a combination of them,
and then some other higher-order heuristic can be used to solve the sequencing
subproblem. In a combination approach, both types of subproblems are combined
and solved simultaneously [2]. Although integration is difficult to implement, the
quality of solutions is better than the hierarchical approach. In this direction, GA
[2], PSO [3, 4], and ACO [5] are effective meta-heuristics which can exploit a lot
of domain knowledge and implemented to solve the FJSP. GA is the most popular
meta-heuristics technique as it explores solution space more diversely by using the
population of solutions and provides resistance to premature convergence on local
minima. Recently, more and more papers are concentrating on GA [6] or hybrid GA
[7] with different population representation and generation strategies.

Most of these approaches concentrated on determining an optimum schedule
which satisfies a single objective [4, 7]. The real-world production scenario demands
production of a complete batch in minimum time and proper utilization of all the
available machines so that no single machine is under-utilized or over-utilized.
The presence of these multiple objectives put additional difficulty in FISP solution
methodology [8-10].

In this regard, the present study proposes the use of simple GA to solve multi-
objective FISP. As per the combinatorial nature of FJSP, solution coding and encoding
are incorporated using problem-specific knowledge to obtain feasible solutions. In
the true sense of many-objective behaviour of the problem, no artificial fix up is used.
Instead, the Pareto-optimal approach [9] is used. In this approach, superiority of one



Integrated Approach for Flexible Job Shop Scheduling ... 389

solution over others is not established for all the objectives considered simultane-
ously. Through this algorithm will try to find out a diverse set of solutions close to
Pareto front. The main aim of developed GA is to obtain a diverse set of solutions as
close as possible to the actual Pareto-optimal front.

2 Problem Formulation

Multi-objective FISP addressed in this study consider n jobs (indexed by i) and
M machines (indexed by k). Each job has a total of Q; operations, and operation
sequence is given by O;; for j =1, 2, ..., Q;. Machines for each O;; are represented
by M. If M;;; C M, itis a case of partial flexibility, and if M = M, it is a case of
full flexibility. Processing time of M j is predefined and given by p;i. The goal is to
determine schedule which results in the minimization of makespan (F); maximal
workload (F';), and the total workload of the machines (F3).

It is assumed that all machines and jobs are available and ready to start at time ¢
= 0. Jobs are independent of each other, and machines never breakdown and process
single operation at a time with a non-preemption condition. Precedence constraint
between the operations of the same job is known and maintained. Each job could
visit the machine more than once. The setup time and job transportation time are
included in the corresponding processing time.

3 Solution Procedure

3.1 Coding and Decoding

In FJSP, potential solutions known as individuals or chromosome consist of two genes
representing scheduling and routing subproblems, respectively. Hence, chromosome
representation consists of two parts, namely operation sequence (OP) and machine
assignment (MS), as shown in Fig. 1. In OP, integer i indicates job number and its jth
repetition indicates O;; operation. In MS, machines are indicated by integer values
and arranged in order of jobs. That is first we arrange the machines for first job
operations, then for second job operations and so on.

Job number 1 3 11 2 2 2 3 1 2 3

Operation number 1 1 2 3 1 2 3 2 «—P> —> —>

Chromosome 1 3112 2 23 1 2 3 2 2 3 2 1
OoP MS

Fig. 1 Structure of proposed chromosome
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To reduce the large feasible search space resulting chromosome is mapped to
the corresponding phenotype using an active schedule. In an active schedule, an
operation is scheduled at the earliest available time in a machine.

3.2 Non-domination Sorting

In this step, the population is sorted in ranks according to an ascending level of
non-domination [10]. The non-dominating solutions from the entire population are
assigned rank 1, followed by assigning rank 2 to those solutions which are only
dominated by rank 1 solutions and so on. For determining the diversity among indi-
viduals of the same front crowding distance is calculated. It is a Euclidian distance
between the members of the same rank calculated using their function value in the m
dimensional hyperspace. The crowding distance of members at the extreme is taken
equal to infinity.

3.3 Initial Population

The efficiency of the present approach is increased by selecting suitable chromosomes
located at a proper region in search space so that algorithm reaches the Pareto front in
the least possible time and without endanger of trapping in local optima. To achieve
this, 50% of the initial population is generated randomly and the remaining 50%
population is generated using a problem-specific approach. For random population
generation, alleles of OP gene are generated randomly with the restriction that each i
appear Q; times. For MS sub-string, each i in OP is decoded to corresponding job and
operation, then for ith job jth operation set of available machines M;jx is identified
and one machine is assigned randomly. The second part of the initial population is
generated using a problem-specific heuristic. For this, OP is generated randomly as
in random population generation, but for elements of MS, the machine which has the
minimum processing time for performing selected operation from OP is selected.

