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Preface 

“Recent Advances in Materials” comprises a collection of research and review articles 
presented at the 1st International Conference on Sci/Tech and Engineering (ICSTE 
23). It was organized by the National Institute of Technology (NIT), Manipur, Langol, 
Imphal, on February 17–18, 2023. 

Eminent speakers like Prof. Manoj Gupta, National University of Singapore, 
Singapore; Prof. Bharat Dahiya, Thammasat University, Thailand; Prof. Surender 
Kumar, Ex. Prof. (BIT Mesra), India; Prof. Sawan Suman Sinha, IIT Delhi, India; 
Prof. Abhishek Dey, Indian Association for the Cultivation of Science, Kolkata, 
India; Prof. Bimlesh Kumar, IIT Guwahati, India, and Dr. Sanjeet Kumar Dwivedi, 
Green Hydrogen-based Danish MNC, Denmark, shared their knowledge and expe-
rience. The conference was attended and enriched by participants from numerous 
institutes such as IITs, NITs, NEHU, BIT, VIT, MIT Manipur, Manipur University, 
IIEST Kolkata, and abroad; several speakers deliberated on their research works. In 
addition, the paper presentations were accompanied by six keynote addresses from 
leading academic and industrial researchers around the globe. Out of 268 papers, 
138 papers were selected for publication in the ICSTE 23 Proceedings. 

The review committee has done an excellent job in reviewing articles and 
approving high-quality research articles to be published in the conference proceed-
ings. The editors are thankful to all the faculty members and students of various 
committees for their dedication in making it a very successful conference. Thanks to 
the staff of Springer for making the publication of this book possible. We sincerely 
hope that it will inspire researchers/scientists to explore the potential in the diverse 
upcoming research fields. 

Imphal, India Dr. Bibhu Prasad Swain 
bpswain@nitmanipur.ac.in
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Chemical Compositions of Ground 
and Unground Rice Husk Ash Produced 
by Uncontrolled Burning 

Rajiv Sharma Leihaothabam and Khwairakpam Sachidananda 

1 Introduction 

With the rapid increase in infrastructural development, there is also an increase in 
the production of cement. But, cement production leads to environmental pollution 
due to the emissions of greenhouse gases [1]. So, many researchers are exploring 
different substitutes for cement. Rice husk ash (RHA) is the ash that is left over after 
burning rice husk. This rice husk ash possesses high silica content, making it one 
of the potential pozzolanic material for cement replacement [2]. Additionally, by 
incorporating RHA into cement, environmental issues caused by the disposal of rice 
husk waste will be reduced [3]. 

Amorphous silica contained in RHA contributes to the pozzolanic reaction in 
cement. C-S-H gel is created when the reactive silica in RHA combines with the 
calcium hydroxide created during the cement hydration. It undergoes reaction with 
calcium hydroxide in cement to form silica gel. RHA’s pozzolanic activity has an 
impact on the characteristics of concrete [4–6]. 

The majority of the research focused on controlled burning and ground RHA after 
Mehta’s investigation in the early 1970s, which claimed that highly reactive RHA 
can be produced through controlled combustion and that the pozzolanic activity of 
the RHA depends on its fineness and the temperature in which it is burned. [7]. Many 
researchers have investigated the usage of RHA as a pozzolanic material [8–10]. 

While most researchers are focused on the controlled burning of RHA, few have 
studied the uncontrolled burnt RHA [4, 11–13]. But, no literature is available in the 
comparative study of ground and unground RHA produced by uncontrolled burning. 
Ground RHA is ash that is grounded to fine ashes along with the unburnt carbon 
particles. Unground RHA is ash that is directly sieved without grinding. This paper

R. S. Leihaothabam (B) · K. Sachidananda 
Department of Civil Engineering, National Institute of Technology Manipur, Imphal, 
Manipur 795001, India 
e-mail: rajivleihaothabam@gmail.com 
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gives a comparative study on the amorphous nature and the chemical compositions 
of ground and unground RHA produced by uncontrolled burning. 

2 Materials and Methods 

2.1 Materials 

Rice husks, collected from a local rice mill in Imphal, Manipur, were washed with 
water to remove unwanted particles and sundried for 48 h. Then, they were burnt in 
an uncontrolled condition using a local earthen furnace (Fig. 1). Two types of RHA 
were prepared (Fig. 2): 

(a) Ground RHA: The ash was ground for 10 min and sieved through 90-micron 
sieve. 

(b) Unground RHA: The ash was sieved directly through 90 microns sieve without 
grinding.

Fig. 1 a Burning of rice 
husk in a local earthen 
furnace b RHA left after 
burning 

Fig. 2 a Ground RHA 
b unground RHA 
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Fig. 3 XRD pattern of 
ground and unground RHA 

2.2 Methods 

2.2.1 XRD and EDX Analysis 

XRD test was done to analyze the crystalline and amorphous nature of RHA. XRD 
analysis was done with a 2-theta angle limit of 10–60. EDX analysis was done to 
understand the elemental compositions of the two samples of RHA. 

3 Results and Discussion 

3.1 Nature of the Samples 

The XRD plot of the two rice husk ash samples was observed (Fig. 3). The diffraction 
patterns were almost similar between them. Board peaks spanning a 2-theta angle 
range of 18–25 indicate that the RHA samples have a high amount of silica which 
are amorphous in nature. 

3.2 Chemical Compositions 

EDX analysis of the two RHA samples was done. The analysis showed that both 
of them have high silicon content which agreed with the XRD results indicating the 
content of high amount of silicon compound (Figs. 4 and 5).

The chemical compositions of ground RHA and unground RHA done by using 
EDX analysis were given in Table 1.

It was observed that unground RHA have higher amount of silicon than the ground 
RHA, which might help in the development of strength in concrete. On the other hand,
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Fig. 4 EDX analysis of 
ground RHA 

Fig. 5 EDX analysis of 
unground RHA

Table 1 Chemical 
compositions of ground RHA 
and unground RHA 

Chemical 
compositions 

Ground RHA (%) Unground RHA (%) 

Si 66.26 73.64 

Al 0.79 1.32% 

O 4.17 4.80 

C 17.16 2.35 

K 5.77 6.59 

Na 0.13 0.00 

N 0.86 0.00 

Ca 2.51 7.02 

Mg 0.75 0.81 

P 1.59 3.47

ground RHA have higher amount of carbon content due to the mixing of unburnt 
carbon particles while grinding. This might negatively affect the strength of concrete.
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4 Conclusion 

This comparative study revealed that both of the ground and unground rice husk ashes 
produced by open burning have high amount of amorphous silica. Additionally, it 
was found that unground rice husk ash has a larger silicon concentration than ground 
rice husk ash, which indicates a higher silica percentage. Both the unground and 
ground rice husk ashes might be suitable for partial cement replacement. Unground 
RHA might be more favorable compare to ground RHA for partial replacement of 
cement due to higher silicon compound. 
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Characteristics Studies of GGBS 
and Metakaolin-Based Geopolymer 
Composite 

Chungkham Jinita Devi, Nirmala Thoudam, Tanya Lairikyengbam, 
and Suresh Thokchom 

1 Introduction 

The rapid increase in industrialization, urbanization, innovations, and development in 
many fields in almost every part of the world has brought an appalling condition of the 
environment. With the growth of the human population, the demand for construction 
industries has increased to fulfil all human necessities [1, 2]. The main ingredient 
that is used as a binding agent in concrete is cement. Since the demand for concrete 
is increasing, the production of cement will also increase simultaneously. Cement 
manufacturing plants are accountable for about 5–7% of all CO2 emissions since 
the production of one tonne of cement emits approximately 0.9 tonnes of CO2 into 
the atmosphere [3, 4]. In recent decades, researchers have been pursuing in many 
fields to decrease the level of CO2 emissions into the atmosphere. The exertion 
use of supplementary cementitious materials such as GGBS, rice husk ash, fly ash, 
metakaolin, red mud, silica fume which are of natural origin or industrial waste 
by-products have been encouraged in construction industries in order to reduce the 
global CO2 emission into the atmosphere [5, 6]. 

One of the efforts that have been put up to reduce cement production is the devel-
opment of geopolymer, which has emerged as a new environment-friendly construc-
tion material in order to reduce environmental carbon footprints. Geopolymer is 
a new emanating cementless binder first synthesized by Joseph Davidovitis in the 
1970s. Geopolymers are formed by materials that are rich in silica and alumina 
like metakaolin, fly ash, GGBS, silica fume, etc. with a solution of alkali or alkali
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salts [7]. The source materials are required to undergo polymerization which is an 
aluminosilicate material and alkaline activator solution [8–11]. 

The present study investigates the characteristics and properties of the effect 
of blending percentage of GGBS and metakaolin activated with sodium silicate 
(Na2SiO3) and sodium hydroxide (NaOH) solution. Three series of geopolymer mix 
were studied with the ratio of GGBS: metakaolin (MK) as 100:0, 95:5, 90:10. The 
microstructural and chemical composition of the resulting geopolymer has been 
characterized by SEM, EDAX, and XRD. 

2 Experimental 

2.1 Materials Used in the Study 

GGBS, metakaolin (MK), sodium silicate (Na2SiO3), sodium hydroxide (NaOH), 
and water are the materials used in the study. GGBS sourced from JSW cement, 
Quality Polytech, and Mangalore was used for the study. Metakaolin was collected 
from AJ Corporation, Mumbai. The alkaline activator solution that was utilized in 
the study was an amalgamation of Na2SiO3 and 9 M NaOH solution, and they were 
collected from Bharath corporation, Guwahati. 

2.2 Specimen Preparation 

In this study, different amounts of GGBS and metakaolin (MK) were blended 
to prepare the specimen. The required quantities of GGBS and MK were taken 
according to the proportion, i.e. 100:0, 95:5, 90:10. The activator solution of 9 M 
NaOH and Na2SiO3 was prepared and was kept for one day prior in ambient temper-
ature. On the next day, the activator solution was then mixed with the required 
quantities of GGBS and MK to get the desired geopolymer mix. 

The mix was prepared in a nonabsorptive container and was then transferred into 
the cube mould of size 50 × 50 × 50 mm and was vibrated in a vibrating table for 
about 1–3 min to get rid of the entrapped air from the specimen. The specimens 
were demoulded after 24 h and were kept at ambient temperature for 28 days or until 
tested. Details of the sample mix proportion are given below in Table 1. 

Table 1 Details of the 
specimen mix Specimen Code GGBS % Metakaolin % 

MG0 100 0 

MG5 95 5 

MG10 90 10
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2.3 Test Procedure 

The direct compressive strength of the geopolymer samples was determined at the 
age of 28 days of curing as per ASTM C109 [12]. After the compressive strength 
test, the broken pieces of the specimen were collected. The broken specimens were 
used to study the microstructure of the sample and the quantification of elements 
using SEM and EDAX. Further, the broken specimens were ground to a fine powder 
and sieved through 45 microns mesh sieve to study the mineralogical composition 
of the specimen using XRD. 

3 Result and Discussion 

3.1 Compressive Strength 

The values given in the Fig. 1 were the average of three samples. Specimen MG0, 
MG5, and MG10 indicate compressive strength of 40, 43.5, and 48 MPa. The test 
result shows that the strength of the samples increases with the increasing percentage 
of metakaolin dosage. 

3.2 Scanning Electron Microscope (SEM) 

The microstructure of the geopolymer paste specimen was studied through a scan-
ning electron microscope while elemental quantification of the specimens was done 
by energy dispersive X-ray (EDAX) analysis. The microstructure of 100% GGBS 
and blended GGBS with metakaolin are shown below in Fig. 2. Images of the spec-
imens indicate the formation of the gel. However, the incorporation of metakaolin
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(a) MG0 specimen (b) MG5 specimen 

(c) MG10 specimen 

Fig. 2 SEM image of the geopolymer paste specimens 

into GGBS results in more dense intermolecular face bonding as compared to the 
GGBS100% (MG0) specimen. It is observed that MG10 specimens form better gel 
formation as compared to the other two specimens. 

3.3 Energy Dispersive X-ray (EDX)/(EDAX)analysis 

Quantification of the elements was studied through EDAX. Figure 3 and the 
tables given below shows the EDAX spectra of all the geopolymer paste spec-
imen presenting major elements such as Calcium-Ca, Silicon-Si, Aluminium-Al, 
and Sodium-Na are shown in Tables 2, 3 and 4 while other elements such as Carbon-
C, Oxygen-O, Magnesium-Mg, Phosphorus-P, Sulphur-S, Chlorine-Cl, Potassium-
K, Titanium-Ti, Manganese-Mn, Iron-Fe, Cobalt-Co, Copper-Cu were noticed as 
traces. EDAX spectra of unblended paste specimen MG0 indicated a high weight
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percentage of calcium. As the metakaolin content in the blended specimen MG5 and 
MG10 increases, the intensity of calcium is observed to decrease while that of silicon 
where noticed to increase.

3.4 X-ray Diffraction Analysis 

Figure 4 indicates 2θ(degree) in the X-axis horizontal and intensity counts in the 
Y-axis vertical. It is observed that GGBS unblended paste specimen peaks of quartz 
observed at around 27 and 30° 2θ and calcite is observed at 32° 2θ. In GGBS 
blended with metakaolin paste specimen peaks of quartz and kaolinite were noticed 
at around 27 and 30° 2θ for quartz and 33° 2θ for kaolinite. All the XRD pattern indi-
cates amorphous nature. Blending GGBS with metakaolin produces peaks of kaoli-
nite. However, the calcite present in the unblended GGBS paste specimen was not 
observed in the blended geopolymer specimen near the point where it was observed.

4 Conclusion 

The effect of blending different percentages of metakaolin to GGBS was experi-
mentally investigated. It is noticed that the compressive strength of the geopolymer 
was improved by adding 10% metakaolin to GGBS. The microstructure of the addi-
tion of metakaolin to GGBS is more homogenous and densified than 100% GGBS 
geopolymer. 

The EDAX spectra of the unblended geopolymer paste specimen of GGBS-MG0 
indicated a high weight percentage of calcium. As the metakaolin content in the 
blended specimen MG5 and MG10 increases, the intensity of calcium is observed to 
decrease while that of silicon where noticed to increase. A 10% addition of metakaolin 
to GGBS-based geopolymer is considered to be the optimum percentage of blending.
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Fig. 3 EDAX spectra result of the geopolymer paste specimens (a), (b), (c)
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Table 2 The major element 
of the MG0 specimen Elements Wt % At % 

Si 20.08 18.78 

Ca 31.14 20.41 

Na 13.02 14.87 

Al 7.20 7.01 

Mg 2.76 2.98 

Table 3 Major elements of 
MG5 specimen Elements Wt % At % 

Si 24.85 23.93 

Ca 28.45 19.20 

Na 11.99 14.10 

Al 10.34 10.36 

Mg 3.11 3.46 

Table 4 Major elements of 
MG10 specimen Elements Wt % At % 

Si 28.72 26.18 

Ca 25.28 16.15 

Na 6.30 7.02 

Al 11.83 11.23 

Mg 3.72 3.91

Fig. 4 XRD patterns of 
MG0, MG5, and MG10 
(Q-quartz, C-calcite, 
K-kaolinite)
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Study on a GGBS-Based Geopolymer 
Composites 

Nirmala Thoudam, Tanya Lairikyengbam, Chungkham Jinita Devi, 
and Suresh Thokchom 

1 Introduction 

Due to industrialization and rapid growth of population, there has been increasing 
use of cement which cause a rapid rise in the level of carbon dioxide (CO2) into  
the atmosphere [1]. According to reports, cement production accounts for 5–7% of 
all worldwide carbon dioxide emissions into the environment. Hence, to protect the 
environment and to conserve limestone ore to some extent, we must come up with 
a sustainable alternative for ordinary Portland cement [2, 3]. Geopolymer concrete 
is a new innovative concreting technology which emits lesser carbon dioxide and is 
considered as a green concrete [4]. It not only reduces emission of carbon dioxide 
but also utilizes large amount of industrial wastes such as ground granulated blast 
furnace slag (GGBS), granite waste powder, fly ash, silica fume [5]. Davidovits, a 
French academic, introduced “geopolymer” in 1978 [6]. The source of aluminosili-
cate minerals and an alkaline activator are the two essential elements of geopolymer 
concrete. By activating the alumina and silica-rich components with an alkaline 
activator solution, geopolymer binder is created. The widely used alkaline activator 
solution is a combine solution of sodium silicate (Na2SiO3) and sodium hydroxide 
(NaOH) [7–9]. Combination of potassium hydroxide and potassium silicate solution 
can also be used. In previous studies, fly ash has been the most often employed 
ingredient in the production of geopolymers [10, 11]. GGBS as a source material 
is also found in some literature. However, blending of silica fume with GGBS in 
manufacturing geopolymer composites has not been reported yet by any authors.