3.4 Selection

Selection of individual chromosomes for generating next-generation children is an
important criterion to balance exploitation and exploration capability of an algorithm.
For this tournament-selection procedure is adopted. In this method, two distinct indi-
vidual solutions are selected randomly and compare. The comparison is done on the
bases of rank, and the solution with the least rank is selected. If ranks are same, then
individual with maximum crowding distance is selected. Between individuals of the
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Parent-1 [ 1 [2[1[3[2]1[3]2] Parent-1 [1]1 PP 1 DX
| Lol Ll

Chid-1 1 2 1 3 2 1 3 2 Chid2 1 3 2 3 1 2 1 2
T 11 1 1
Parent—2|><|lj>3<]><|ll>f<M1| Parent—2|1|3|2|3‘lmlm
Jobs {2, 3}
Fig. 2 POX crossover for OS part
Fig. 3 MPX crossover for Child-1 1 3 1 2 3 11 2
MS sub-string 1 T 1 1 T
Parent-1 1J2]1]2]1[1]3]2]
Binaryvector 0 1 0 0 1 0 1 0
Parent-2 [2[3[2[]1[3[3]1[1]
! Ll i I
Child-2 2 22 1 1 3 31

same rank, the one with maximum crowding distance is selected else random selec-
tion is done. The selected individual is added to the mating pool for the generation
of next-generation individuals.

3.5 Crossover

Pair of distinct individuals are selected randomly from the mating pool for crossover
operation. For crossover of OP, sub-string of chromosome precedence preserving
order-based crossover (POX) is used, and for MS sub-string multi-point preservative
(MPX) crossover is used. In POX, as shown in Fig. 2, two jobs are selected randomly
from a set of available jobs and where it occurs in parent-1; at the same position, it is
added in child-1 and deleted from parent-2. Remaining entries in parent-2 are added
in child-1 empty positions in a sequence as in a parent-2. Then roles of two parents
are reversed, and child-2 is formed as explained for child-1. In MPX crossover, as
shown in Fig. 3, a binary vector of length equals to MS length is generated with
the element as 0 or 1. At a particular position of this vector if O is present then for
child-1, allele value at that position in parent-1 is added and for child-2 allele value
at that position of parent-2 is added; otherwise, parent-1 and parent-2 are reversed.

3.6 Mutation

The generated children will replace their parents in population, and then the entire
population is subjected to mutation. The individual for mutation is selected randomly.
For an OP part of selected individual two positions are selected at random and
sub-string is inverted between these two positions. For MS sub-string of the same
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selected individual, any job is selected randomly and the machines associated with
each operation of the respective job are replaced randomly from the set of available
machines.

3.7 Elitism

Better solutions of the previous generation known as elites of the population are
merged with the solutions of the current generation to find the elites of the present
generation. Non-domination sorting is performed on this merged population, and
solutions having rank one are preserved as an elite of present generation. Out of
these generated elites, only those which are not present in the current generation are
added in the population and worst solutions are removed to keep population size
constant. Complete steps followed in this algorithm are represented in Fig. 4.

4 Results

To illustrate the efficiency and effectiveness of the proposed GA for optimization of
multi-objective FISP, five Kacem instances, namely 4 x 5, 8 x 8, 10 x 7, 10 x 10
and 15 x 10, are used. An algorithm is coded in MATLAB and run in Intel™ core7
computer having 8 GB RAM. Algorithm parameters are given in Table 1.

For comparison purpose, results given in [1, 3, 5, 11] are combined and non-
dominating sorting is performed to find out the optimal solutions. Results from the
proposed methodology are compared with those from the literature and are shown
in Table 2. From the obtained result, it is seen that for 4 x 5, 8 x 8 and 10 x 10
problem our algorithm gives the same result as discovered by other researchers. But
for the case of 10 x 7 and 15 x 10 problems, proposed algorithm can locate better
Pareto front as shown in Fig. 5.

5 Conclusions

In this study, a simple genetic algorithm is proposed to solve the multi-objective
flexible job shop scheduling problems. The main highlight of the work and associated
advantages are as follows.

e Solutions known as chromosomes are represented using an integrated approach.

e In this, single chromosome consists of two parts known as operation sequence
and machine sequence. Operation sequence represents the routing subproblem,
and machine sequence represents the scheduling subproblem of FISP.



Integrated Approach for Flexible Job Shop Scheduling ... 393

[ Initialize the population , algorithm parameters and it=1

‘ Combine pareto front solutions of (it-1) and (it) solutions |
v

} Apply non-dominance sorting and determine Pareto front

v
| Elitism operation ‘
v

Tournament selection

v

Crossover (POX for OP part and MPX for MS part)

4

Mutation (Inversion for OP Part and Random for MS part)

v

Stop criterion
is met

Record pareto
front and stop

No — it = it+1

Fig. 4 Flowchart of multi-objective genetic algorithm for FJSP (it = iteration number)

Table 1 Algorithm parameters

Parameters Value

Generations 200

Total population 10 x length of chromosome
Percentage of population generated randomly 10%

Crossover probability 90%

Mutation probability 1%
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Table 2 Comparison of results of proposed algorithm with those from literature

Problem | Length of Pareto front from literature Obtained Pareto front
chromosome F Fy |F3 |F Fy | F3
4x5 24 11 9 |34 11 9 |34
11 10 |32 11 10 |32
12 8 |32 12 8 |32
13 7 |33 13 7 |33
8§ x 8 54 14 12|77 14 12 |77
15 12 |75 15 12 |75
16 11 77 16 11 77
16 13 |73 16 13 |73
10 x 7 58 11 10 |62 11 10 |62
12 12 |60 11 11 60
11 11 61 12 10 |61
12 11 59
12 12 |58
10 x 10 60 7 5 |43 7 5 |43
7 6 |42 7 6 |42
8 5 |42 8 5 |42
8 7 |41 8 7 |41
15 x 10 112 11 10 |93 11 10 |93
11 11 91 11 11 91
13 10 |90

e Efficient chromosome representation adopted in this work simplifies the genera-
tion of active schedule and requires no repair mechanism during genetic alteration
and hence always results in a feasible schedule.

e Chromosome coding and decoding mechanism adopted is suitable for both full
and partial flexible problems.

e The performance of the approach is evaluated with the results obtained from other
authors’ algorithms, and it was shown that the algorithm is giving equivalent and
in some cases better results.

e In future, work will be extended to incorporate the uncertainty in scheduling like
machine breakdown or fuzziness in the planning horizon.
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Distortion in GTAW of Stainless Steel 304 | @i
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Abstract Gas tungsten arc welding is an electric arc welding process. In GTAW,
an arc is developed in mid of the work which is to be welded and an inexhaustible
tungsten electrode. Its vast and protean usage allows it to be used in various indus-
tries like automotive, chemical, rail-car manufacturing with potential to weld any
metal with exceptional weld character. TIG happens to be an arc-based welding
process, and as a consequence of it, brisk cycles of cooling and heating are detected
in this process, rendering the weldment to irregular thermal expansions and contrac-
tions giving rise to stresses and ultimately leading to distortions. Weld distortions
cause quality-related issues and undesirable deformation of the weld which creates
assembly problems. These distortions are of various types like longitudinal and trans-
verse distortions, bowing, dishing, buckling, twisting, etc. Careful study over the
years through various surveys and reports found that most pronouncing of these
distortions happens to be angular distortion. In angular distortion, the distortion is
transverse to the welding direction which is induced by shrinkage near the fusion
zone causing a change in the angle of the parts. The present investigative work
aims to analyze and report the effects of certain parameters on angular distortion.
Torch angle, welding current, and welding speed are those parameters. The work
material has been chosen as grade 304. This steel contains chromium (15-20%)
and nickel (2-10.5%) as the main non-ferrous constituents. The material has excep-
tionally good corrosion resistance and finds extensive usage in food processing and
chemical industry. The present work is carried out on thin sheets of this material
which are used in food processing industry, and it is expected that the outcomes of
this work shall be of use to industrial applications. Statistical technique of exper-
iments design has been adopted to generate a mathematical equation between the
input parameters and the output response. Response surface methodology is adopted
to analyze graphical results.

Keywords GTAW - Design of experiments + Angular distortion * Input
parameters + Mathematical equation
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1 Introduction

Gas tungsten arc welding is also called tungsten inert gas welding (TIG). In GTAW,
an electric arc is developed in mid of the work metal and tungsten electrode. Inert
shielding gas does not allow the surrounding air to react with the arc and the weld
pool while welding by the help of a gas nozzle which replaces the atmospheric air
with the shielding gas. Unlike other welding processes, the electrode is not consumed
in GTAW [1]. Input parameters like torch angle, nozzle to plate distance, welding
speed and current directly affect angular distortion observed [2, 3]. To get maximum
yields out of joint efficiency and mechanical properties, the above-discussed param-
eters are to be optimized. As GTAW generates exquisite weld quality and is used
to coalesce thin and medium sheets, it is widely applied in aircraft and spacecraft
industry, automotive and food industry. Heating and cooling cycles occur in non-
uniform manner in any welding process. This leads to uneven and rapid thermal
expansions and contractions which render the weldment to certain stresses ultimately
giving rise to certain types of distortions such as longitudinal, transverse, angular
distortion, bowing/dishing, buckling and twisting [4]. Dimensional deviations and
the spoliation of the joint are to be prevented by keeping the distortions minimum.
These distortions are inevitable but can be minimized. Literature review has affirmed
that angular distortion is the most captious distortion among these variants. It is the
out of plane distortion [5] and plummets the performance of the welded structure as
well as majorly destroys the physical appearance. The schematic for angular distor-
tion is shown in Fig. 1. Thin sheets of austenite stainless steel of grade 304 are
used as the work material in the present study. The material has exceptionally good
inter-granular corrosion resistance and finds extensive usage in food processing and
chemical industry. Approximate chemical composition for the material is shown in
Table 1 [6]. Table 2 shows the mechanical characteristics of the material. Studying
the effect of welding input features torch angle, welding current and speed is carried
out in the current experimentation. A mathematical model has been refined through
the statistical technique of central composite face-centered method, and the graphical
results showing the individual and interaction effects were analyzed using response
surface methodology. Since this stainless steel is majorly used in the food industry,
present work can be of significant value to the food and chemical industry.