N. Thoudam (B) · T. Lairikyengbam · C. J. Devi 
Research Scholar, Department of Civil Engineering, Manipur Institute of Technology, Takyelpat, 
Manipur 795001, India 
e-mail: thnirmala12@gmail.com 

S. Thokchom 
Department of Civil Engineering, Manipur Institute of Technology, Manipur University, Imphal, 
India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. P. Swain (ed.), Recent Advances in Materials, Springer Proceedings in Materials 25, 
https://doi.org/10.1007/978-981-99-3844-5_3 

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3844-5_3&domain=pdf
mailto:thnirmala12@gmail.com
https://doi.org/10.1007/978-981-99-3844-5_3


16 N. Thoudam et al.

Table 1 Physical properties 
of materials Property GGBS Silica fume 

Colour Whitish Grey Black 

Form Fine powder Fine powder 

Particle size <75 microns <75 microns 

Through the partial blending or replacement of GGBS with silica fume up to 10% 
in equal increments of 5%, this work aims to investigate the impact of silica fume on 
various characteristics of GGBS-based geopolymers. The tests carried out included 
various destructive and non-destructive tests on the geopolymer specimens such as 
compressive strength, bulk density, water absorption, rebound hammer, ultrasonic 
pulse velocity. The outcome of the present work might serve as a useful information 
in the field of geopolymer for suitable applications in construction activities. 

2 Experimental 

2.1 Materials 

GGBS, silica fume (SF), NaOH, Na2SiO3, and water were the ingredients utilized to 
make the geopolymer composites. Alkaline activator solutions of sodium hydroxide 
and sodium silicate are employed to activate the binders. Table 1 displays the 
aluminosilicate materials’ physical characteristics. 

2.2 Specimen Preparation and Details 

For the preparation of geopolymer composites, initially required quantities of sodium 
hydroxide (NaOH) pellets and water were mixed in a glass beaker to make sodium 
hydroxide solution of desired molarity. For this study, 9 M NaOH solution was used. 
The prepared sodium hydroxide solution was then mixed with required amount of 
sodium silicate solution in the proportion of 1NaOH: 2Na2SiO3 to make activator 
solution. Before utilizing the resulting activator solution to prepare the geopolymer 
mix, it was allowed to sit at room temperature for 24 h. GGBS and SF were mixed in 
dry condition before the addition of alkaline solution to get the homogenous slurry. 
It was then transferred into the mould of size 50 × 50 × 50 mm and vibrated for 
around 2–3 min in a vibrating machine to remove entrapped air. The specimens 
were removed after 24 h and then kept in room temperature for 28 days for curing. 
Table 2 shows the details of geopolymer specimens mix casted for the experimental 
programme.
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Table 2 Details of paste 
specimens Specimen ID GGBS (%) SF (%) 

SO 100 0 

S5 95 5 

S10 90 10 

Table 3 Rebound hammer 
test results Specimen Compressive strength (N/mm2) 

SO 44 

S5 49 

S10 54 

3 Results and Discussion 

3.1 Rebound Hammer Test of the Specimens 

Compressive strength of the specimens in N/mm2 can be determined by calibration 
from the graphical chart attached in the rebound hammer with the rebound number 
obtained from the test. Table 3 presents the quality grading of the specimens with 
respect to the rebound number as per IS-13311 part-2, 1992. Up to 10% replacement 
of GGBS by SF, the quality grading of the geopolymer specimen is very good. It has 
been found that compressive strength rises as silica fume dosage is increased. 

3.2 Ultrasonic Pulse Velocity (UPV) Test 

The quality of the specimen as per IS-13311(1992)-part-2 are given in the Table 4. 
Similar to the results obtained in rebound hammer test, geopolymer specimens made 
by replacing GGBS with SF up to 10% yields good quality. The information from 
rebound hammer and ultrasonic pulse tests could be related to other properties 
including the compressive strength of the specimens. 

Table 4 UPV test results 
Specimens Pulse velocity by cross probing 

(km/s) 
Quality grading 

SO 4.386 Good 

S5 4.032 Good 

S10 3.87 Good
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3.3 Water Absorption 

The geopolymer composites durability is tested using a water absorption test. The 
geopolymer specimens are dried in an oven at a specific temperature and time for 
the water absorption test, after which they are put in desiccators to cool. According 
to the test results, the specimen’s percentage of water absorption reduces as silica 
fume dosage is increased. The reduced water absorption was caused by the particle’s 
poor porosity. The amount of pore space or porosity in a hardened geopolymer that is 
occupied by water when it is saturated is measured by the water absorption percentage 
(Fig. 1). 

3.4 Bulk Density 

Figure 2 displays the specimens’ results for bulk density. It is obvious from the graphic 
that adding silica fume to GGBS-based geopolymer enhances bulk density. This 
might be as a result of the specimens getting denser as replacement goes up. The S10 
specimen has the largest bulk density, measuring 20.26 kN/m3. These numbers might 
be connected to other physical characteristics like porosity and water absorption.

3.5 Compressive Strength 

Figure 3 displays the geopolymer specimens’ compressive strength data, which was 
conducted in compression testing machine. As anticipated, the replacement of GGBS 
by silica fume increased as seen in the geopolymer specimens. The greatest compres-
sive strength of 47.5 N/mm2 was achieved by a geopolymer specimen containing 
10% silica fume. The specimen with the lowest strength was S0, a geopolymer made 
entirely of GGBS with no substitutes.
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Fig. 2 Bulk density of 
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3.6 Water Sorptivity 

Sorptivity is an important property with respect to durability. Sorptivity test has been 
performed on the specimens. Figure 4 show the plot of increase in mass per unit 
area vs 

√
time. It is observed that specimen S0 gives highest sorptivity among the 

specimen whereas specimen S10 results in least sorptivity. This could be due to 
higher porosity in specimen with 100% GGBS-based geopolymer.

4 Conclusions 

The conclusions that are made from the current experimental study are as follows:

1. GGBS-based specimens exhibit very good properties in terms of strength and 
physical properties. 

2. With the increase in dosage of silica fume, the compressive strength of the 
geopolymer specimen increases.
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Fig. 4 Water sorptivity

3. Because they are lower in weight, geopolymer composites may be used to build 
towering structures as their bulk density rises with the amount of silica fume 
used. 

4. The GGBS geopolymer replaced with silica fume up to 10% resulted in good 
quality grading as per UPV tests. 

Blending silica fume in some suitable proportion with GGBS in making 
geopolymer could result in economy in construction works. Moreover, due to lighter 
weight, it might prove to be beneficial in regions of high seismic zones. 
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Characterization of GGBS-Based 
Geopolymer Blended with RED MUD 
Using EDAX and XRD 

Tanya Lairikyengbam, Chungkham Jinita Devi, Nirmala Thoudam, 
and Suresh Thokchom 

1 Introduction 

The solid waste produced during the manufacture of alumina is known as red mud. It 
is the most highly desirable industrial waste require for utilization [1, 2]. Iron oxides, 
which give red mud its colour, are among the many oxides that make up the substance. 
Red mud is a form of industrial waste created when alumina is generated from bauxite 
ore using Bayer’s process [3]. Because of its high alkalinity of red mud [4], it poses a 
risk to both the environment and human health [5]. The largest difficulty in reducing 
its impact is finding an efficient, inexpensive disposal method for alumina. Currently, 
hazardous waste is dumped into deep ocean or into waterbodies like rivers or the sea 
via pipelines or barrages [6–8]. However, red mud waste discharge into aquatic bodies 
was discontinued starting in 2016. Disposal of red mud residue into the environmental 
needs to be control. Massive efforts have been undertaken by today’s researchers to 
treat, recycle, and use red mud [9–13]. Geopolymer was first proposed by davidovites 
in the year 1978. Geopolymer is becoming more popular as an alternative binder in 
experimentation and development. Geopolymer is a highly cementitious material 
prepared by rich aluminosilicates [1, 3] raw material like ground granulated blast 
furnace slag, fly ash, coal gangue, etc. [14, 15], which can replace ordinary Portland 
cement. 

The current paper presents the ground granulated blast furnace-based geopolymer 
incorporated partially by red mud at a ratio of 5% and 10% and then compared with 
the control specimen. The geopolymeric specimen was measured microscopically 
using X-ray diffraction (XRD), Scanning electron microscope (SEM), and Energy 
dispersive X-ray analysis (EDAX/EDX).
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2 Materials and Methods 

2.1 Materials 

Ground granulated blast furnace slag (GGBS), Red mud (RM), Sodium hydroxide, 
Sodium silicate, and tap water were the main constituent of the geopolymer paste 
specimen. GGBS is a by-product of iron and steel making from blast furnace. 
It mainly consists of silicates, aluminosilicates, and calcium-alumina-silicates. It 
exhibits hydraulic cementitious properties in finely ground form GGBS was collected 
from Quality Polytech, Mangalore, India. Bauxite residue is termed as red mud. It is 
a waste generated in production of alumina from bauxite in Bayer process. It contains 
minerals of bauxite residue. Red mud was collected from nature and greens, Gujarat. 
Combination of sodium hydroxide solution and sodium silicates solution is used as 
an alkaline solution. Both sodium hydroxide and sodium silicate were collected from 
Bharat Trading Cooperation, Guwahati, Assam. 

2.2 Samples Preparation 

By dissolving a NaOH flask in distilled water and letting it cool to room temperature, 
sodium hydroxide solution (9M) was prepared. In order to create the final alkaline 
solution, Na2SiO3 and NaOH solutions were combined and stirred until the solution 
was obtained uniformly. The solution is used after one day to allow the exothermically 
heated solution to cool down at ambient temperature. 

Geopolymer paste specimen were prepared by mixing GGBS and RM and alkaline 
solution until a homogenous slurry is obtained. A vibrating table was used to remove 
entrapped air from slurry before it was casted. The cube mould size is 50 mm × 
50 mm × 50 mm. The samples are cured at ambient temperature. The sample were 
maintained at ambient temperature after casting until they were mechanically tested. 
One mixture was produced using only GGBS as control specimen name as ‘G’ while 
other two mixtures were produced by replacing GGBS by weight in 5% (G + 5R) 
and 10%(G + 10R) with red mud as in Table 1. 

Table 1 Details of specimen 
Specimen ID GGBS (%) RM (%) 

G 100 – 

G + 5R 95 5 

G + 10R 90 10
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Fig. 1 Compressive strength of G, G + 5, and G + 10 paste specimen 

2.3 Methods 

The samples’ compressive strength is evaluated. After the compressive strength test, 
the samples are crushed. A part of crushed samples is ground until it passes through 
45 microns mesh sieve for XRD. The other part of the crushed samples was collected 
for SEM and EDAX. 

3 Results and Discussion 

3.1 Compressive Strength 

The compressive strength of paste specimen sample prepared from unblended GGBS 
and blended GGBS with red mud is given in Fig. 1. The strength of paste specimens 
is tested at 28th days curing. The strength for geopolymer blended with red mud 
increases with increasing dosages of red mud. 

3.2 Microscopic Measurements 

3.2.1 Scanning Electron Microscope(SEM) 

The microstructure of the specimen was examined using SEM. The microstructure 
of unblended GGBS paste specimen and blended GGBS with red mud are shown in 
Fig. 1(G), Fig. 2(G + 5R), and Fig. 3(G + 10R), respectively. The microstructure 
shows formation of gel along with one partially reacted particles. The microstructure 
indicates improvement with increasing blend with RM upto 10%, i.e. G + 10R
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paste specimen is observed to form better gel among the three specimens. However, 
unreacted GGBS particles are noticed along with the presence of few pores. 

Fig. 2 G paste specimen 

Fig. 3 G + 5R paste 
specimen
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3.2.2 Energy Dispersive X-Ray Analysis (EDAX) 

EDAX was used to evaluate the chemical composition of the specimens. Figures 4, 5 
and 6 shows the EDAX spectra of G, G + 5R, and G + 10R specimen, respectively. 
In all the spectra, the major elements identified are Oxygen, Sodium, Aluminium, 
Silica, Calcium, etc. while traces of other elements like carbon, magnesium, phospho-
rous, sulphur, chlorine, potassium, titanium, manganese, iron, cobalt, copper were 
also observed. The weight % of the major elements identified in EDAX spectra are 
presented in Tables 2, 3, 4. The weight % of silica increased with blending RM 
with GGBS. However, weight % of calcium remain approximately equal in all the 
geopolymer blended specimen (Fig. 7). 

Fig. 4 G + 10R paste 
specimen 

Fig. 5 EDAX diagram of G paste geopolymer specimen
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Fig. 6 EDAX diagram of G + 5R paste geopolymer specimen 

Table 2 Major component of 
G paste specimen Elements Wt % At % 

O K 4.26 6.99 

Na K 13.02 14.87 

Al K 7.20 7.01 

Si K 20.08 18.78 

Ca K 31.14 20.41 

Table 3 Major component of 
G + 5R paste specimen Elements Wt % At % 

O K 4.97 8.00 

Na K 14.22 15.93 

Al K 8.49 8.11 

Si K 21.70 19.90 

Ca K 26.83 17.25 

Table 4 Major component of 
G + 10R paste specimen Elements Wt % At % 

O K 3.96 7.03 

Na K 5.52 6.81 

Al K 10.39 10.93 

Si K 26.55 26.82 

Ca K 30.52 21.61
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Fig. 7 EDAX diagram of G + 10R paste geopolymer specimen 

3.2.3 X-Ray Diffraction 

Figure 8 shows the XRD patterns of GGBS unblended paste specimen and GGBS 
blended specimen with red mud. Patterns in the range of 10–70° are shown in Fig. 8. 
It is observed that GGBS unblended paste specimen peaks of quartz and calcite, 
respectively, at 2Θ. In GGBS blended with red mud paste specimen peaks of quartz, 
hematite, and calcite were noticed at 2Θ approximately. All the XRD patterns indi-
cates amorphous nature. Blending GGBS with red mud produces peaks of hematite 
peaks of quartz and calcite. However, the hematite present in blended geopolymer 
paste specimen was not observed in unblended GGBS paste specimen. 

Fig. 8 XRD patterns of ambient cured specimens (Q-Quartz; HHematite; C- Calcite)
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4 Conclusion 

The study examined the strength of the specimen cured at ambient temperature. 
Further findings include the fact that the compressive strength of blended paste 
geopolymer by 10% weight red mud has higher strength as compared blended paste 
geopolymer by 5% weight red mud and unblended paste specimen. Using XRD 
and SEM analysis, it was determined that an amorphous paste geopolymer gel had 
formed, while the blended paste specimen had less pores than the unblended GGBS 
paste specimen. The microstructure analysis showed red mud as filling material 
during geopolymerization process. 
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Metal Additive Manufacturing 
Technique in Construction Industry: 
A Review Paper 

Laiphrakpam Indrajit Singh and Khwairakpam Sachidananda 

1 Introduction 

Additive manufacturing or 3D printing is the technique of manufacturing which 
employed the concept in which finite section of the element are attaching to each 
other in a well-organized pattern so as to develop a full structure. With this concept 
of manufacturing at the finite level of an element, properties of the structure can be 
altered and modified accordingly from the ground level. AM offers great benefits in 
terms of much efficient structure, freedom in adopting geometrical shapes, utiliza-
tion of lesser material and reduction of material wastage, opportunity for devel-
oping new functionally graded material and prestressing, additionally for repair and 
strengthening benefits. 

Traditional method of manufacturing is subtractive by nature meaning when 
any structure is developed such as either concrete or steel block, extra mate-
rials are removed during shaping or machining which leads to reduction in the 
overall integrated mass. Additive manufacturing adds material progressively [1], 
the concept of building layer over layer from 3D model data. The technical concept 
has been observed in 1860s from a three-dimensional sculpture developed from a 
two-dimensional sculpture portrait [2]. 

Comparing with concrete, steel can be molded and shaped depending on our desir-
able aesthetical views and purposes. Applying the concept of additive manufacturing 
in steel manufacturing will be great boom in terms of freedom of choosing shapes and 
sizes, generating more optimized structure, utilizing the undesired residual stress in 
a beneficial manner, etc. Wire and Arc Additive Manufacturing (WAAM) is suitable 
for steel construction. Here wire electrode serves as printing material to produce large
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components layer by layers. This level of manufacturing rate can be applied success-
fully in commercial field for making connections and joining technology rather than 
fabrication. 

In milling process, materials are removed from the structure, on the other hand 
additive manufacturing creates structure by adding materials. With additive manu-
facturing in metal, the concept of thermal and mechanical behaviors of the material 
used to play an important role. Traditional welding has a limited number of deposi-
tion tracks whereas AM has thousands of such weld tracks overlapping each other. 
In normal welding a large temperature variation is developed around the melt pool 
due to high-energy concentric heat. The thermal effect due to deposition of material 
and non-uniform cooling is associating with residual stress which is responsible for 
unexpected failure, strength of the build structure, fatigue life, and dimensional inac-
curacy. The undesirable residual stress can be converted into desirable pre-stress by 
controlling the moving heat source manually in additive manufacturing. The heat is 
introduced layer after layer which is termed as ‘thermal cycle’. This method helps 
to control cooling effect rather than non-uniform cooling as observed in traditional 
welding. 