Fig. 1 Angular distortion

Table 1 Chemical content of 304 stainless steel [6]
Fe Cr Ni Mn N S C Si P
66.44% 18% 8% 2% 0.10% 0.03% 0.08% 0.75% 0.04%
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Table 2 Mechanical properties of 304 stainless steel [7]

Tensile strength ultimate | Tensile strength yield | Elongation (%) | Hardness (Rockwell-B)
(MPa) (MPa)

621 290 55 82

Fig. 2 Welding setup

2 The Welding Setup

In the performed experiment, a constant current power with a rated capacity of 200 A
was applied. A mechanized carriage unit was provided with varying welding speeds
demanded in the experiment. Constant welding speed is provided by this mechanized
unit and manages a reproducible weld character. Varying linear speed of the weld
table was achieved using a variable frequency drive which gives a range between
0 and 50 cm/min. On the radial arm of the mentioned unit, the welding torch was
fastened allowing movement in up and down directions to facilitate varying heights
of the works. To get different arc lengths, fine vertical movement is also arranged.
Furnishing the tilting of the torch to obtain the angle between —45° and 45° along
the vertical. Pure argon gas was adopted. The flow rate was kept at approximately
15 L/min. The actual weld site is shown in Fig. 2, and the schematic diagram of
complete welding setup is shown in Fig. 3.

3 Plan of Investigation

Investigation presented here was done in the following steps.
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3.1 Selection of Weld Input Parameters

For the analysis, input welding boundaries like the welding current, the welding
speed, the torch inclination, the nozzle tip gap and the gas stream rate were analyzed.
Given the writing review, previous knowledge and the quantity of preliminaries
performed, it was discovered that lone the initial three had critical impact on the
response boundary which is angular distortion. Consequently, these were chosen.

3.2 Determining the Working Limits of the Input Parameters

The working of upper and lower limits of controllable variables (independent) was
concluded via several trial runs. The observations made were

e Uniform bead appearance is observed.
e No over penetration
e Plates do not overlap.

The input variables were planned to be set at three levels with minimum repre-
sented as (—1), maximum as (+1) and the intermediate by (0), respectively, as shown
in Table 3.

Table 3 Input parameters and their limits

Input variables Units —1 0 1
Welding current Ampere 110 125 140
Welding Speed cm/min 25 30 35
Torch Angle Degrees 0 22.5 45
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Table 4 Design matrix

Run | Welding speed (cm/min) Current (A) | Torch angle (°) Angular distortion (°)
1 0 0 -1 0.15
2 1 -1 -1 2.62
3 0 0 0 0.45
4 0 0 0 0.49
5 -1 —1 1 —3.88
6 1 —1 1 —1.03
7 —1 0 0 0.85
8 —1 1 1 —4.15
9 0 1 0 —2.05
10 1 1 -1 1.80
11 1 0 0 4.01
12 0 0 0 1.48
13 —1 1 —1 0.02
14 0 0 1 —1.79
15 1 1 1 0.84
16 —1 -1 -1 2.05
17 0 -1 0 0.58
18 0 0 0 0.46
19 0 0 0 0.47
20 0 0 0 0.46

3.3 Developing the Design Matrix

A design matrix has been developed with 20 experimental runs while using composite
face-centered technique as shown in Table 4. The details of these numbers are

23 = 8(factorial points) + 2 * 3(star points) + 6(center points) = 20

3.4 Experimentation

Twenty number of welds were made on the experimental setup shown in Fig. 2.
The experiments were conducted by taking the combinations of input parameters as
shown in the design matrix in Table 4. The trial runs were randomized so as to keep
away from any precise error of the framework. Once the specimens were welded,
they were numbered according to their welding parameter combinations.
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Fig. 4 Angular distortion
measuring setup

3.5 Measuring the Angular Distortion

Using the setup shown in Fig. 4, angular distortion on the work specimens was
quoted. It consisted of Vernier height gauge, a surface plate and the counter weight.
Readings were taken to measure the raised height of one plate against the other, and
the relation Sin 6 = height/L was used to calculate angular distortion, where L is
the plate width. Repetition of the aforesaid procedure was carried out for the other
side of the joint as well, and the mean of the two was taken as the angular distortion.
In a similar manner, all the remaining weld specimens were checked for angular
distortion.

3.6 Developing the Mathematical Model

The functional relation between response and selected parameters is
f)=(A,B,0)

where

6 = angular distortion
A = welding current
B = welding speed

C = torch angle.

The general mathematical model is described as follows:

0 =pBo+ B1A+ BB+ B3C + B1nAB + Bi3AC + B3 BC
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where

+ B11A* + BnB? + B33 C?

Bo = Modal constant
B1, B2, B3 = Coefficients of linear terms
B2, B13, B3 = Coefficients of interactive terms
Bi1, B2z, B3z = Coefficients of quadratic terms.

403

The actual mathematical equation generated by the software is given as follows.

6 =0.60+ 1.34A — 0.38B — 1.67C + 0.42AB + 0.68AC + 0.55BC
+1.86A4% — 1.30B% — 1.39C?

3.7 Results and Their Analysis

The ANOVA table obtained from the software is shown in Table 5. The R square
value of 94% as per Table 6 indicates the goodness of fit. The scatter diagram shown
at Fig. 5 indicates a close clustering of the points around the line of fit again validating
the adequacy of the developed model.