2 Additive Manufacturing in Construction 

2.1 3D Printing in Concrete 

Concrete is the very basic and widely used raw material in construction and it is of 
low cost and locally available easily. Concreting requires huge expenditure for the 
arrangement of scaffolding and formwork accounting half of the construction cost. 

WinSun, a Chinese advanced materials supplier turned architectural business, 
originally began investigating additive manufacturing in 2005. By 2013, WinSun 
had constructed the first residential building made using additive printing. The first 
AM office structure, depicted in Fig. 1, was constructed in China and shipped to 
Dubai in 2016. [3].

In 2016, concrete pedestrian bridge [4] spanning 12 m was also completed in 
urban park of Castilla-La Manicha near Madrid, Span (Fig. 2). In 2017, a bicycle 
bridge was also built in Gemert, Netherland (Fig. 3), printed using concrete layer of 
1 cm thick from an AM nozzle with zero formwork [5, 6].

2.2 Polymer Printing 

Using polymer as printing material a canal house of 6 m tall designed in 2014 by DUS 
Architects developed blocks and built in Amsterdam [7], Netherland resembling the 
traditional Dutch gabled canal house (Fig. 4).
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Fig. 1 Winsun Building, 
Dubai [3]

Fig. 2 Castilla-La Mancha 
Pedestrian bridge [4] 

Fig. 3 Gemert Bicycle 
Bridge [6]
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Fig. 4 3D print canal house 
in Amsterdam [7] 

2.3 Metal Printing 

Initially metal printing was used for smaller components such as connections and 
facade nodes. The Nematox facade node [8] (Fig. 5) gives an example of how metal 
AM helps to optimized the façade geometries by giving connection outside the nodes, 
reducing drawbacks due to the effect of sealing condition. The Arup Lightning node 
[9] which was redesigned by Arup by topology optimizing the previous structure 
is shown in Fig. 6. In the optimized structure materials are reduced or removed 
wherever lower stresses occur. This reduces the total weight to 75% of the previous 
model. 

The MX3D bridge (Fig. 7) of Amsterdam, Netherland [10] is the most recently 
developed full size metal additive manufacturing masterpiece completed in the 
year 2019 built using WAAM technique. The 2.5 m wide bridge with 10 m span-
ning was designed with engineers in partnership with Arup in collaboration with 
researchers from Imperial College London. Numerical simulation and load test are 
also completed.

Fig. 5 Nematox node [8]
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Fig. 6 a Conventional 
lightning node b Arup 
optimized node [9]

Fig. 7 MX3D bridge, 
Amsterdam [10] 

3 Technologies in Metal Additive Manufacturing 

Based on the standard of ISO/ASTM 52900 [11] powder bed fusion and directed 
energy deposition are the popular and easily available methods for metal additive 
manufacturing. 

3.1 Powder Bed Fusion (PBF) 

Laser or electron beam source heat energy is incorporated and material contained 
in a powder bed is selectively fused and create molten pool of metal and bonded 
together. Pieces with complicated geometries are a good fit for this technique [12]. 
The existing build time for items may be tens of hours, and the building rate is roughly 
50 g/hour because they are constructed in tens of micron-thick individual layers. It 
can give a very smooth surface finish with roughness lesser than 20 µm [13]. A very
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inert and vacuum atmospheric condition is required to prevent oxidation of metallic 
powder [2]. So PBF is solely adopted in Lab rather than using in-situ construction. 

3.2 Directed Energy Deposition (DED) 

As the name suggests, energy deposition as directed by the laser or electron beam. 
The wire or metal powder are deposited directly at the focal point of the beam of 
electron or laser [2]. They form molten pool of metal and form mass as it cooled down. 
Identical to powder bed fusion, powder-based DED has a maximum component size 
limitation, requires an inert atmosphere to avoid oxidation, and has lengthy build 
periods (currently depositing at a rate of roughly 1 kg/hour). Typically, it gives not 
a smooth surface with values ranging from 20 to 100 µm [13]. 

4 Researches in Metal Additive Manufacturing 

Additive manufacturing products have been mostly in the researching stage. In the 
past 5–6 years significant researches have been conducted based on metal additive 
manufacturing building components and parts. Numerical finite element modeling 
of the scale model, optimization, and load testing are also carried out. Comparative 
studies between machined components and printed components with varying cross-
sectional dimensions such as square hollow section (SHS) and circular hollow section 
(CHS). 

4.1 Research Based on Powder Bed Fusion (PDF) 

Using powder bed fusion method for manufacturing Grade 316L stainless steel mate-
rial with different orientation of building, the stress–stain properties were evaluated in 
many previous studies [14]. Buchanan et al. [14] investigated the stress–strain curve 
of  the AM PBF  shown as in Fig.  8. Three building orientations were investigated. 
The angle between the building’s horizontal surface and the coupon’s center line is 
known as the building orientation. A significant degree of porosity in PDF produced 
material than in ordinary stainless steel was shown to be related with a lower elastic 
modulus. Yet, the fabrication process’s quick cooling effects and crystals result in a 
higher strength.

Marouene Zouaou et al. [15] developed a finite element model of a fused fila-
ment fabricated (FFF) specimen made up of new polymeric pre-structured material 
using Abaqus software. Three angles of building orientation (0°, 45°, and 90°) were 
adopted. Tensile strength as predicted by the software matches very closely to the 
experimental results. The longitudinally oriented specimen (0°) attains the maximum
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Fig. 8 Measured 
stress–strain curves by 
Buchanan et al. [14]

tensile yield strength with good ductile behavior while the transversal (90°) one has 
the weakest and exhibit fragile behavior at the yielding point. 

Grade 316L stainless steel open cellular lattice structures [16], circular hollow 
section as well as square hollow section compression elements [14] have all been 
studied in the structural application of powder bed fusion metallic materials. Gener-
ally stockier AM cross-sections had stronger axial resistance compared with conven-
tional formed stainless steel SHS when same vertical material properties are used 
in both cases. However, in the case of slender section, AM specimens have slightly 
lower resistance than the conventionally built section which may due to residual 
stress effect. 

4.2 Research Based on Directed Energy Deposition (DED) 

Prior to the work of MX3D bridge, researches based on the use of wire and arc 
additive manufacturing (WAAM) applications were carried out. Two perpendicular 
orientations of tensile coupons for mild steel were developed, with no notable change 
in yield strength detected, although stainless steel coupons were constructed in the 
same way. Full sized load test experiment as well as the numerical simulation of the 
elements of the MX3D were also conducted. 

Research based on AM metal components such as beam hook, stiffener, clamping 
elements for diagonal bracing, end plate replacement, node for space frame were 
also carried out following the concept of optimization [17] (Fig. 9).
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(A) (B) 

(C) 

Fig. 9 A Conventional connection versus beam hook, B conventional versus optimized clamp C 
conventional versus optimized T-stub end plate [17] 

5 Opportunities and Challenges 

5.1 Flexibility in Geometry and Material Optimization 

With the introduction of additive manufacturing, a new system of structural compo-
nents such as hollow cross-sectional elements are readily fabricated. These elements 
are designed to obtained sections with unregular thicknesses at the same time without 
compromising the strength. Additionally, these hybrid type of elements when coupled 
with the conventional type of material can produced much higher strength. 

The idea of additive manufacturing implies not only for the freedom of customiza-
tion but also the concept of selective deposition of material to the region subjected 
to higher stresses. This concept drastically reduces the material consumption and 
hence the cost. Materials are supplied to only wherever needed to fulfill the bending 
moment diagram’s and hence produces a geometrically more ductile cross-section. 

By using high strength material in areas with a large stresses and moments, like 
the middle of beams, and higher ductility in areas with higher ductility needs, such 
connections, by controlled cooling system a good ductile and strengthen material 
can be produced [18]. The porosity nature of the biomedical human implant in order 
to reduce material stiffness within the neighboring human bone [19] is extracted 
and applied to the concept of addictively manufactured elements. AM elements have 
greater advantages in terms of forces and moment distribution with lower stiffness
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to attract lower forces in specific locations. The porosity nature gives tremendous 
benefit in energy dissipation capacity for seismically subjected structures. 

5.2 Degree of Customization 

Additive manufacturing allows for levels of customization previously unattainable 
in a low-margin business like construction. Structural engineers might make each 
structural component distinctive without incurring printing expenses; the cost of 
producing two identical or different variations of the same product is practically the 
same [20]. Design modifications might also be implemented quickly. This customiza-
tion is anticipated to increase demand for additive manufacturing, which will assist 
to reduce prices. 

5.3 Construction Time 

Additive manufacturing provides various potential to reduce building time. With 
additive manufacturing in construction, the duration of project can be reduced to 
65% when compared with the conventional method of building [21]. 

5.4 Hybridization and Strengthening 

Additive manufacturing is thought to enhance rather than replace traditional construc-
tion approaches. Additive manufacturing techniques may also be used to repair 
damaged or corroded structural parts or to reinforce a structure in-situ, lowering 
the cost of repairs or strengthening. Any repair procedure gives a chance to upgrade 
the structural element’s design. 

5.5 Environmental Effects 

Construction accounts about 30% of global greenhouse gas emissions [18]. Elements 
such as walls, columns, beams, and floors with definite proportions, traditional 
building procedures employ standardized components such as steel structural cross-
sections or reinforcing bar. By producing specific, optimal structural components for 
each project, additive manufacturing minimizes the amount of raw materials used 
and waste that has to be disposed of. In general, additive manufacturing processes 
may reduce waste by 40% when compared to subtractive approaches [20].
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5.6 Human Factors 

Labor expenditures are predicted to account for 15–50% of overall building costs 
[22]. Some claim that by increasing automation and working in adverse weather and 
at night, many worksite operations may be completed more safely, correctly, and 
quickly [22]. Building procedures in additive manufacturing are often highly auto-
mated, lowering labor costs and lowering the danger of human mistake throughout 
the production process. However, because there are fewer possibilities for human 
intervention during manufacturing, 3D CAD models must be of high quality and 
mistake free [1]. This growth in automation will represent a significant departure 
from traditional, more manual system. 

5.7 Challenges 

The initial cost of machineries and installation would be very expensive with this 
current technology. And there is limitation of manufacturing process such as PBF 
is completely confined to laboratory only which requires very inert environment. 
With regard to design methodology and digital workflow, advanced computational 
tools are required and as these advances further, the cost of production will decrease. 
Besides there is a fear in the general people mind regarding this robotic technology 
will give unemployment also. 

6 Conclusion 

This article examined ongoing metal AM techniques, current research, early appli-
cations in construction, and application in many technical industries, as well as the 
numerous potential and difficulties that lie ahead for widespread metal AM adoption 
in the construction industry. For use in constructing, powder bed fusion and directed 
energy deposition are the two best metal additive manufacturing technologies (DED). 
Quality construction is possible using PBF and DED technologies, though there are 
drawbacks on expense, lead time, and maximum size. Practically unbounded item 
sizes are possible using wire and arc additive manufacturing DED, but dimensional 
precision and surface polish are restricted. 

Using the technique of metal additive manufacturing (AM), massively scalable 
structural that are conventionally not possible, costly and time-consuming are now 
coupled with traditional structural parts to produce hybrid structures. Modifications 
in the microstructure can alter the basic mechanical behavior, and functionally graded 
materials can be used to regulate the internal dispersion of forces and moments. 

Initially AM is to cost more than conventionally developed section. It will be 
necessary to develop new digital design processes, focus more toward functionality
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rather than manufacturing and adapt codified structural methodological approaches 
to factor in different material properties and more variable shape. 

References 

1. Kathryn M, Moroni G, Vaneker T, Fadel G, Campbell RI, Gibson I, Bernard A, Schulz J, 
Graf P, Ahuja B, Martina F (2016) Design for additive manufacturing: trends, opportunities, 
considerations, and constraints. CIRP Ann Manuf Technol 65:737–760 

2. Gao W, Zhang Y, Ramanujan D, Ramani K, Chen Y, Williams CB, Wang CCL, Shin YC, 
Zhang S, Zavattieri PD (2015) The status, challenges, and future of additive manufacturing in 
engineering. Comput Aided Des 69:65–89 

3. Dubai Future Foundation (2016) The world’s first 3D printed office. http://officeofthefuture.ae/ 
, October 10, 2017 

4. IAAC (2017) Large scale 3D printing. https://iaac.net/research-projects/large-scale3d-printing/ 
3d-printed-bridge/ accessed August 8, 2017 

5. Clarke C (2017) Royal BAM Group use 3D printer to make concrete bicycle bridge with 
TU Eindhoven. 3D Printing Industry. https://3dprintingindustry.com/news/royalbam-group-
concrete-3d-printer-concrete-bicycle-bridge-with-tu-eindhoven-116359/, accessed August 8, 
2017 

6. Scott C (2017) TU/e and BAM Infra get to work on 3D printed concrete bicycle bridge. 3D 
Print. https://3dprint.com/178462/eindhoven-3d-printed-bridge/, accessed August 8, 2017 

7. Frearson A (2016) DUS architects builds 3D-printed micro home in Amsterdam. Dezeen. 
https://www.dezeen.com/2016/08/30/dus-architects-3d-printed-micro-homeAmsterdam-
cabin-bathtub/ accessed October 10, 2016 

8. Strauss H, Partner AGEP, Knaack U (2015) Additive manufacturing for future facades: the 
potential of 3D printed parts for the building envelope. J Facade Design Eng 3:225–35 

9. Arup (2015) 3D makeover for hyper-efficient metalwork. Arup News. http://www.arup.com/ 
news/2015_05_may/11_may_3d_makeover_for_hyperefficient_metalwork, accessed October 
10, 2016 

10. Goehrke SA (2017) 3D printed steel pedestrian bridge will soon span an Amsterdam canal. 3D 
Print. https://3dprint.com/72682/amsterdam-3d-printedbridge/, accessed August 8, 2017 

11. ASTM International. ISO/ASTM 52900:2015(E) Standard terminology for additive manufac-
turing technologies—general principles—terminology, 2015 

12. Williams SW, Martina F, Addison AC, Ding J, Pardal G, Colegrove P (2015) Wire + arc 
additive manufacturing. Mater Sci Technol 32:641–647 

13. Gu DD, Meiners W, Wissenbach K, Poprawe R (2012) Laser additive manufacturing of metallic 
components: materials, processes and mechanisms. Int Mater Rev 57:133–164 

14. Buchanan C, Matilainen V-P, Salminen A, Gardner L (2017) Structural performance of additive 
manufactured metallic material and cross-sections. J Constr Steel Res 136:35–48 

15. Zouaoui M, Gardan J, Lafon P, Makke A, Labergere C, Recho N (2021) A finite element 
method to predict the mechanical behavior of a pre-structured material manufactured by fused 
filament fabrication in 3D printing. Appl Sci 

16. Shen Y, McKown S, Tsopanos S, Sutcliffe CJ, Mines RAW, Cantwell WJ (2010) The mechanical 
properties of sandwich structures based on metal lattice architectures. J Sandwich Struct Mater 
12:159–180 

17. Lange J, Feucht T, Erven M (2020) 3D printing with steel—additive manufacturing for 
connections and structures. Steel Const 13(3):144–153 

18. Labonnote N, Rønnquist A, Manum B, Rüther P (2016) Additive construction: state-of the-art, 
challenges and opportunities. Autom Constr 72:347–366 

19. Krishna BV, Xue W, Bose S, Bandyopadhyay A (2008) Engineered porous metals for implants. 
JOM 60:45–48

http://officeofthefuture.ae/
http://officeofthefuture.ae/
https://iaac.net/research-projects/large-scale3d-printing/3d-printed-bridge/
https://iaac.net/research-projects/large-scale3d-printing/3d-printed-bridge/
https://3dprintingindustry.com/news/royalbam-group-concrete-3d-printer-concrete-bicycle-bridge-with-tu-eindhoven-116359/
https://3dprintingindustry.com/news/royalbam-group-concrete-3d-printer-concrete-bicycle-bridge-with-tu-eindhoven-116359/
https://3dprint.com/178462/eindhoven-3d-printed-bridge/
https://www.dezeen.com/2016/08/30/dus-architects-3d-printed-micro-homeAmsterdam-cabin-bathtub/
https://www.dezeen.com/2016/08/30/dus-architects-3d-printed-micro-homeAmsterdam-cabin-bathtub/
http://www.arup.com/news/2015_05_may/11_may_3d_makeover_for_hyperefficient_metalwork
http://www.arup.com/news/2015_05_may/11_may_3d_makeover_for_hyperefficient_metalwork
https://3dprint.com/72682/amsterdam-3d-printedbridge/