Table S ANOVA analysis

Source Sum of squares |df |Mean square | F-value |p-value

Model 70.98 9 | 7.89 17.63 <0.0001 | Significant
Welding speed | 17.82 17.82 39.84 <0.0001

A4

Current (B) 1.50 1 1.50 3.35 0.0971

Torch angle (C) | 27.74 1 |27.74 62.00 <0.0001

AB 1.41 1 1.41 3.15 0.1064

AC 3.76 1 3.76 8.40 0.0159

BC 2.46 1 2.46 5.50 0.0410

A? 9.51 1 9.51 21.27 0.0010

B? 4.68 1 4.68 10.45 0.0090

c? 5.33 1 5.33 11.92 0.0062

Residual 4.47 10 | 0.4474

Lack of fit 3.62 0.7232 4.22 0.0702 | Not significant
Pure error 0.8578 5 0.1716

Cor total 75.46 19
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Table 6 Fit statistic

Std. dev. 0.6688 R? 0.9407
Mean 0.1914 Adjusted R? 0.8874
C.V.% 349.40 Predicted R? 0.5924
Fig. 5 Scatter diagram Predicted vs. Actual
between actual and predicted -
values

Predicted

I I I I 1 1
-6 -4 -2 0 2 4 6

Actual

The graphical results obtained from response surface methodology are shown in
Figs. 6, 7 and 8.

Interactive Effects of Welding Current and Speed on Angular Distortion

It is clear from Fig. 6 that angular distortion is under interactive influence from
welding current and welding speed. Also, distortion increases initially and later
decreases as welding current increases. The reason could be that the input heat
elevated with the hike in welding current that proceeded extra distortion and later
the effect of welding speed became more pronounced and reduced it.

Interactive Torch Inclination and Welding Speed Effects on Angular
Distortion

Figure 7 depicts that rise in torch angle fluctuates angular distortion which first
increases and then decreases. The reason for the initial increase is due to increase
in torch angle and dissemination of the arc ahead of the weld bead increased, which
infused heat in more area causing more distortion. But at a later stage, the negative
effects of welding speed became more pronounced and reduced the angular distortion.
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Fig. 8 Interactive torch angle and welding current effects

Interactive Torch Inclination and Welding Current Effects on Angular
Distortion

Figure 8 shows the interactive effects of torch angle and welding current on angular
distortion. It is seen that angular distortion escalates with the initial hike in welding
current because of more heat going into the joint. Later, the trend seems to reverse
probably because of the pronounced negative effect of the torch angle.

4 Conclusions

The study of work has extrapolated the following:

e The optimal condition for angular distortion 0.02° is achieved with input param-
eters, namely welding current, welding speed and torch angle at 122.93 A,
32.77 cm/min, and 31.66, respectively.

e Maximum angular distortions observed were of 4.01 and —4.15° in positive and
negative sides, respectively.

e At 125 A welding current, welding speed of magnitude 35 cm/min and torch angle
of 22.5, maximum angular distortion was achieved.

e The input parameter welding speed affects the response parameter angular
distortion negatively, whereas the welding current and torch angle affect positively.



Mathematical Analysis of Angular Distortion in GTAW ... 407

References

1. Devkumar D, Jabaraj DB (2014) Research on gas Tungsten arc welding of stainless steel—an
overview. Int J Sci Eng Res 5(1):1612-1618

2. Malik D, Kumar S, Saini M (2014) Effect of process parameters on angular distortion of gas
tungsten arc welded SS 302 & MS plate. Int J Enhanc Res Sci Technol Eng 3(8):18-24

3. Ramani S, Velmurugan V (2014) Effect of process parameters on angular distortion of MIG
welded AI6061 plates. In: All India manufacturing technology, design and research conference,
12-14 Dec 2014, pp 401.1-401.6

4. Duhan S, Mor A, Malik D (2015) Study of angular distortion of SS 302 and MS plate with
GTAW. Int J Rec Res Aspects 2(2):159-163

5. Sudhakaran R, Murugan VYV, Sivasakthivel PS (2012) Optimization of process parameters to
minimize angular distortion in gas tungsten arc welded stainless steel 202 grade plates using
particle swarm optimization. J Eng Sci Technol 7(2):195-208

6. Mubarok N, Notonegoro H, Thosin K (2018) Comparative mechanical improvement of stainless
steel 304 through three methods. IOP Conf Ser Mater Sci Eng 367:012023. https://doi.org/10.
1088/1757-899X/367/1/012023

7. Steel A (2018). AK Steel 304/304L product data bulletin. Retrieved from AK Steel. https://
www.aksteel.com/sites/default/files/2018-01/304304L201706_1.pdf


https://doi.org/10.1088/1757-899X/367/1/012023
https://www.aksteel.com/sites/default/files/2018-01/304304L201706_1.pdf

Development of a Programmable m
Contour Following Unit for TIG Welding | 2

Palash Hazra, Ashish Kumar, Sanyam Jain, Sourabh Naskar,
and Pradeep Khanna

Abstract Welding is an extensively used joining process in the fabrication industry
owing to its ability to make monolithic structures, vast range of materials joining,
portability and durable joints. Conventionally, TIG welding of different contour is
done manually and hence consumes time, and the weld finish depends on the skill
of the labour. The system designed and developed is an effort to provide a basic
and economic solution to such requirement. It is made up of a robust frame, which
provides stability to the whole set-up. The torch is clamped and follows the profile
of the weldment maintaining a constant arc length throughout the job. An AC motor
dispenses the power to the system which further is reduced with the help of a single
transmission gearbox. The whole arrangement is synchronized and was tested several
times on different profiles and gave satisfactory result on each run.