42 L. I. Singh and K. Sachidananda

20. Berman B (2012) 3-D printing: the new industrial revolution. Bus Horiz 55:155–162 
21. Buswell RA, Soar RC, Gibb AGF, Thorpe A (2007) Freeform construction: mega-scale rapid 

manufacturing for construction. Autom Constr 16:224–231 
22. Richardson V (2014) 3D printing becomes concrete: exploring the structural potential of 

concrete 3D printing 
23. Tolosa I, Garciandía F, Zubiri F, Zapirain F, Esnaola A (2010) Study of mechanical prop-

erties of AISI 316 stainless steel processed by “selective laser melting”, following different 
manufacturing strategies. Int J Adv Manuf Technol 51:639–647 

24. Guan K, Wang Z, Gao M, Li X, Zeng X (2013) Effects of processing parameters on tensile 
properties of selective laser melted 304 stainless steel. Mater Des 50:581–586 

25. Niendorf T, Leuders S, Riemer A, Richard HA, Tröster T, Schwarze D (2013) Highly anisotropic 
steel processed by selective laser melting. Metall Mater Trans B 44:794–796 

26. Spierings AB, Herres N, Levy G (2011) Influence of the particle size distribution on surface 
quality and mechanical properties in AM steel parts. Rapid Proto J 17:195–202 

27. Rehme O (2009) Selective laser melting of honeycombs with negative Poisson’s ratio. J Laser 
Micro/Nanoeng 4:128–134 

28. Kahlen F-J, Kar A (1999) Tensile strengths for laser-fabricated parts and similarity parameters 
for rapid manufacturing. J Manuf Sci Eng 123:38–44 

29. Wu P, Wang J, Wang X (2016) A critical review of the use of 3-D printing in the construction 
industry. Autom Constr 68:21–31 

30. Buchanan C, Gardner L (2019) Metal 3D printing in construction: A review of methods, 
research, applications, opportunities and challenges. Eng Struct 180:332–348. ISSN 0141-0296 

31. Petrovic V, Gonzalez JVC, Ferrando OJ, Gordillo JD, Puchades JRB, Griñan LP (2011) Additive 
layered manufacturing: sectors of industrial application shown through case studies. Int J 
Product Res 49:1061–1079



A Study on the Load Carrying Capacity 
of Shallow Foundation on Reinforced 
Sandy Soil 

Kangujam Monika and Th. Kiranbala Devi 

1 Introduction 

The foundation transfers the load from the structure to the soil. To stand the vertical 
load transfer, the bearing capacity of the soil needs to be strong enough. To increase 
the bearing capacity and to minimize the settlement, reinforcement is given to the 
soil either by mixing the soil with additives like cement, natural fibers or synthetic 
fibers, etc. or with geotextile, geogrid, geocell, etc. 

Some researchers have shown the effect of reinforcement on soil and also illus-
trated the influence of reinforcement like geotextile or geogrid with the embedded 
depth-to-breadth ratio and the numbers of the reinforcement layer. Kolay et al. [1] 
concluded that the bearing capacity of the soil increased when reinforcement was 
provided. They showed the bearing capacity for two-layered soil using one geogrid 
layer at the interface of soils in which the ratio embedded depth (u) to the width of 
footing (B) is 0.667 and had an average increase of 16.67%, and for one geogrid in 
the middle of the sand layer with u/B equal to 0.33, the bearing capacity increased 
with an average of 33.33%. Chakraborty and Kumar [2] also illustrated an increase 
in bearing capacity after the soil was reinforced and also showed that the critical 
position of reinforcements lay between 0.29 B and 0.57 B for single layer reinforce-
ment, which would give the maximum bearing capacity of a strip footing placed over 
granular and cohesive-frictional soils. Chakraborty and Kumar [3] also stated that 
for circular footing on the sand, the embedment depth of the circular reinforcement 
sheet within 0.15 diameter of footing (D) to 0.43 D had maximum bearing capacity. 
Shirazi et al. [4] reviewed the effectiveness of the ratio of first geotextile depth to 
footing width (d/B), the ratio of geotextile spacing to footing width (S/B), ratio of 
geotextile length to footing width (L/B), and reinforcement layers number (N) on 
the bearing capacity.

K. Monika · Th. K. Devi (B) 
Manipur Institute of Technology, Manipur University, Imphal, Manipur, India 
e-mail: kiranbala_th@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. P. Swain (ed.), Recent Advances in Materials, Springer Proceedings in Materials 25, 
https://doi.org/10.1007/978-981-99-3844-5_6 

43

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3844-5_6&domain=pdf
mailto:kiranbala_th@gmail.com
https://doi.org/10.1007/978-981-99-3844-5_6


44 K. Monika and Th. K. Devi

Roy [5] reviewed different reinforcement types, like natural and synthetic fibers, 
and concluded that the reinforcement fiber increased the bearing capacity and reduced 
settlement. Omar et al. [6] concluded that in the case of geogrid, the effect of rein-
forcement lay within 1.4B for square foundations on sand. From the literature, it 
could be concluded that the optimum effect of the reinforcement could be achieved 
if the reinforcement lay within 0.6B. However, the influence of reinforcement with 
the embedded depth differs with different types of soil and type of reinforcement 
used. 

In this paper, two different embedment depths were considered, and fiberglass 
mats were used as the reinforcement. The load test of shallow foundation models 
was performed in different soil bedding conditions, i.e., plain soil, fiberglass mat 
embedded at 7.5 cm (embedment depth/ breadth of the foundation ratio is 0.5) depth 
soil below the ground level and fiberglass mat embedded at 15 cm (embedment depth/ 
breadth of the foundation ratio is 1) depth below the ground level. The influence of 
the fiberglass mat on the soil bed and foundation model was also studied. 

2 Experimental Process 

The experimental process is categorized, namely (i) materials used and (ii) test box 
set up along with soil bedding. 

2.1 Materials 

The soil sample was collected from Dhansiri River bank, Dimapur, Nagaland. The 
detailed characteristic properties of the soil sample are shown in Table 1. Direct 
shear test was performed to find the shear strength parameters as per IS:2720 (Part 
13)-1986 [7]. The particle grain size distribution and normal-shear stress graph are 
given in Figs. 1 and 2, respectively. The soil sample is classified as well-graded sand 
(SW), and effective diameter is 0.2 mm. The fiberglass mat used was a double-layer 
200 gsm non-woven fabric and had a cross section of 60 cm × 50 cm.

The concrete of M25 grade, which has a ratio of 1 cement:1 fine aggregate:2 
coarse aggregate, was used for the preparation of the foundation model. Since the 
models have a 2.5 cm thickness, the coarse aggregate of size ranging from 4.75 mm to 
10 mm is employed. The fine aggregate has been classified as Zone-II as per IS:383– 
1970 [8]. The cement is 53-grade ordinary Portland cement having a consistency 
of 32%, an initial setting time of 2 h 9 min, and a final setting time of 4 h 30 min. 
The compressive strength of the concrete at 7 and 28 days is 20 MPa and 33 MPa, 
respectively.
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Table 1 Characteristic 
properties of the soil sample Characteristic property Value 

Gravel (greater than 4.75 mm) 2.8% 

Sand (ranging between 4.75 and 0.75 mm) 97.2% 

Silt (ranging between 0.75 and 0.002 mm) 0.8% 

Clay (smaller than 0.002 mm) Nil 

Specific gravity 2.63 

Liquid limit (LL) N/A 

Plastic limit (PL) Non-Plastic 

Co-efficient of uniformity (Cu) 
Co-efficient of curvature (Cc) 
Bulk density 

4 
1 
1.6 g/cm3 

The angle of internal friction 
Cohesion 

29.73◦ 

2.336 kPa 

Fig. 1 Particle size distribution of the soil sample is shown 

Fig. 2 Normal stress–shear stress graph gives the shear strength parameter values of the soil sample
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2.2 Test Box Along with Soil Bed Preparation 

The thickness of the foundation model was made at 2.5 cm, and the ratio of the 
thickness of the foundation model to the test box was 1:40. The length and breadth of 
the model were 150 mm (15 cm) × 150 mm (15 cm). The test box was made of 4 mm 
thick steel. The internal dimensions of the box were 1000 mm in length, 1000 mm in 
breadth, and 1000 mm in height. The test box was made rigid in such a way that there 
would be less plain displacement in all directions. The soil was poured uniformly 
by pluviation method as in Vaid and Negussey [9] in five layers from constantly 
changing the pouring trip to have constant the height of drop 0.5 m into the testing 
box so that the relative density of 22.22% was maintained. The soil bed was again 
compacted with a plyboard placed over the surface of the bed to give a uniform 
surface. The procedures were repeated when the soil was disturbed for fiberglass 
embedment. The soil bed was arranged for three series. The first series is only plain 
sand without any reinforcement. For the second series, the fiberglass double-layered 
mat was embedded at a depth of 7.5 cm, in which the ratio of embedment depth/ 
breadth of the foundation (u/B) is 0.5. Finally, for the third series, the fiberglass 
double-layered mat was embedded at a depth of 15 cm, where the embedment depth/ 
breadth of the foundation ratio (u/b) is 1. 

At the top frame of the test box, a hydraulic jack was attached, which was 
connected to a proving ring of 25 kN load capacity. The hydraulic jack produced 
downward displacement when pressure was applied. The proving ring reads the load 
applied to the foundation model through the hydraulic jack. A dial gauge was fixed 
with the help of an iron beam. The dial gauge was later kept in contact with the 
foundation model to measure the displacement/ settlement when the vertical load 
was applied to the foundation model. Three test series of models for each different 
soil bedding were carried out. When the load was applied through the hydraulic jack, 
the readings of both the proving ring and the dial gauge were taken. The load was 
applied till the foundation failed (Figs. 3 and 4).

3 Results and Discussion 

The bearing pressure-settlement curves of the foundation of all three series were 
analyzed, and the effect of the reinforcement sheet along with embedded depth was 
considered. The compared bearing pressure-settlement curves are shown in Fig. 5. 
The breaking pressures of the foundation models vs settlements are given in Table 2.

From Fig. 5, the bearing pressure of the foundation, which has reinforcement at 
7.5 cm, has the highest value when the double tangent method is used. From Table 2, 
the foundation model on the sandy soil without reinforcement has a maximum settle-
ment compared to the other two conditions. The foundation models break at nearby
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Fig. 3 Experimental test 
box set up for the 
load-settlement test 

Fig. 4 Fiberglass mat 
embedded inside the soil

Fig. 5 Comparison of bearing pressure-settlement curves of the shallow foundation models
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Table 2 Breaking pressure of the shallow model foundation in different soil bedding conditions 

Soil bed condition Breaking pressure in KPa Settlement in mm 

Plain soil 273.78 71.1 

7.5 cm depth fiberglass mat embedded 281.24 25.2 

15 cm depth fiberglass mat embedded 280 57.3

values of breaking pressure. However, there are significant differences in the settle-
ment values. The results show that the reinforcement increases the ultimate bearing 
capacities of the foundation model and decreases the settlement. 

Moreover, the soil with reinforcement at 0.5 B embedded depth has less settle-
ment than the other two conditions. This shows the influence of the reinforcement’s 
embedded depth. Similar findings were found in [1–3] and [6]. As the reinforcement’s 
embedded depth increases, the bearing capacity decreases and settlement increases. 

4 Conclusion 

The study concludes that the fiberglass mat as reinforcement to the soil improves 
bearing capacity and strengthens the soil. The foundation model, placed on the soil 
with the fiberglass mat at 7.5 cm, has the highest bearing pressure/ load carrying 
capacity with less settlement. In both conditions of reinforcement with fiberglass 
mat, the values of settlement of the foundation model decrease as compared to the 
unreinforced soil. The settlement of the foundation model, which was embedded at 
a depth of 7.5 cm below the ground level (ratio of embedment depth to width of the 
model as 0.5), has 64.55% less settlement than the plain soil and 56% less settlement 
than the plain soil which was embedded at a depth of 15 cm below the ground level 
(the ratio of embedment depth to width of the model as 1). Moreover, it can be 
concluded that load carrying capacity and settlement depend on the depth of the 
fiberglass embedment. As the u/B ratio increases, the contribution of the fiberglass 
reinforcement sheet gets lesser, and the bearing capacity decreases, which leads to 
an increase in settlement. 
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Assessment of Dimapur Sand with Local 
Sand Found in Manipur 

Khwairakpam Selija, Kosygin Leishangthem, Koko Karbia, 
and Devasis Laishram 

1 Introduction 

Sand is a granular substance comprised of tiny fragments of rock and mineral. It can 
also be described as a mixture of rock and tiny, fine granular elements. Sand is also 
frequently described by its size, i.e. that it is finer than gravel and coarser than silt, and 
that its size ranges from 0.06 mm to 2 mm. Sand is a widely utilized topographical 
material that can be employed for a variety of Civil Engineering projects. Typically, 
quarry rocks and stones are blasted, followed by repeated crushing cycles to reduce 
the sand’s particle size. Once more, sifting is done on the sand that was produced by 
blasting and crushing quarry stones. The sand is first sieved, then cleaned to get rid 
of the small impurities and pollutants. Providing an affordable and environmentally 
friendly alternative to natural sand is the primary goal of synthetic sand. Because the 
grains are typically sharp, angular, rough, and coarse, they can form solid connections 
on surfaces. Pit sand often has little salt, which reduces the possibility of excessive 
moisture absorption when utilized in a building. Checking the degree of coarseness 
is necessary to make sure that it isn’t above the allowed limits since, as we have 
learnt, pit sand is of course type and that the size of the grains is larger than those 
of sand from other sources. The degree of coarseness can be checked by using the 
sieve analysis testing method. Sand from rivers is also known as natural sand. It is 
classified as fine sand and is frequently discovered next to streams and river banks. 
River sand can be used in masonry and concrete projects due to its softness. For 
plastering, RCC construction, and other types of block work, river sand is perfect. 

River sand has high silica content. The silica concentration must therefore be 
examined before utilizing it in any form of construction job. The river sand should 
have a silica level of less than 5%. When utilized in buildings, river sand doesn’t 
need a lot of water because it has a high moisture content. Manufactured sand is also
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known as artificial sand, since it is created by humans by crushing rocks and other 
natural raw materials. The alternative to river sand is more environmentally friendly. 
Crushing granite, stones, etc. produces manufactured sand at factories or facilities. To 
reduce the size of the resulting sand, quarry stones and boulders are often blasted and 
then put through many crushing cycles. The sand produced by blasting and crushing 
quarry stones goes through another process. Normally, quarry stones and rocks are 
blasted and then crushed several times for size reduction. The crushed sand is then 
sieved and washed after it has been crushed to remove the impurities and fine particles. 
As manufactured sand is an environmentally friendly and economical alternative to 
natural sand, it provides a faster and more efficient way to build. Typically, quarry 
boulders and stones are blasted before undergoing many crushing cycles to reduce 
the size of the sand that results. The sand that is produced by blasting and crushing 
quarry stones is sieved once more. After sieving, the sand is rinsed. To get rid of the 
contaminants and tiny particles, the sand is sieved and washed. The primary goal of 
synthetic sand is to offer a more affordable and environmentally friendly alternative 
to natural sand is finely graded, and the resulting sand is then tested before using it 
in construction. The sand should pass easily through the 3/8 sieve after production. 

Fine sands are those sand that passes through 16 number sieves, i.e. 1.18 mm2 

openings. Fine sands are most commonly used in plastering works. Sand is one of 
the main materials used in building, and how it is utilized frequently affects the 
strength and longevity of the finished product. The general rule is to steer clear of 
contaminated materials combined with clay, topsoil or surface soil, or vegetation 
when utilizing sand in construction. Using impure sand or sand with high clay and 
silt content affects the formation of proper bonds between the cement and the sand 
giving weak bonding which thus results in weak bonded building or structure. Poor 
bonds usually result in a structure that is not as strong as it would be if the right type 
of sand was used. So, there is a need for testing of sand to determine whether the sand 
to be used in the construction will be pure enough to give a good cement bonding. 
Sand is available freely and plenty in nature but not all the sand which are available 
in nature can be used for construction. The characteristics of sand vary depending 
on its source, which may either help or prevent it from having the optimal qualities 
needed for effective construction sand. Let’s take the example of desert sand and sea 
sand. The overwhelming bulk of desert sand has no use in construction as the grains 
are too smooth and fine to bind together for making concrete or building material. 
The desert sand is eroded by wind rather than water, this is the reason why they have 
smooth grains and its surface chemistry is not able to offer a sufficient number of 
multidirectional chemical linkages. Sand can also be found in the sea, but because 
of its high salt content, which encourages corrosion and also results in efflorescence, 
sea sand is not recommended for use in building. As part of this effort, we also 
investigate the chemical composition of sand to better understand its characteristics. 

In this project, we work on testing Dimapur sand and some commonly used local 
sand in Manipur. The main objective of the project is to compare the properties 
and find out which sand has the best quality based on the result of different testing 
conducted and give a credible reason to society why it is the best so far. To study the
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Fig. 1 India sand market [1] 

properties of local sand commonly used in the state and utilize the use of local sand. 
To minimize the cost of construction by using local sand found in the state. 

In 2020, the Indian sand market reached 833 million tonnes. In India, the market 
for the sand sector is expanding at a yearly pace of 6–7% [1]. Application-wise, the 
sand market is segmented into (Fig. 1): 

i Industrial 
ii Commercial 
iii Residential 
iv Infrastructure. 

In the India sand market, more than 50% of the sand is used up for industrial 
purposes which marks the highest, commercial purpose marks the second, residential 
buildings marks the third and infrastructure with the least used percentage. Whereas 
in the context of Manipur residential marks are the highest. The price range of the 
sample collected are shown in Table 1. 

Table 1 Price range of the 
local sand which we used in 
this project 

S. no Name of sand Price range/truck load 

1 Dimapur | 45,000 
2 Hundung | 17,000 
3 Yairipok | 13,000 
4 Dolaithabi | 15,000
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2 Materials and Experimental Procedure 

For this experimental work, Pozzolana Cement (PPC) is used in this study according 
to IS 1489 [2], coarse aggregate and sand. Sand testing is the process used to deter-
mine if the sand has the desired properties that favour the ideal characteristics required 
for good construction sand. This project is mainly about testing Dimapur sand and 
some local sand found in Manipur. For the project, we select three commonly used 
sand in the State: Dolaithabi sand, Yairipok sand, and Hundung sand. The sands 
collected from different places are tested, studied, and compared with Dimapur sand 
which is considered as the higher quality sand in the context of Manipur. 

Based on the classification of the source of sand in the above classification, the 
selected sand falls under. 

i Dimapur Sand—River Sand 
ii Dolaithabi Sand—River Sand 
iii Yairipok Sand—River Sand 
iv Hundung Sand—Manufactured Sand 

The sand sample collected (Fig. 2) were tested for the properties such as pH 
test, sand equivalent test, moisture content, specific gravity, and sieve analysis. The 
mechanical properties of concrete casted with four different soil samples collected 
were tested.

3 Results and Discussion 

3.1 PH Test 

pH test is to measure acidic/basic in the sand. The pH scale ranges from 0 to 14 and 
7 is considered neutral. pH scales less than 7 indicate acidic and greater than indicate 
basic. Testing of pH in the sand is to examine sand quality related to the impurities 
found in the sand. Silica sand is pure sand, free from impurities that are close to 
neutral pH of 7. The experimental data proves that the Dimapur sand and Yairipok 
sand are almost similar and neutral in nature (Table 2).

3.2 Sand Equivalent Test 

The idea that most soils, gravel bases, etc., are combinations of preferable coarse 
particles, sand, and typically unfavourable fine particles, or clay, is expressed by 
the term sand equivalent. The sand equivalent test offers a quick way to distinguish 
between the smaller clay-like particles and the larger grains or sand sizes, and the 
relative proportions are compared on an arbitrary volume basis by a straightforward



Assessment of Dimapur Sand with Local Sand Found in Manipur 55

Fig. 2 Sand

Table 2 PH test of sand 
Sample pH value 

Hundung 5.5 (slightly acidic) 

Dimapur 7 (neutral) 

Yairipok 7.5 (slightly alkaline) 

Dolaithabi 9 (highly alkaline)

process that tends to magnify or expand the volume of clay somewhat in proportion 
to its unfavourable or objectionable effects [3]. The sand equivalent test assesses the 
relative content of sand against clay in the soil as per IS: 2720 [4]. Table 3 gives the 
experimental data of sand equivalent. 

Table 3 Sand equivalent 
S. no Types of sand Sand equivalent in % 

1 Dimapur 98 

2 Hundung 96 

3 Yairipok 90 

4 Dolaithabi 85
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Table 4 Result of moisture content 

Sand type W1 (g) W2 (g) W3 (g) Moisture content % 

Hungdung 41 200 99 1.73 

Dimapur 41 200 99 1.73 

Yairipok 41 200 97.35 1.81 

Dolaithabi 41 200 97.27 1.82 

Table 5 Specific gravity of 
the sand samples Sand sample Specific gravity 

Hundung 3.3 

Dimapur 2.2 

Yairipok 2.86 

Dolaithabi 2.5 

3.3 Moisture Content 

Moisture content percentage is the ratio of the weight of wet sand to the weight of dry 
sand as per IS 2720 (Part II)—1973 [5]. The table 4 provides the experimental date 
of moisture content. The four different sand has almost similar of moisture content. 

3.4 Specific Gravity 

The specific gravity of solid particles (G) is defined as the ratio of the mass of a 
given volume of solids to the mass of an equal volume of water at 4 °C (IS 2386 
(Part III)—1963) [6]. The specific gravity results are tabulated in Table 5. 

3.5 Sieve Analysis 

This technique describes how to use sieving or screening to determine the distribution 
of particle sizes for fine, coarse, and all-in-aggregates (IS 2386 (Part I)—1963) [7]. 
Sieve analysis has been done for the four different type of sand and has been plotted 
in Fig. 3.
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Fig. 3 Sieve analysis of sand 

Fig. 4 Test specimen 
sample of compressive 
strength 

3.6 Compressive Strength 

Compressive strength can be defined as the capability of concrete to resist loads 
before it is compromised (IS: 516) [8]. Three samples were casted for each mix 
design. The test specimen of compressive strength is shown in Fig. 4. The Dimapur 
sand and Dolaithabi have a similar compressive strength of 21.33kN (Fig. 5).
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Fig. 5 Compressive strength of concrete cast with four different sand 

4 Conclusion 

The main aim of this project has been achieved. The study of this project provided 
knowledge about the sand properties of Manipur along with the help of Dimapur sand. 
The study has been done on the properties of the four selected sand by conducting 
different types of tests and the following points are observed from the study.

. The rate of corrosion of carbon steel decreases with increasing pH value towards 
the alkaline. Among the tested sample, Hundung sand is found to have the least 
pH value of 5.5 and is slightly acidic. Dolaithabi sand has the highest pH of value 
9 and is basic. Dimapur sand is neither acidic nor basic, it is found to be neutral. 
Sand with high clay content affects the formation of proper bonds between cement 
and sand. A high clay content percentage in the sand decreases the compressive 
strength of the concrete.

. Excessive moisture content in sand affects the strength and durability of the 
concrete.

. Based on the result of sieve analysis, Yairipok sand and Dolaithabi sand is found 
to be Zone I sand, i.e. coarse sand. Hundung sand is Zone III, medium sand, and 
Dimapur sand of Zone IV (fine sand).

. Zone I–II sand is highly recommended for Reinforced concrete work so we can 
conclude that Yairipok, Dolaithabi, and Hundung sand are good RCC sand.

. The specific gravity of sand is considered a measurement of strength.
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. Sand with high clay content affects the formation of proper bonds between cement 
and sand.

. A high clay content percentage in the sand decreases the compressive strength of 
the concrete.

. Among the tested sample Dimapur sand has the least clay content and Dolaithabi 
sand have the highest.

. The compressive strength of unwashed Dimapur sand and properly washed (impu-
rities like clay content removed) Dolaithabi sand is same. This shows that the 
quality of local sand in terms of strength is the same provided the sand is properly 
washed. 
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Effect on Structural and Optical 
Properties of NiO Thin Film on Ag 
Incorporation 

Laishram Thoibileima Chanu, Shagolsem Romeo Meitei, 
and Naorem Khelchand Singh 

1 Introduction 

In the past decades, nickel oxide (NiO)-based thin film (TF) has been employed due 
to the efficiency of the materials utilization and extensive improvement in suitability 
for a wide range of applications. NiO (p-type) is a transition metal oxide with a wide 
bandgap of 3.2–3.8 eV [1] and has promising properties like highly stable chemically 
and thermally [2, 3], and tunable optical properties [4]. NiO has been extensively 
studied for various applications such as photonic [5], photocatalytic [1], battery [6], 
sensor [7], etc. To extend the range of applicability of NiO over wide fields, tuning the 
properties of NiO by incorporating it with other metal oxide or metal may be effective 
[7–10]. Moreover, there have been reports investigating the enhanced properties 
by doping or incorporating with metals like lanthanum [7], lithium [6], gold [11], 
platinum [12], etc. Among them, silver (Ag) is the cheapest with excellent properties 
like good thermal and electrical conductivity, highly reflective, etc. Moreover, it is a 
non-reactive material, which makes it favorable to incorporate [13, 14]. 

In this work, we fabricate bare NiO TF and Ag incorporation NiO (Ag-NiO) TF 
using electron-beam (e-beam) evaporation. Comparing the deposited films, an in-
depth analysis of the enhancement effect of Ag incorporation is studied with different 
characterizations. For structural and morphology, X-ray diffraction (XRD), as well 
as field-emission scanning electron microscope (FESEM) analysis, to investigate 
the elemental composition, energy-dispersive spectroscopy (EDS) measurement, for
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optical properties photoluminescence (PL) analysis, and absorption analysis was 
performed. Each characterization study was performed based on as-deposited bare 
NiO TF and as-deposited Ag-NiO TF. 

2 Experimental Details 

An e-beam evaporation technique (model—BC 300, HHV India) was employed to 
deposit NiO TF and Ag-NiO TF onto silicon (Si) substrate (p-type single crystal 
<100>) each of which cut in a dimension of 1 × 1 cm. Before the deposition, the 
sequential steps of cleaning the substrate were carried out using a solution of acetone, 
methanol, and deionized water (purity of 99.99% each) in the ultrasonic cleaner 
consecutively for 3 min each. After cleaning, the cleaned substrates were loaded 
inside the vacuum coating chamber using a substrate holder. The target source mate-
rial (maintained purity 99.99%) for evaporation, NiO granules for NiO TF depo-
sition, and Ag-NiO composite (ratio of 1Ag: 4NiO) granules for Ag-NiO TF were 
utilized. Between the target source and the substrate holder, a distance of 22 cm 
was maintained perpendicularly. The films (bare NiO TF and Ag-NiO TF) were 
deposited with a consistent deposition rate of 1 Å/s and a base pressure at ~5 × 
10–6 mbar. The depositing density of the films was monitored using digitized quartz 
crystal during the deposition. An in-depth study on the properties of the films has 
been performed with different characterizations, i.e., Rigaku Ultima IV emitting Cu 
Kα radiation of monochromatic X-ray (XRD) to examine the crystallinity behavior, 
FESEM to deduce morphology, EDS to analyze and elemental composition using 
ZEISS-SIGMA, 5 kV. For the optical properties analysis, PL (Hitachi F-7000 spec-
trophotometer), and UV-Vis spectrophotometer (Hitachi-UH-4150) were employed. 
All the characterization studies were performed using two samples, i.e., as-deposited 
bare NiO TF and as-deposited Ag-NiO TF. 

3 Results and Discussion 

3.1 Structure and Morphology Analysis 

Figure 1 shows the XRD pattern of the bare NiO TF and Ag-NiO TF deposited on Si 
substrate, obtaining pure crystallographic properties. Three peaks for bare NiO TF 
orientations at (222), (400), and (440) phases and three peaks at (222), (400), and 
(440) with two peaks for Ag at (111) and (200) were observed. Both the XRD pattern 
shows a polycrystalline nature, and with Ag incorporation, the XRD pattern does 
not find any reaction phases. Moreover, (100) plane observed on both the patterns 
corresponds to the Si substrate [15]. For each diffraction peaks, the respective FWHM
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Fig. 1 Bare NiO TF and 
Ag-NiO TF XRD pattern 

values were applied to calculate the average crystalline size ‘D’ implementing the 
Debye–Scherrer [16]. 

D = 0.9 · λ 
β · Cosθ 

, (1) 

where the X-ray radiated wavelength (1.54056 Å) denoted by ‘λ’, corresponding 
FWHM of the obtained peaks is denoted by ‘β,’ and Bragg’s angle by ‘θ.’ From 
the evaluation of Debye–Scherrer formula, the average crystallite size was found to 
be 14.44 nm for bare NiO TF and 13.44 nm for Ag-NiO TF. Here, crystallite size 
reduction for Ag-NiO TF is observed, which may be due to integration of Ag atoms 
in grain boundaries as well as surface of the film. Using the Stock’s Wilson relation 
[17], the lattice strain for both the sample was evaluated. The lattice strain seems 
increased from 0.00125 for NiO TF to 0.00134 for Ag-NiO TF. 

Figure 2 shows the morphology of both the deposited samples using FESEM 
analysis. Figure 2a, b display the top-view and cross-sectional view for bare NiO TF 
and Ag-NiO TF, respectively. From the images, we observe the well-growth of both 
samples with densely packed. The acquired thickness of both samples was found 
to be ~375 nm. Moreover, with the Ag incorporation, the surfaces increase lattice 
strain as a rough appearance of the surfaces can also be seen in Fig. 2b. This result 
also correlates with the reduction in crystallite size in XRD analysis, which in turn 
arouse a surface tension and increase of stress with incorporation of Ag [18].
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Fig. 2 Top and cross-sectional view FESEM image of a bare NiO TF and b Ag-NiO TF 

Fig. 3 EDS spectrum and atomic % analysis for a bare NiO TF b Ag-NiO TF 

3.2 EDS Analysis 

The elemental composition investigation using EDS analysis is shown in Fig. 3a, 
b. Figure 3a displays the composition of Si, Ni, and O of bare NiO TF, whereas 
Fig. 3b indicates the existence of Si, Ni, O, and Ag. Both the deposited films show 
that there are no free unwanted impurities present in them. Moreover, in Fig. 3b, the 
appearance of Ag supports the XRD analysis revealing separate peaks for Ag. 

3.3 Optical Properties 

The PL spectra of bare NiO TF and Ag-NiO TF excited at 250 nm are shown in Fig. 4. 
Both spectra show a wide range of UV–Vis spectral emission from 320 to 600 nm. 
Both films show emissions at around ~330 nm (3.75 eV), ~400 nm (3.1 eV), ~436 nm 
(2.84 eV), and ~467 nm (2.65 eV). The strong UV peaks at 3.75 eV and 3.1 eV can be 
accredited to the electronic transition of Ni2+ ions between the conduction band (CB) 
and valence band (VB) and 3.1 eV as near band edge emission [19, 20]. Further, blue 
emissions at 436 nm and 467 nm may be due to the trapped-electron transitions of
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Fig. 4 PL spectra for bare 
NiO TF and Ag-NiO TF 

nickel vacancies [21]. Comparing the emissions intensity of bare NiO and Ag-NiO 
TF, we can observe an increase in intensity, which may be due to the incorporated 
Ag behaving as a charge recombination center and the low intensity of the bare 
NiO reveals small amount of photogenerated carriers [8]. Related research was also 
reported by Romeo et al. on β-Ga2O3 nanowires by integrating Ag, Prasenjit et al. 
reported the study of Ag incorporation on TiO2 nanowires/reduced graphene oxide, 
employing e-beam evaporation [18, 22]. 

UV–Vis absorption spectra for bare NiO and Ag-NiO TF are displayed in Fig. 5a. 
Both spectra show the absorption edge in the UV-region and visible-region wide 
absorption. Comparing both spectra, the absorption intensity increased for Ag-NiO 
film, which indicates the improvement in absorption due to photon absorption by 
incorporating Ag. This can also be attributed to the numerous scatterings of light 
inside the nanostructure due to plasmonic effect of Ag incorporation. Figure 5b shows  
the bandgap calculation by plotting Tauc relation [8]. From the plot, the evaluated 
bandgap is found to be 3.54 eV for bare NiO TF and 3.12 eV for Ag-NiO TF. The 
bandgap of the films seems to decrease for Ag-incorporated films, which may be due 
to the shifting of free electrons between the CB and VB [18]. With the introduction of 
Ag, more excitation of electron occurs, that ascribe to the surface plasmon resonance 
of Ag. A similar study was reported by Romeo et al. for β-Ga2O3, Henam et al., and 
Suresh et for NiO [8, 18, 23]. However, Khedkar et al. obtained the similar results 
reporting that the lowering of bandgap is due to electronic interaction of Ag and NiO 
at the interface.