Keywords Automation * TIG welding + Weld finish + Contour welding *
Microcontroller

1 Introduction

GTA welding is basically a slow process as it requires eye and hand coordination
significantly more than other welding processes, and when it comes to weld the
contours, the effective speed gets even more reduced. Automation is a key tech-
nology necessary for improving the quality and speed of the process with fairly good
reproducibility [1]. Gas tungsten arc welding is known for its high-quality weld and
could promote its development in the industry [2]. TIG welding is known for its
high weld quality and is highly used in practices such as vessel and pipe welding
[3]. Increase in competition has formed the need for innovation [4]. Conventionally,
contours are welded manually and hence is time consuming and requires high skill
and manoeuvrability on the part of the welder. The present work is an effort to design
and build a system so that contours can be welded automatically with fairly good
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degree of repeatability and dependence on the welder’s skills can be done away with.
To remain competitive, there is a need to produce products at lower prices and higher
quality [5]. The system developed can be operated easily to weld contours with the
ability to keep the arc length constant throughout irrespective of the shape and size
of the contour and maintains a constant arc length throughout. To ensure the stability
of the system, the structure made is sturdy to absorb vibrations. The torch is held
firmly and is clamped tightly by C-clamps, and hence, it can easily trace the profile
of the weldment maintaining a constant arc length throughout the job. A 1440 rpm
rated AC motor delivers the power to the system which further intentionally reduced
to 360 rpm through a single transmission gearbox of transmission ratio of 1/4, to get
the desired translatory speed of the torch. Arduino UNO microcontroller has been
used to control the pulses for two stepper motors with four start lead screw, which
facilitates the vertical motion of the torch. Different current load and speed are used
for different materials and thickness. Since it is an automated system, speed and
current can be altered as needed.

2 The Design Set-Up

The actual depiction of the developed system is shown in Figs. 1 and 2:
The whole set-up can be explained and categorized as follows.

2.1 Actuation

It consists of two segments:

LEADSCREW
SUPPORTING
SHAFT
BUSH
C-CLAMPS
FRAME

Fig. 1 Front view of the system
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STEPPER MOTOR
WELDING
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WORKPIECE TUNGSTEN
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Fig. 2 Welding torch holding unit

e An AC motor coupled with a single transmission gearbox is used to drive the
welding torch in horizontal direction.

e Two stepper motors with four start lead screw are used for the vertical motion of
the welding torch holding unit.

In this manner, the welding torch can smoothly and easily trace the profile of the
workpiece to be welded.

2.2 Control Unit

The Arduino UNO microcontroller is used to command the stepper motors in a
prescribed manner in order to weld the given contour of the job whose program (set
of codes) is provided in the later segment of this work.

2.3 Torch Holding Mechanism

The GTAW torch is held in an indigenously designed holding unit with the provisions
for precise vertical movement. It is ensured that the smoothness and accuracy of the
movement are of highest possible level, because the same has to follow the profile
of the workpiece to be welded.

3 Working

The developed system is shown in Fig. 3. The working of the same can be described
as follows:

e The workpiece is clamped securely on to the base plate in a required manner.
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SPROCKET 2 TORCH HOLDING UNIT

CHAIN WORKPIECE
STAR COUPLING

GEARBOX

SPROCKET 1 AC MOTOR

Fig. 3 Side view of the system

e After ensuring the correct positioning of the torch on to a specially developed
torch holder and setting the welding power source at desired input parameters,
the system is turned on.

This energizes the horizontal traverse of the weld torch unit.

e The moment welding torch reaches the weld start point on the clamped workpiece;
the welding arc is triggered.

e The contour of the workpiece is followed by the welding torch according to the
already selected programme accessed from the library.

e During the movement of the torch over the contour, it is ensured that a constant
arc gap is maintained throughout the traversing movement of the torch, otherwise
the weld quality may get adversely affected.

e Once the torch reaches the end point of the contour weld line, the power supply
is turned off.

Upon inspecting the weldment, it has been found that it is free from any visible
irregularity. The result has been validated by running torch several times on the weld
profile with almost the same results every time.