66 L. T. Chanu et al.

Fig. 5 a UV–Vis absorption spectra b Tauc plot of bare NiO and Ag-NiO TF 

4 Conclusion 

NiO TF and Ag-NiO TF have been successfully fabricated employing the e-beam 
evaporation method. The XRD study promotes the crystallinity of the fabricated films 
with an evaluated average crystallite size of 14.44 nm for bare NiO TF and 13.44 nm 
for Ag-NiO TF. The elemental composition for Ag incorporation is confirmed with 
energy-dispersive X-ray spectroscopy (EDS) study as well as XRD analysis. The 
benefit of Ag incorporation can be observed by PL and absorption analysis displaying 
enhanced intensity and improvement in absorption due to the collaborative action 
of Ag. The obtained results demonstrated the positive impact of Ag incorporation 
which can be a good candidate for various applications such as a photodetector, gas 
sensor, photocatalytic. 
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Chevronic TiO2 Thin Film Fabrication 
Using E-Beam Evaporation for UV 
Photodetection Applications 

Pinky Khundrakpam, Biraj Shougaijam, and Ashish Ranjan 

1 Introduction 

Photodetector devices with boosted sensitivity and speed have been promising area of 
investigation in the recent past. Ultraviolet (UV) photodetectors, with its varied spec-
trum of potential applications in the areas of purification of water, optical commu-
nication, chemical analysis, remote control, diagnosis of medical conditions, and 
detection of missile plume have been a potential research interest [1–3]. Unlike tran-
sition metal oxide semiconductors, conventional photodetectors fabricated from Ge, 
Si, and GaAs exhibit bandgaps which are narrow and thereby absorbing a wide wave-
length range. Titanium dioxide (TiO2) being a semiconductor with wide bandgap 
of 3.2 eV is suited for UV detection [4–6], besides its other applications such as 
biosensors [7], optoelectronics [8], cancer therapy [9], photocatalysis [10], owing 
to its outstanding electrical, optical, and catalytic properties [11, 12]. A varied of 
techniques, including sol–gel [13], hydrothermal [14], glancing angle deposition 
[15], and chemical vapour deposition [16] have been employed by many researchers 
to grow TiO2 nanostructures. Nevertheless, these above-mentioned methodologies 
necessitate either a complicated fabrication process or pose difficulty in control-
ling the nanostructure’s growth direction. These problems may be overcome through 
the introduction of a simple oblique angle deposition methodology (OAD) to grow 
chevronic TiO2 thin films (TFs) possessing high surface area on a silicon substrate. 
TiO2 TFs grown on silicon substrate at slanted angles with OAD technique has been 
theoretically and experimentally characterized in [17]. Another paper reported the
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analysis of fabricated TiO2 TFs on silicon substrate using OAD method [18]. The 
OAD of TiO2 on glass [19] and silicon [20] substrates forming zig-zag TiO2 TFs has 
also been reported. Nevertheless, these literatures deliberate on the growth mecha-
nisms and morphology of the cylindrical TFs but exclude the structural analysis of 
the TiO2 TFs grown through the OAD. 

OAD is a prominent physical vapour deposition methodology for creating remark-
ably efficient TFs with configurable cylindrical morphologies such as S-shapes, 
slanted columns, chevron/zig-zag structures, C-shapes and helices, through varia-
tion of the two fundamental axes of substrate rotation [21, 22]. These cylindrical 
microstructure morphologies result from the blocking of the incoming deposition 
flux by the shadowing effect of the tall surface facets thereby initiating a combative 
growth and hence formation of slanted structures towards the approaching flux 
[23–25]. High nanoporosity and anisotropic growth dependent on the material, angle 
of deposition, and deposition conditions, due to the limited diffusion of adatom and 
self-shadowing effect result to lower refractive index in TFs grown by OAD method-
ology as compared to other growth techniques. Moreover, these TFs microstructures 
formed by the OAD technique cause optical anisotropy [26] that reveals birefrin-
gence property [27]. These structures also exhibit greater surface area then conven-
tional thin films. Out of all the potential quantities that represent a cylindrical film 
microstructure, the relationship of the vapour flux incident angle (α) with the column 
tilt angle (β), for substrates that do not rotate, is of immense pertinence and has been 
a topic of deliberation amongst the researchers. The famous tangent rule proposed 
by Nieuwenhuizen and Haanstra in [28] is represented by 

tan α = 2 tan  β. (1) 

In another extension of OAD technique, known as glancing angle deposition 
(GLAD) technique, the manipulation of the substrate incline is done during the depo-
sition of the film and thereby additionally requires active manipulation of both the 
angle of rotation and substrate incline angle while fabrication of columnar structure 
growth. 

In this work, an attempt has been made to fabricate chevronic TiO2 thin film-
based UV photodetectors having chevronic/zig-zag nanostructures and analyse their 
optical, morphological, structural, and photodetection properties using the OAD 
technique in comparison the conventional TiO2 thin film-based UV photodetector. 

2 Experimental Details 

Chevronic/zig-zag TiO2 thin films were deposited on silicon substrates (1 cm by 
1 cm) within the electron beam evaporation system (HHV India’s Smart Coat 3.0,) 
with the OAD methodology. 99.999% pure TiO2 (acquired from Tecnisco Advanced 
Materials Private Limited, Singapore) was utilized as the source material to fabricate 
the chevronic TiO2 TFs. The integrated OAD unit in the electron beam chamber
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ensues the change of the desirable angle with the help of the shaft of the OAD unit. 
The schematic of simple OAD system is shown in Fig. 1. The e-beam chamber is 
set up for deposition by cleaning at the outset with acetone preceding to vacuuming 
the chamber. The pressure of the e-beam chamber falls to ~2 × 10–5 mbar from the 
originally maintained ~6 × 10–6 mbar in the course of the deposition which may 
owe to the evaporation of the source material releasing oxygen gas. A quartz crystal 
was utilized to track the rate of deposition which was sustained at 1 Å s−1. A 20 cm 
separation was maintained between the source material to be evaporated and the 
substrate holder. Initially, a thin film of TiO2 of 50 nm was grown on the Si substrate 
prior to placing the substrate holder at an 85º inclination with the normal axis between 
the substrate holder and the source material to be evaporated. The fabrication of the 
450 nm-thick chevronic TiO2 TF was achieved by deposition of 150 nm of thick film 
of the TiO2 interchangeably thrice by rotating the substrate 180° azimuthally twice. 
The schematic depiction of the conventional TiO2 TF and the chevronic TiO2 TF can 
be observed from Fig. 2. A normal TiO2 TF of thickness 200 nm was also fabricated 
separately by keeping the substrate holder at normal with evaporation material for 
comparative analysis with the chevronic TiO2 TF. 

The analysis of the chevronic TiO2 TF morphology was achieved with the 
FEG-SEM (field emission gun-scanning electron microscopes) (JEOL, JSM-7600F). 
Additionally, the X-ray diffraction (XRD) characterization was also accomplished 
with the help of the X-Pert Pro Pan analytical having Cu K-alpha radiation (k = 
1.54060 Å) for both the conventional and chevronic TFs. The UV–vis spectropho-
tometer (Shimadzu’s UV-1800) and the UV–Vis spectrophotometer (AN-UV-6500N 
ANTech) were utilized to characterize the absorption and photoluminescence spectra 
with the use of a 370 nm filter under a wavelength of excitation of 340 nm for both 
the conventional and chevronic TFs.

Fig. 1 Oblique angle deposition system
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Fig. 2 Schematic representations of UV detectors based on a TiO2 thin film and b chevronic TiO2 
thin film

Two types of photodetector devices were fabricated. Thermal evaporation was 
utilized to deposit metal (Ag) electrode contacts of 200 nm thickness on the surfaces 
of Si/TiO2-TF and Si/Chevronic-TiO2-TF with the help of a shadow mask having 
holes of circular shape with area ∼7.8 × 10–3 cm2. The I–V measurement of 
Si/TiO2-TF and Si/Chevronic-TiO2-TF-based UV photodetectors were measured 
with the help of semiconductor parameter analyser (Keithley’s 4200-SCS) beneath 
low-intensity white light illumination and dark conditions. The analysis of response 
time of the photodetectors was conducted with ON/OFF switching of illumination 
of UV light. 

3 Results and Discussion 

3.1 Morphological Analysis 

The sectional view of the FEG-SEM image of the chevronic TiO2 TF fabricated by 
OAD methodology at an inclination of 85° is observed in Fig. 3. The porous nature 
of the fabricated chevronic TiO2 TF is established from the sectional view which will 
facilitate better trapping of light. The sample’s cross-sectional view is presented in 
Fig. 4 which clearly depicts the chevronic/zig-zag nanostructure of the TiO2 TF. A 
more magnified image showing the chevron/zig-zag nature indicated by red arrows 
is illustrated in the inset of Fig. 4. The first deposition of the zig-zag nanostructure 
was deposited for the orientation of φ = 0° of the substrate position, followed by the 
second and third orientations with φ = 180° and φ = 0°, respectively. The calculated 
height of the chevronic TiO2 structure from the cross-sectional view is ~190 nm, 
and the angle of the oblique nanostructures is calculated to be ~46°. The energy 
dispersive X-ray analysis presented in Fig. 5 is depicting the existence of titanium 
(Ti) and oxygen (O2) in the  sample.
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Fig. 3 Sectional view of 
chevronic TiO2 thin film 

Fig. 4 Cross-sectional view 
of chevronic TiO2 thin film

3.2 Structural Analysis 

The analysis of the structural properties of the samples was achieved through X-
ray diffraction (XRD) characterization. The XRD results of the conventional TiO2 

TF and chevronic TiO2 TF grown by the OAD methodology are depicted in Fig. 6 
whereby weak peaks at ~25° corresponding to the anatase TiO2 crystal lattice of (101) 
(JCPDS No. 84–1286) were seen in both the samples. These confirm the amorphous 
nature of the samples. TiO2 TFs grown through e-beam are reported to be usually 
amorphous in nature [29]. The structural characteristics of the amorphous TiO2 TF 
can be improved by annealing the sample between 300 and 600 °C [30].



74 P. Khundrakpam et al.

Fig. 5 Energy dispersive X-ray spectrum of chevronic TiO2 thin film

Fig. 6 X-ray diffraction measurement of TiO2 thin film and chevronic TiO2 thin film 

3.3 Optical Analysis 

To examine the absorption spectra of the TiO2 TF and the chevronic TiO2 TF samples, 
the room temperature optical absorption spectra were recorded from 310 nm to 
800 nm wavelengths which are presented in Fig. 7. Enhanced absorption is shown
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Fig. 7 Absorption spectra of TiO2 thin film and chevronic TiO2 thin film 

in the ultraviolet (UV) range in comparison to the visible range due to the excited 
electrons transitioning to conduction band out of the valence band by both the TiO2 

TF and the chevronic TiO2 TF samples. Further, slightly better absorption is shown 
by the latter. This may be due to better porosity of the chevronic TiO2 TF sample as 
seen from the sectional view in Fig. 3. 

The Tauc plots plotting (αhν)2 vs hν, where hν is the incident photon energy on the 
TFs and α is the absorption coefficient, is presented in Fig. 8 for both the conventional 
TiO2 TF and chevronic TiO2 TFs. Calculation of the band gaps of both the samples 
was achieved through extrapolation of the linear portions of the curve to the energy 
axis (X axis) and observed to be ~3.23 eV and ~3.3 eV for the conventional TiO2 TF 
and chevronic TiO2 TFs, respectively, as shown in Fig. 8.

The photoluminescence intensity spectra of both the conventional TiO2 TF and 
chevronic TiO2 TFs which were excited with the use of a 370 nm filter at 340 nm 
wavelength are presented in Fig. 9. The plot shows two peaks 430 nm 413 nm for 
the chevronicTiO2 TF and two peaks at 411 nm and 431 nm for the conventional 
TiO2 TF. The photoluminescence spectrum of the chevronic TiO2 TF fabricated 
through OAD technique is Gaussian fitted, and the fitted plot shows a peak at 423 nm 
corresponding to a bandgap of 2.93 eV in Fig. 10. The bandgap from the photolumi-
nescence measurement is faintly smaller than the band gap calculated from the Tauc 
plot (~3.29 eV).
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Fig. 8 Tauc plots of TiO2 thin film and chevronic TiO2 thin film

Fig. 9 Photoluminescence spectra of TiO2 thin film and chevronic TiO2 thin film
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Fig. 10 Gaussian fitted photoluminescence spectra of TiO2 chevronic thin film 

3.4 Analysis of Photodetector Device 

The investigation of the J-V characteristics of the Si/TiO2-TF/Ag and Si/Chevronic-
TiO2-TF/Ag-based UV photodetectors thus fabricated is processed with biasing 
from −8 to 8 V in both forward and reverse bias in light and dark environments 
AS shown in Fig. 11. The devices were investigated under UV light illumination 
(∼390 nm wavelength) with the UV LED light source having output optical power 
of 174 nW/cm2 measured with optical power metre (OPHIR model no. PD300-1W, 
USA). The optical source was installed at a separation of 3 cm from the photode-
tectors during the measurements of UV lights. The rectification behaviour in both 
the photodetectors owes to development of p–n junction at the boundary between 
TiO2 TFs and p-Si substrate. However, the Si/Chevronic-TiO2-TF/Ag-based device 
shows stronger rectification in comparison to Si/TiO2-TF/Ag-based device. This 
behaviour is due to the zig-zag nanostructures in the former device leading to greater 
surface area, better trapping of light, and greater porosity.

Moreover, the response time of both fabricated Si/TiO2-TF/Ag and Si/Chevronic-
TiO2-TF/Ag-based UV photodetectors was also investigated by On and Off UV light 
switching with ∼174 nW/cm2 optical power at a biasing of −2 V, as presented 
in Fig. 12. The photosensitivity of photodetector is identified as the proportion of 
photocurrent to the dark current. The photosensitivity of both fabricated Si/TiO2-TF/
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Fig. 11 J-V characteristics of TiO2 thin film and chevronic TiO2 thin film-based UV photodetectors

Ag and Si/Chevronic-TiO2-TF/Ag-based photodetectors was calculated and found 
to be ~5.3 and ~7.4, respectively, at −2 V under UV light illumination showing 
better photosensitivity of the Si/Chevronic-TiO2-TF/Ag-based photodetector owing 
to its porosity, greater surface area, and enhanced trapping of light. The fabricated Si/ 
Chevronic-TiO2-TF/Ag-based photodetector shows better photoresponsivity than the 
TiO2-based UV photodetectors reported in [20, 31]. The rise time (tr) and fall time (tf ) 
of the fabricated Si/Chevronic-TiO2-TF/Ag-based photodetectors were computed 
from a switching cycle from Fig. 12 and presented in Fig. 13 revealing a rise time of 
120.31 ms and a fall time of 120.31 ms. The fabricated Si/Chevronic-TiO2-TF/Ag-
based photodetector device shows better response time in comparison to the previous 
works as reported in [20, 31–33] with smaller biasing voltage of −2 V (Table 1).
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Fig. 12 On–off switching of TiO2 thin film and chevronic TiO2 thin film-based UV photodetectors 
at room temperature 

Fig. 13 Rise time and fall time of chevronic TiO2 thin film UV photodetector 

Table 1 Comparative table 
of rise time and fall time of 
photodetectors 

Device Rise time 
(s) 

Fall time (s) 

Annealed TiO2/In2O3 NW [32] 0.26 0.13 

Er doped TiO2 NW [33] 1.23 0.6 

TiO2 chevronic thin film [present 
work] 

0.1203 0.1203
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4 Conclusion 

Fabrication of Si/TiO2-TF/Ag and Si/Chevronic-TiO2-TF/Ag-based UV photode-
tectors were done inside the e-beam evaporation chamber. Morphological, optical, 
and structural analysis of the chevronic TiO2 TF so fabricated were also conducted. 
The FEG-SEM image of the sample presented successfully grown TiO2 thin film of 
chevronic/zig-zag shape on silicon substrate of height ~190 nm and also confirming 
the porous nature of the film. The EDX mapping further highlighted the existence of 
titanium and oxygen in the sample. Weak peaks at ~25° belonging to the anatase TiO2 

crystal lattice of (101) were observed from the XRD analysis of both the conven-
tional TiO2 TF and chevronic TiO2 TF samples. These weak amorphous TiO2 char-
acteristics may be boosted through annealing. Superior absorption was seen in the 
ultraviolet (UV) range in comparison to the visible range in the absorption spectra 
from the UV–vis spectroscopy in both the samples with better absorption shown by 
chevronic TiO2 TF. The Gaussian fitted photoluminescence spectrum of the chevronic 
TiO2 TF shows a peak at 423 nm corresponding to a bandgap of 2.93 eV. The J-V 
characteristics of the Si/TiO2-TF/Ag and Si/Chevronic-TiO2-TF/Ag-based photode-
tectors were investigated under dark and light conditions from −8 V to 8 V and their 
ON/OFF switching was studied at −2 V. The Si/Chevronic-TiO2-TF/Ag-based UV 
photodetectors showed better photoresponsivity and response time than the Si/TiO2-
TF/Ag-based UV photodetectors and also other reported UV photodetectors due to 
the porous nature of the chevronic TiO2 thin film and larger surface area ensuing 
better harvesting of light. 
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Paper-Based Capacitive Sensor 
for Detection of Arsenic in Drinking 
Water 

Geetartha Sarma, Mrigendra Yadav, and Partha P. Sahu 

1 Introduction 

The essential component of life on earth is water, but it also contains a number of 
dangerous substances that can seriously harm a person’s health. Among all of these 
dangerous substances, arsenic, which is most frequently found as arsenate (As(III)) 
and arsenite (As(V)), is known to cause skin cancer and other fatal diseases such 
cardio vascular disease, heart disease, and birth defects [1, 2]. According to the 
World Health Organization (WHO), arsenic in drinking water should not exceed 
10 ppb [3]. However, there are relatively few trusted methods available for quickly 
testing for arsenic in drinking water. The traditional method to measure the amount 
of arsenic in drinking water needs skilled personnel, bulky, expensive apparatus, and 
is not environment-friendly. It also requires considerable sample pre-treatment [4]. 

To detect arsenic in drinking water, we have introduced an interdigitated electrode 
(IDE) paper-based capacitive sensor. By measuring capacitance or impedance for 
chemical sensing, IDE plays a crucial role in this direction [5]. On Whatman filter 
paper, a comb-based electrode was fabricated, and Fe@rGO nanocomposite was 
deposited on the electrode surface by using drop coating method. Reduced graphene 
oxide (rGO) has a sizable surface area, and when it is combined with iron to produce 
a nanocomposite, iron ions are deposited on rGO surface in the form of C-O-Fe. 
When arsenic contain water expose to this nanocomposite, a bond is form between 
As and iron [12]. The paper capacitor was calibrated with DI water, 100 ppb, 60 ppb 
As solution, and 100 ppb FeCl3 sol.
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2 Experimental Section 

2.1 Chemicals 

All the chemical used for the preparation of sample such as graphite flake, 
sulfuric acid, potassium permanganate, hydrochloric acid, hydrogen peroxide, ferric 
chloride, ammonia (25%), ethanol, all chemicals are purchased from Merck and 
Sigma-Aldrich. 

2.2 Synthesis of Graphene Oxide (GO) 

The synthesis of GO using modified hummers method is followed as proposed by 
Abdolhosseinzadeh et al. [6]. 

2.3 Synthesis of Fe@rGO Nanocomposite 

The Fe@rGO nanocomposite was prepared by a hydrothermal method as described 
by S. Radhakrishnan et al. [7]. 70 mL of ethanol was mixed with 50 mg of graphene 
oxide, then ultrasonically dissolved for 30 min. Following that, 100μL of 25% 
ammonia and 0.1 g of FeCl2 were poured into the solution. The mixture was then 
placed in a Teflon-lined stainless steel autoclave and kept at 170 °C for 4 h before 
gradually cooling to ambient temperature. The precipitate was then filtered, repeat-
edly rinsed with distilled water and ethanol, and dried in a vacuum oven at 80 °C for 
6 h.  

2.4 Characterization 

Using a Nicolet Impact 410 FTIR spectrophotometer, Fourier transform infrared 
spectroscopy (FTIR) was used to identify the functional groups contained in the 
sample. To evaluate the crystallite size and interlayer spacing, X-ray diffraction 
(XRD) was carried out using BRUKER AXS D8FOCUS, CuK radiation (k = 
1.540598), 30 kV, 15 mA, and a scan rate of 1 min. In the JEOL JSM 6390LV, energy 
dispersive X-ray (EDX) experiments were conducted. TECNAI G2 20 S-TWIN 
underwent TEM investigation (200 kV).
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2.5 Senor Design and Concept 

The fabricated capacitive-based arsenic detection kit comprises of coupled comb 
electrode with finger width (n) of ‘x’ and gap of ‘y’ between the fingers printed on 
a Whatman filter paper with dimensions 3 × 2 cm2 (Fig. 1d) and then it is covered 
with the sensing material. Considering eight fingers, two edge electrode capacitance 
and five interior capacitances are formed. Due to the application of +Ve and −Ve 
potential at adjacent fingers of electrode, there is a generation of traversing electric 
fields penetrating through sensing material and paper substrate and fringing fields 
traveling from one finger to other finger through air medium [8]. The total capacitance 
contributed by the above fields is the function of the dielectric constant of sensing 
material and the thickness of the sensing layer and gap between two adjacent finger 
and equated as: 

CTotal = L(N − 3)C1 + 2CE , (1) 

where CI is the initial capacitance of unit cell, and CE is the edge capacitance which is 
neglected with respect to CI as CI >> CE . For the design, we have taken four fingers 
in each electrode of comb structure (N = 8). Considering the variation of CTotal 

with the dielectric with dielectric constant (Em) of sensing material, w is obtained as 
1.5 mm, and ‘a’ is found to be 1.5 mm.

Fig. 1 Synthesis of Fe@rGO nanocomposite, fabrication of paper capacitive sensor with Fe@rGO 
sensing layer and its measurement set up a synthesis process of Fe@rGO nanocomposite, b fabri-
cation steps of paper capacitor, c 3D view of paper capacitor, d paper capacitor before deposition 
of sensing layer e paper capacitor after deposition of sensing layer f capacitance measuring setup 
g by applying voltage through Arduino developed interior and edge capacitance h equivalent circuit 
having total capacitance (CTotal) and internal resistance of Arduino R1 
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3 Result and Discussion 

Figure 2a shows the XRD spectra of GO rGO and Fe@rGO nanocomposite. The 
spectra for GO exhibited a characteristics peaks at a diffraction angle of 10.62 and 
42.34 corresponding to (001) and (100) planes confirming the successful synthesis 
of GO. Upon reduction, the characteristics peak shifted to the higher diffraction 
angle attributed to the successful reduction of GO [9]. The spectrum for Fe@rGO 
nanocomposite exhibited characteristics peaks at 2θ = 24.2, 33.2, 35.6, 40.9, 49.4, 
53.9, 57.4, 62.4, 63.9, and 71.8 corresponding to (012), (104), (110), (113), (024), 
(116), (122), (214), (300) planes of Fe@rGO and (002) plane of rGO, respectively 
[6, 10]. The characteristics peaks of rGO sheets are not seen in the composites 
(Fe@rGO), and all of the peaks are related to the Fe2O3 (JCPDS: 89-2810). This is 
because Fe2O3 nanoparticles are coated on each side of the two-dimensional, thin 
rGO sheets. 

The FTIR spectra as prepared GO, rGO, and Fe@rGO are depicted in Fig. 2b, 
respectively. Broad peak at 3410 cm−1 corresponds to the stretching and bending 
vibrations of OH groups [11]. Carboxyl (C = O) absorption peaks were present 
at 1725 cm−1, and the peak at 1620 cm−1can be attributed to the stretching vibra-
tion of C = C. The FTIR spectra show the absorption peak caused by the stretching 
vibrations of C-O group at 1150 cm−1and C–O–C group at1050 cm−1. These oxygen-
containing groups provide evidence that the graphite has been oxidized. The pres-
ence of the surface hydroxyl groups demonstrates how hydrophilic graphene is. It 
is evident from the result that due to the reduction process, the magnitude of the

Fig. 2 a XRD of GO, rGO and Fe@rGO, b FTIR of GO and Fe@rGO 
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peaks corresponding to different functional group reduced confirming the reduc-
tion of GO. However, the spectrum of Fe@rGO nanocomposite shows very small 
deviations in its peaks because of complete reduction of rGO and then formation 
of Fe@rGO nanocomposite. None of the characteristics peaks of rGO are observed 
which confirms the removal of functional groups and addition of iron atoms over the 
surface of thin layered rGO. 

The EDX spectra of GO, rGO and Fe@rGO presented in Fig. 3a–C, respectively. 
From the data, it can be observed that the percentage of the oxygen and carbon atom 
is reduced due to the reduction of GO to rGO via hydrothermal method and addition 
of the Fe atoms during the formation of Fe@rGO nanocomposite. Figure 3c, d shows 
the TEM images of rGO and Fe@rGO nanocomposite. From the figure, it can be 
clearly seen that the embedded Fe atoms over the 2D reduced graphene oxide [12]. 

The capacitance of paper capacitor was measured by experimental setup with 
charging and discharging through RC circuit having capacitance CTotal and internal 
resistance (RI ) of Arduino Uno (Fig. 1f). Before the exposure of As samples, the

Fig. 3 a EDX spectra of GO and rGO, b EDX spectra of Fe@rGO, c TEM images of rGO d TEM 
images of Fe@rGO 
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Fig. 4 Mechanism of interaction between arsenic and Fe@rGO nanocomposite a before expo-
sure with Arsenic b formation of bonding between Fe@rGO nanocomposite and arsenic after 
exposure of Arsenic samples 

interior capacitance and edge capacitance are CI and CE, respectively (Fig. 3a). 
During exposure, active sites of Fe@rGO nanocomposite trap As ions [13]. The 
mechanism of interaction of As with Fe@rGO nanocomposite over the electrode 
surface is shown in Fig. 4. 

The calibration of paper capacitive sensor was carried out by DI water samples, 
100 ppb arsenic, 60 ppb arsenic, and 100 ppb FeCl3. In each case, ten numbers 
of samples are tested, and volume of each sample was 10 μl. Figure 5a shows  the  
transient analysis of capacitance (CTotal) of paper capacitive sensor exposed to above 
sample. The Cs 

Total 100 ppb As samples is in the range of 170–220μF. The 60 ppb As 
sample shows Cs 

Total ~150μF almost at same detection time of DI water. The Cs 
Total 

for DI water and FeCl3 samples are 130 μF and 135μF, respectively, almost at same 
detection time. Figure 5b shows  the  CTotal values of different As samples.
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Fig. 5 a Time variation of capacitance after exposure of Fe@rGO surface of sensor with DI water, 
100 ppb As, 60 ppb As, and 100 ppb FeCl3, b range of capacitance values of DI water, As, and 
FeCl3 

4 Conclusion 

Here, capacitive-based sensors for detection of arsenic present in drinking water 
were designed and developed on degradable Whatman filter paper implying simple 
and efficient drop coating method. Initially, Ag com electrode was developed on the 
paper, followed by the deposition of Fe@rGO sensing material using simple drop 
coating technique. The fabricated sensor was calibrated using standard DI water. 
Upon exposure of arsenic samples, the fabricated sensor exhibited a capacitance value 
in the range of 170–220 μF and 170–190 μF for 100 ppb and 60 ppb, respectively. 
However, no variation is detected due to the exposure of Fe3+ ions, confirming the 
selectivity of the fabricated devices to arsenic. The sensor exhibited a detection time 
of 150 s. An additional advantage of the developed sensors is its biodegradable in 
nature. 
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Investigation of Optical and Electrical 
Properties of Au/SiOx/ITO 
for Optoelectronic Applications 

Rubila Laishram and Naorem Khelchand Singh 

1 Introduction 

Silicon Oxide (SiOx) thin films (TFs) are among the most widely used nanoma-
terials for optical coatings, sensors and detectors, and storage applications [1, 2]. 
High-sensitivity detectors and sensors can be developed using the SiOx coating 
on the Si surface [3, 4]. Suppression of dark current due to the SiOx layer was 
also reported in the structure comprising SiOx-In2-xO3-y-based Schottky detectors 
[5]. Meanwhile, Transparent Conducting Oxides (TCOs) are extensively used in 
transparent electronics, especially Indium Tin Oxide (ITO), as they possess a large 
band gap, making them suitable for UV absorption. It also has chemical inertness 
and hardness, substrate adhesion, and high visible region transmission. Due to this, 
ITO substrates are suitable for various optoelectronic applications, including photo-
voltaic cells, liquid crystal displays [6], and gas sensors [7]. Various researchers have 
reported using ITO TF for photodetector applications [8, 9]. 

In this study, SiOx thin film was fabricated on an ITO substrate using a catalyst-
free e-beam evaporation technique for photodetector application. The morpholog-
ical analysis was characterized by Field Emission Scanning Electron Microscopy 
(FESEM-Carl Zeiss Sigma). Optical analysis was carried out using a UV-Vis-
NIR spectrophotometer (Hitachi Model UH4150). Finally, the electrical study was 
conducted with the help of Keithley 4200-SCS.
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200 nm 200 nm 

140 nm 
ITO SiOx 

(a) (b) 

Fig. 1 FESEM images a top view of SiOx TF b cross-sectional view showing thickness 

2 Experimental Methods 

SiOx TF on ITO substrates was deposited with the e-beam evaporation method (BC-
300, HHV, India). Initially, ITO substrates (~80% transmittance and 15 + 2.5 Ω

resistance) were cleaned with isopropyl and Deionized (DI) water using ultrason-
icate cleaner (KJI Group, MTI) for three minutes each sequentially. The cleaned 
ITO substrates were then fixed in a substrate holder kept 24 cm away from the 
crucible containing source materials, SiOx granules (purity of 99.99%). Consistently, 
the deposition rate was monitored by a digital thickness monitor (DTM). During 
the deposition, an initial pressure of ~ 5 × 10–6 mbar and a constant evaporation 
rate of 1 Å/s were maintained. For metallization, Au contacts (top electrode) were 
evaporated above the SiOx film by masking circular holes of a diameter of 1.5 mm. 

3 Results and Analysis 

3.1 FESEM 

The FESEM analysis was conducted to study the morphology of the fabricated SiOx 

TF. The top view of FESEM images, as shown in Fig. 1a, witnesses the successful 
growth of a uniform SiOx TF. As shown in Fig. 1b, the average estimated thickness 
of the deposited SiOx film was obtained as 140 nm. 

3.2 Optical Absorbance 

Optical absorption measurement was performed using a UV-Vis spectrophotometer 
for the wavelength up to 800 nm, as shown in Fig. 2a. A wide absorption peak was



Investigation of Optical and Electrical Properties of Au/SiOx/ITO … 93

Fig. 2 a UV-Vis absorption spectrum of SiOx/ITO b Tauc plot representing bandgap 

observed in the UV-Vis region. Figure 2b depicts the optical bandgap of the SiOx 

TF calculated using the Tauc’s plot by plotting a graph between (hν) and (αhν)1/2, 
where hν is the energy of the photon and α represents the absorption coefficient [10]. 
A bandgap of ~ 2.6 eV was obtained by extrapolating a straight line in Tauc’s plot. 
The obtained bandgap is well-matched with the SiOx bandgap [11]. 

3.3 Electrical Characteristics 

The electrical current–voltage (I–V) characteristics of Au/SiOx/lTO TF under dark 
and light conditions are demonstrated in Fig. 3 with the device model (inset). Based on 
the rectifying I–V curve, it is evident that a Schottky junction has formed between the 
SiOx TF and the Au contact. The conduction process of the device can be explained 
using the adsorption and desorption processes, which take place on the SiOx surface 
sites. Under the dark condition, the proposed device exhibits low dark current due to 
the adsorption process where O2 molecules from the atmosphere are attracted on the 
surface of SiOx (O2 (g) + e- → O2− 

). The formation of oxygen ion (O2− 
) leads to 

band bending, thereby increasing the depletion width. As a result, the conductivity 
of the device decreases.