3.1 Flow Chart of Working

The schematic functioning of the set-up can be summarized and easily interpreted
by the following flow chart.
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4 Prefeed Program

#include <AFMotor.h>
String MMICRO="” MICROSTEP”;
String MBACK="BACKWARD”;
String MFOREW="FORWARD";
AF Stepper motor (48, 1);
void setup () {
Serial.begin (9600) ;
Serial.println("Stepper test!");
motor.setSpeed (300) ;
}
void loop () {
motor.step (300, MBACK, mMicro);
GOMFOREWS () ;
GOMFOREW10 () ;
GOMFOREW20 () ;
motor.release(); delay(64000);
GoMBACKS5 () ;
GoMBACK1O0 () ;
}
void GoMFOREWS () {
motor.step (5, MFOREW, mMicro)
motor.step (5, MFOREW, mMicro); timeLap (
motor.step (5, MFOREW, mMicro); timeLap (
motor.step (5, MFOREW, mMicro); timeLap (
motor.step (5, MFOREW, mMicro); timeLap (
motor.step (5, MFOREW, mMicro); timeLap (
}
void GoMFOREW1O0 () {
motor.step (10, MFOREW, mMicro)
motor.step (10, MFOREW, mMicro)
motor.step (10, MFOREW, MMICRO)
motor.step (10, MFOREW, MMICRO); timelap
motor.step (10, MFOREW, MMICRO); timeLap
motor.step (10, MFOREW, MMICRO); timeLap
motor.step (10, MFOREW, MMICRO); timeLap
(10 )
(10 )
(10 )
(10 )
(10 )

; delay (500);

’
’
’

)
)
)
)
)

’

; timeLap () ;
; timeLap

; timeLap

’

’

’

’

)
)
)
)
)
)i
).
)
)
)
)
)

’

’

motor.step MFOREW, MMICRO); timelap
motor.step MFOREW, MMICRO
motor.step MFOREW, MMICRO
motor.step MFOREW, MMICRO
motor.step MFOREW, MMICRO

; timeLap () s
; timeLap
; timeLap

; timelap

’

’

~ o~ o~~~ o~~~ o~~~ —~

’



Development of a Programmable Contour Following Unit ... 415

void GoMFOREW20 () {
motor.step (20, MFOREW, MMICRO)
motor.step (20, MFOREW, MMICRO)
motor.step (20, MFOREW, MMICRO); timeLap (
motor.step (20, MFOREW, MMICRO); timeLap (
motor.step (20, MFOREW, MMICRO); timeLap (

(20 )

(20 )

(20 )

’

; timeLap (
; timeLap (

’

’

’

)
)
)
)
)
0
0
0

motor.step MFOREW, MMICRO); delay(500);
motor.step MFOREW, MMICRO); delay(500);
motor.step MFOREW, MMICRO); delay(500);

}
void GoMBACKS5 () {
motor.step (5, MBACK, MMICRO); timeLap ()
motor.step (5, MBACK, MMICRO); timelLap();
(5 ) ()
(5 ) ()

’

’

motor.step (5, MBACK, MMICRO); timelLap
motor.step (5, MBACK, MMICRO); timelLap

’

}
void GoMBACKI1O0 () {
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO) ()
motor.step (10, MBACK, MMICRO); timelLap();
motor.step (10, MBACK, MMICRO); timeLap();
motor.step (10, MBACK, MMICRO); timeLap ()
(10, ) ()
(10, ) ()
(10, ) ()
(10, ) ()
(10, ) ()
(10 ) ()
(10 ) ()
(10 ) ()
(10 ) ()

timelap

; timeLap
; timeLap
; timeLap
; timeLap
; timeLap
; timeLap
; timeLap
; timelap

’
’

’

’

’

’

’

’

’

’

’

motor.step MBACK, MMICRO); timeLap
motor.step MBACK, MMICRO
motor.step MBACK, MMICRO
motor.step MBACK, MMICRO
motor.step MBACK, MMICRO
MBACK, MMICRO
MBACK, MMICRO
MBACK, MMICRO
MBACK, MMICRO

; timeLap () ;
; timeLap
; timeLap

; timeLap

’

’

’

’

motor.step
motor.step
motor.step
motor.step

; timeLap
; timeLap
; timeLap
; timeLap

’

’

’

}

Void timeLap () {
delay (1000);

}
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4.1 Flow Chart for the Code
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5 Cost Analysis

S. No. | Item Quantity | Price/unit (Rs.) | Cost (Rs.)

1. Shaft (@10 mm) 1 110/- 110/-

2. Lead screw (@16 mm) 1 450/- 450/-

3. Ball bearing (6202) 2 100/- 200/-

4. Roller chain (12.5 mm) 2m 100/- 200/-

5. Sprocket (12.5 mm) 2 100/- 200/-

6. Mild steel flat (10 mm x 50 mm x 1220 mm) |4 ft 225/- 1100/-

7. Angle bar (30 mm x 30 mm) 6 ft 30/- 180/-

8. Stepper motor (12 V, 1 A) 2 800/- 1600/-

9. Microcontroller (Arduino UNO) 1 900/- 900/-

10. C-clamps (100 mm) 2 30/- 60/-

11. Star coupling (12.5 mm) 1 100/- 100/-

12. AC motor (220 V, 1440 rpm) 1 1700/- 1700/-

13. Reduction gearbox (gear ratio—1/4) 1 3000/- 3000/-
Total cost 10,000/-

6 Importance of the Proposed Model

The industrial systems available in the market to perform profile welding are very
costly, sophisticated and high-end products, with complex and highly specialized
software and control systems. It may therefore not possible for the small- and
medium-sized industries engaged in profile welding jobs to afford such elaborated
systems.

The present developed system however conceptualizes a very cheap and robust
alternative to the above-mentioned industrial systems and has successfully been
tested. The authors believe that if the same concept is commercialized, the system
can cost effectively produce profile welds with reasonable accuracy.

7 Result

The developed system has been run and tested several times on different work profiles
with different input parameters by feeding the corresponding program to the micro-
processor from the library, and it is giving satisfactory performance with good quality
of welds.
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(b)

Fig. 4 Welding at 55 A a Work profile, b Weldment

Figures 4a and 5a reveal the weld profile, whereas Figs. 4b and 5b indicate the
weld bead appearance without any major weld defects. It can also be observed that
the width of the weld bead is constant throughout the length of the weld profile.

8 Future Scope

The authors believe, though the system developed has many useful features from the
industrial application view point but still following additions may be made in future:

Provision of different welding speeds.

Provision of three-dimensional movements.

Ability to accommodate wide variety of profiles to be welded.

Provision can also be made for self-assessment of the profile to be welded so as to
avoid prefeeding of the given profile details into the system each time the profile
changes.
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(b)

Fig. 5 Welding at 45 A a Work profile, b Weldment

9 Conclusions

The following conclusions can be drawn from the carried-out work:

1. The microcontroller Arduino UNO has been found to give adequate competence
to perform such tasks.

The speed of the system can be changed as per the requirements.

The developed system is simple to handle and less complicated.

The present set-up provides only two-dimensional motion.

Cost and space requirement of the whole set-up is less.

If commercialized, the system with minute changes, and modification can
successfully be used in assembly lines effectively.

7. The present system does not offer range of speeds.

A
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Modal Analysis of a Pre-stressed )
Quadcopter Propeller Using Finite i
Element Analysis

Faraz Ahmad, Pushpendra Kumar, and Pravin P. Patil

Abstract A quadcopter is a multi-rotor-type helicopter that is lifted and propelled
by four propellers. These propellers were driven by four DC motors. The difference
in angular speeds of propellers is responsible for roll, pitch, and yaw motions. Nowa-
days, research in the field of unmanned aerial vehicles (UAV) is increasing because
of their interesting applications. During the flight of a quadcopter, the propellers are
subjected to thrust forces and vibrations. The main objective of this study is to find
out the natural failure frequency of a propeller and the best-suited material which can
sustain the loading and vibration during the flight. The CAD model of a propeller
is designed in Creo 2.0 design software, and ANSYS 16.2 is used to analyze the
vibration frequency. In this paper, the propeller is subjected to a thrust force of 50 N.
Furthermore, modal analysis has been performed to find out the resonance frequency
under pre-stressed condition. The obtained simulation results are validated with the
previous works in the existing literature.

Keywords Quadcopter - Propeller - Vibration frequency * Resonance - Pre-stress

1 Introduction

A quadcopter UAV is a demanding mechatronics device because of its interesting
applications in many areas such as industries, transportation, surveillance, military
operations, and many more. It provides robustness in flight with vertical take-off
and landing capability. A quadcopter consists of four propellers mounted at the end
of each arm. Three-dimensional (3D) motion of a quadcopter is governed by the
rotary combination of these propellers. Figure 1 shows the schematic diagram of a
quadcopter, where F';, F», F3, and F4 show the thrust forces of all four propellers
generated by the angular speeds w;, w;, w3 and wy, respectively. These propellers
generate more thrust force compared to a classical helicopter. That is why it can
carry more payload and can fly safely with better flight control [1]. The difference in
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Fig. 1 Quadcopter
schematic representation

1

¥

F| and F5 governs the left-right motions using roll, and the difference in F, and F4
governs the forward—backward motions using pitch. When all four propellers rotate
with the same angular speed, it will result in the vertical motion of the quadcopter
[2].

The structural strength of the quadcopter frame also plays an important role in
working performance. Many researchers are working on quadcopter flight improve-
ment considering the structural strength. Kuantama et al. [1] calculated the air pres-
sure around the propeller. Ahmed et al. [3] presented the aerodynamic and structural
analysis of the quadcopter frame. F450 quadcopter frame was analyzed for total
deformation, and the obtained result was under considerable limits. Penkov et al.
[4] calculated the shroud influence on the lift force using the CFD analysis. The
result of the lift force was compared with and without the shroud. Kumar et al. [5]
designed the multi-mode vehicle type quadcopter, which can drive on the ground
and fly as well. Furthermore, the finite element analysis was performed to check the
performance of different components for the structural strength. In [6], modal anal-
ysis of the quadcopter propeller was performed to calculate the natural frequencies
but the propeller was not subjected to pre-loading conditions. In [7, 8], aerodynamic
performance was analyzed by a quadcopter propeller.

The main objective of this study is to find out the resonance frequency with the
application of applied thrust force (this thrust force generate stress in the propeller
and make the propeller pre-stressed). Hence, in this paper, a quadcopter’s propeller is
analyzed with pre-stressed conditions due to the effect of the thrust force acting on the
propeller. The modal analysis has been performed on a quadcopter’s propeller with
the pre-stressed condition, and the natural frequencies of vibration are calculated.
Three different materials are used for the analysis and compared for their respective
performances. The present paper is arranged in five sections; (1) presents the intro-
duction with literature; (2) demonstra