During light illumination, carriers (holes and electrons) are generated due to the 
desorption process (O2− + e-+ h+ → O2 + e-), the ionized oxygen recombines with 
the holes releasing O2 in the air, and the remaining unpaired electrons act as charge 
carriers, which increases the device’s conductivity. The switching characteristics of 
the SiOx TF taken at −3 V are illustrated in Fig. 4a. A fast photoresponse, such as 
rise time (τ r) of ~ 52 ms (time required to reach from 10 to 90% of the maximum 
current) and fall time (τ f) of ~ 40 ms (90–10% of the maximum current), is depicted 
in Fig. 4b and c. Table 1 compares our reported work with the existing work done 
by other researchers.
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Fig. 3 I–V characteristics of 
the film under light and dark 
conditions, inset (device 
model)

Fig. 4 a Response time of the fabricated device at −3 V  b τ r (rise time) and c τ f (fall time)
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Table 1 Comparison based 
on response time with 
existing literature 

Device models Rise time, τ r 
(s) 

Fall time, τ f 
(s) 

SiOx TF (proposed work) 52 ms 40 ms 

Si/SiOx/Al-NP/SiOx/Al-NP/ 
Ag [12] 

106 ms 108 ms 

SiOx-In2−xO3−y/Au [5] 1.82 s 1.78 s 

SiOx NW/Si [10] 0.13 s 0.13 s 

4 Conclusion 

We can conclude that, by using an e-beam evaporation technique, SiOx TF has been 
successfully fabricated on the ITO substrate. FESEM analysis reveals uniform growth 
of the deposited SiOx TF. The absorption spectrum demonstrated a broad absorption 
peak in the UV-Vis region. The electrical analysis shows a faster photoresponse of 
~ 52 ms rise time and ~ 40 ms fall time, which validates a potential candidate for 
optoelectronics applications. 
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Study on Structural and Optical 
Properties of Ta2O5 Nanocluster 

Elangbam Rameshwar Singh, Borish Moirangthem, 
and Naorem Khelchand Singh 

1 Introduction 

Among the metal oxide, Tantalum pentoxide (Ta2O5) has been the most popular mate-
rial in recent years due to its unique properties like electronic application and optical 
[1–5]. The Ta2O5 offers good chemical and thermal stability[6], high refractive index 
in the broad spectral, optical transmittance [7], and high k dielectric constant [8]. Due 
to these properties Ta2O5 is widely used in optoelectronic applications [9, 10], and 
memory devices [11, 12]. Deposition methods show an essential role in the physical 
properties of the Ta2O5 nanocluster [9, 13]. Fabrication techniques like electron beam 
(e-beam) evaporation incorporated with glancing angle deposition (GLAD) [14], 
atomic layer deposition [15], thermal oxidation [16], ion-assisted deposition[17], 
chemical vapor deposition, and radio-frequency (RF) magnetron sputtering [18] 
have been employed to create the Ta2O5 nanostructure. Among them, the GLAD 
technique provides a catalyst-free and user-friendly environment. Moreover, GLAD 
allows control over morphology and structure during deposition. In addition, there are 
very few reports on Ta2O5 nanostructure using the (GLAD) technique. In this study, 
we report a Ta2O5 nanoclusters’ deposition on Fluorine-Doped Tin Oxide (FTO) 
substrate using the GLAD technique. We used field emission gun-scanning electron 
microscopy (FEG-SEM), X-ray diffraction (XRD), Energy-Dispersive X-ray spec-
troscopy (EDS), and UV-visible spectrum analysis to investigate the structural and 
optical features of a Ta2O5 nanocluster placed on an FTO substrate.
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2 Experimental 

Ta2O5 nanocluster was fabricated on FTO substrates by an e-beam evaporation with 
the GLAD system (BC 300, HHV India). The proposed structure for the Ta2O5 

nanocluster was done using Ta2O5 granules with a purity of ~ 99.99% as the source 
material. FTO substrate cleaning was performed for 3 min using isopropyl and deion-
ized water in the ultrasonicator (KJ Group, MTI). An angle of 85° between the 
substrate holder and the crucible was kept. The vacuum chamber during the depo-
sition was maintained at a pressure of 6 × 10–6 mbar. To track the thickness of the 
structure, a digital thickness monitor (DTM) was used. 

3 Result and Discussion 

3.1 Structure Analysis 

As shown in Fig. 1, the XRD diffraction peaks show only for the FTO substrate, and 
there is no distinct peak for the Ta2O5 nanocluster, which indicates that the Ta2O5 is 
amorphous [19]. Meenal et al. also reported that amorphous Ta2O5 film was formed 
on an FTO substrate using the spin coating technique, which is used as a transporting 
layer for solar cell application [20]. 

FEG-SEM images show the successfully deposited Ta2O5 nanocluster over the 
FTO substrate using a GLAD technique, as shown in Fig. 2a. The deposition 
nanocluster was obtained with an average diameter of ~ 120 nm. Moreover, nanoclus-
ters are attracting significant attention in a variety of fields due to their unique

Fig. 1 XRD peaks showing 
FTO crystalline and 
amorphous Ta2O5 
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Fig. 2 a FE-SEM image of the Ta2O5 nanocluster and b EDS spectrum for the Ta2O5 nanocluster 

properties, including their small size, high surface area-to-volume ratio, and optical 
properties [21]. 

EDS is a common analytical tool used to determine the elemental composition of a 
sample. As shown in Fig. 2b, the results of an EDS analysis on the Ta2O5 nanocluster 
showed that it is made up of only Ta, Sn, F, and O, with no other elements detected. 
This indicates that the sample is pure and free from impurities, which is important 
for understanding its properties and behavior. 

3.2 Optical Analysis 

The optical absorption spectrum was examined by UV-visible absorption measure-
ment, giving a strong absorption in the UV region, as shown in Fig. 4a. Tauc plot was 
plotted from the obtained absorption using the relation [22], in which the bandgap 
was found to be 3.9 eV for the FTO substrate and 3.8 eV for the Ta2O5 nanocluster, 
as shown in Fig. 4b. These values are close to the reported optical bandgap [23, 24] 
(Table 1).
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Fig. 4 a UV-vis absorption b direct band gap (αhυ)2 versus energy (hυ) 

Table 1 Comparison table 
with the existing structure Material Technique Catalyst used 

In2O3/TiO2 [25] Hydrothermal Yes 

Ta2O5 [26] Hydrothermal Yes 

ZnO [27] Pulsed laser deposition No 

This work Ta2O5 GLAD No 

4 Conclusion 

Ta2O5 nanocluster was successfully deposited on an FTO substrate with the help of 
the GLAD, which is incorporated with the e-beam evaporator chamber. The FEG-
SEM confirmed the successful growth of the nanocluster, and the amorphous nature 
of the Ta2O5 nanocluster was revealed by XRD analysis. EDS study manifests the 
presence of the elements Ta, Sn, F, and O without impurities during the deposition. 
Lastly, the absorption was found in the UV region with the obtained band gap of 
3.9 eV for the FTO and 3.8 eV for the Ta2O5 nanocluster. From the obtained param-
eters, it can be concluded that the deposited Ta2O5 nanocluster can be helpful in 
developing UV light photodetector and other optoelectronics devices. 
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Non-volatile Memory Application Based 
on Gd2O3 Nanorod 

Ph. Nonglen Meitei and Naorem Khelchand Singh 

1 Introduction 

In recent decades, rare earth oxides (REO) have received enormous interest due to 
their wide field of applications [1–3]. Among the REO, gadolinium oxide (Gd2O3) 
is a high-k dielectric material with a wide bandgap that can replace SiO2 in metal 
oxide semiconductor (MOS) applications. Moreover, Gd2O3 is chemically and ther-
mally stable with low lattice mismatch with silicon [2]. The demand for non-volatile 
memory (NVM) usage has grown significantly over the past few years [4]. Recently, 
resistive random access memory (RRAM) has drawn significant interest because 
of its high-density integration, low power consumption, simple design, and quick 
operation [5]. Most of the RRAM requires conductive filament formation to switch 
between a high resistance state (HRS) and a low resistance state (LRS). Forming fila-
ment requires a high-voltage stress process [6]. Therefore, eliminating the forming 
process is beneficial from both the design and power consumption perspectives. 
However, Gd2O3 contains enough defects for the operation of forming-free RRAM 
[7]. In forming-free RRAM, oxygen vacancies play an essential role in resistive 
switching. In addition, scaling the device’s size to the nanoscale can explore untapped 
properties that can achieve higher density, enhance device performance, and improve 
resistive switching mechanisms. In this study, one (1D) nanostructure using Gd2O3 

was deposited using the GLAD technique. The purpose structure has the potential 
to serve multiple functions, as the author has previously demonstrated for the appli-
cation photodetector [8]. The capacitive memory and forming-free RRAM char-
acteristics for the deposited Gd2O3 nanorod (NR) were analysed using Keithley 
4200.
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Fig. 1 Illustration of GLAD setup using the deposition 

2 Experimental Details 

The GLAD technique was used to deposit Gd2O3 (99.99% purity) NR on an n-type 
Si wafer. Before the deposition, the 1 × 1 cm2 Si wafers were cleaned using the 
Radio Corporation of America (RCA) cleaning method. After cleaning, the wafer 
was placed on a substrate holder within the GLAD system, which was positioned at an 
angle of 85° relative to the incoming vapour flux from the crucible. The substrate was 
azimuthally rotated during the deposition process at 30 rpm with a constant deposition 
rate of 1.1 Å/s and a base pressure of 5.5 × 10–6 mbar. A graphic representation of 
a GLAD setup is illustrated in Fig. 1. Additionally, a silver contact of ~ 30 nm 
thickness with an area of 3.14 × 10–2 cm2 was deposited on top of the Gd2O3 NR 
for the electrical analysis using Keithley 4200. 

3 Results and Discussion 

Figure 2a and b shows the current (C)—voltage (V) and conductance (G)—voltage 
(V) measurements for the Gd2O3 NR device for −10 to + 10 V voltage sweep. 
The measurement was recorded under dark conditions for frequencies ranging from 
100 kHz to 1 MHz with a 30 mV AC signal. As demonstrated in Fig. 2a, it is 
evident that the capacitance decreases as the frequency increases with well-defined 
accumulation, inversion, and depletions regions matching that of the n-type C–V 
curve. Similar to capacitance variation in C–V measurement with varying frequency, 
the G–V curve increases with the increasing frequency, as shown in Fig. 2b. This 
variation can be attributed to the influence of series resistance and interface trap
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charges affected by using the Si wafer’s backside as a back contact [9]. The effect 
due to series resistance can be calculated from the following equation [10]: 

Rs = Gm 

G2 
m + (ωCm)2 

, (1) 

Fig. 2 Gd2O3 NR a C–V curve, inset: magnified C–V curve, b G–V curve, c series resistance for 
different biasing voltage, d C–V hysteresis, e trapped charge density variation with voltage
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where ω = angular frequency, Cm and Gm = measured capacitance and conductance, 
the value of Rs from 100 kHz to 1 MHz for various biasing voltages of + 3 to  + 10 V 
is depicted in Fig. 2c. The value of Rs is seen to decrease with the rise in frequency 
and vice versa, which is likely due to the interface state responding to AC signal 
response [4]. 

Further, C–V hysteresis at 1 MHz frequency was conducted (as shown in Fig. 2d) 
by voltage sweeping from ± 3 to  ± 10 V. The devices showed a counter-clockwise 
behaviour loop which increases with the sweeping voltage. The enhancement in the 
loop with the sweeping voltage is a good indication of the strong charge injection 
in the region. The nature of the hysteresis loop of the C–V obtained is similar to the 
reported work by other researchers [11]. The trapping charges density (N) was also 
calculated for ± 3 to  ± 10 V sweeping voltage using the following equation [4]: 

N = 
Ca × �V 

q A  
, (2) 

where q = electron charge, �V = flat band voltage, A = area of the electrode (3.14 
× 10–2 cm2), and Ca = oxide capacitance. It can be observed from Fig. 2e that the 
value of N increases with applying biased voltage. 

Figure 3a shows the I–V measurement for the Gd2O3 NR RRAM device. The 
voltage biasing was provided at the top contact with the following order 0 V → 
4 V  → 0 V  → −4 V  → 0 V and keeping the bottom contact grounded. The device 
displayed a forming-free abnormal bipolar resistive switching (BRS) behaviour [5, 
12]. The devices started with the LRS state when voltage biasing from 0 V was 
applied. With the gradual increment in the biasing voltage, the device switched to 
the HRS state, as shown in Fig. 3a. The conduction mechanism in the device arises 
from the slight movement of oxygen vacancies from their equilibrium position, which 
creates a dipole [5]. This dipole opposes the external electric field and results in the 
device’s HRS state. Interestingly, as the biasing voltage lowered, the device started 
showing a negative resistance effect due to a larger electric field from the dipole 
compared to the external electric field, resulting in increased current in the device 
and slowly switching to the LRS state. The switching reproducibility of the Gd2O3 

NR device was tested at + 1 V. As shown in Fig. 3b, the device showed an excellent 
switching endurance of up to 300 cycles with HRS/LRS ratio of ~ 19. Finally, the 
data retention measurement was conducted at + 1 V with a compliance current of 
0.1 A. The device exhibits stable data retention of more than 103 s, as shown in 
Fig. 3c. In addition, the switching mechanism in both LRS and HRS regions was 
explored using a linear fitting in Log(I) vs Log(V) graph, as shown in Fig. 3d. In the 
LRS region, the linear fitting in the lower region with the value ~ 1 indicates ohmic 
conduction (I α V), which gradually changes to trap-controlled space charge limited 
conduction (SCLC) conduction denoted by slope ~ 4.6 in the higher region. In the 
HRS region, the conduction mechanism is mainly attributed to trap-controlled SCLC 
and got higher with the lower bias voltage due to the built-in electric field [12].
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Fig. 3 Gd2O3 NR a I–V hysteresis, b endurance for 300 cycles, c retention, d linear curve fitting 
for LRS and HRS 

4 Conclusion 

In this study, we have successfully presented the deposition of Gd2O3 NR  on a Si  
wafer using the GLAD technique for non-volatile memory application. The capaci-
tive memory of the device was demonstrated using the C–V and G–V measurements. 
Also, the frequency-dependent C–V and G–V were attributed to Rs and interface 
states. The C–V hysteresis at 1 MHz shows a counter-clockwise behaviour loop with 
memory windows that increases with the increased voltage. Furthermore, it was 
revealed that the trapping charges density rises with the increasing biasing voltage. 
The Gd2O3 NR device exhibited an abnormal BRS with a conduction mechanism 
assigned to ohmic, trap-controlled space charge limited conduction. In addition, the 
device revealed a stable endurance with 300 cycles and good retention characteristics 
(103 s), making it suited for non-volatile memory applications. 
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Improved UV Detection Based on SnO2 
Nanowire Fabricated by Glancing Angle 
Deposition 

Rosy Kimneithem Haokip, Biraj Shougaijam, and Manoj Kumar 

1 Introduction 

Large bandgap semiconductors namely TiO2, SnO, In2O3, ZnO etc. have captivated 
wide attention in optoelectronic application like gas sensors [1], photodetectors [2] 
and solar cells [3] because of its distinctive electrical and optical properties [4] such 
as high on–off current ratio, swift response speed, high sensitivity as well as high 
thermal stability. SnO2 is a significant n-type semiconductor having direct bandgap 
~ 3.6 eV. It also exhibits high exciton binding energy ~ 130 meV and high electron 
mobility ~ 250 cm2 V−1 s−1 [5] making it an ideal competitor in optoelectronic 
application [6]. 1-D structure such as nanowires, nanoarrays and nanorods have 
drawn large interest because of its large surface-volume ratio and surface configura-
tion [7]. 1-D metal oxide NW increases photo-excited carriers transport efficiency, 
enhance photon absorption and photoconductivity of the device [8]. The vertical 
assembly of NW reduces noise by restricting minority carrier collection at the elec-
trodes [9]. Shi et al. [10] reported single crystalline SnO2 based sensor showing high 
external quantum efficiency and precise radiation selectiveness. Hu et al. [11] also  
detailed growth of high sensitivity high gain SnO2 NW device. Many researchers 
also reportedly achieved growth of SnO2 NWs by numerous deposition techniques 
such as RF Sputtering [12], chemical vapor deposition (CVD) [13], etc. However, 
not many research has been conducted on synthesis of SnO2 NWs on p-Si substrate 
using Glancing angle deposition (GLAD) technique. GLAD is a straightforward, 
cost-efficient physical vapour deposition method utilized to synthesize 1D NWs by
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shadowing effect. In this technique, the SnO2 deposition flux is incident to the p-
Si substrate at 85°. The azimuthal rotation of substrate produces the 1-D vertically 
aligned structure [14]. This orderly growth morphology and surface chemistry can 
be adapted for improving photo detection efficiency [15]. 

In this work, SnO2 thin film (TF) and NWs are successfully deposited on p-Si 
and glass substrate by utilizing physical vapour deposition based GLAD technique 
inside e-beam unit. The morphologic structural of deposited p-Si/ SnO2 NW has 
been explored using field-emission scanning electron microscopy (FE-SEM) and 
energy-dispersive x-ray spectroscopy (EDX). The x-ray diffraction (XRD) analysis 
of deposited SnO2 TF and NW was performed to investigate the crystallographic 
structure. The absorption spectrum was measured for SnO2 NW and SnO2 TF using 
UV–Vis Spectroscopy to examine the photocatalytic property. Lastly, the I–V and 
I–T characteristics of p-Si/SnO2 TF and p-Si/SnO2 NW were also investigated to 
study their electrical properties. 

2 Experimental Procedure 

Firstly, the p-type Si substrate (1 cm × 1 cm) and glass substrate (1 cm × 1 cm)  
is prepared using diamond cutter. Prior to deposition, p-Si is properly cleaned with 
acetone (1 min), methanol (1 min) and de-ionised water (1 min). Whereas glass 
substrate is cleaned with de-ionised water (1 min) before deposition. After cleaning, 
the substrates are placed on substrate holder at 24 cm distance from the evaporant 
source inside e-beam chamber. The SnO2 TF was grown at constant deposition rate ~ 
1.2 Å/s and base pressure ~ 2× 10−5 mbar. For the growth of NW, the SnO2 material 
is deposited at 30 rpm azimuthal rotation with 85° inclination between evaporant 
source SnO2 and substrate holder [1] with the help of GLAD technique under same 
base pressure and growth rate. 

The surface morphology of p-Si/SnO2 NW is defined by field-emission scanning 
electron microscopy (FE-SEM) analysis. The chemical composition of deposited NW 
is analyzed using energy-dispersive x-ray spectroscopy (EDX). The x-ray diffraction 
(XRD) characterization of as-deposited SnO2 TF and NW samples on glass substrate 
was also performed. The optical absorption examination was carried out using a UV– 
Vis Spectroscopy. The current (I)-voltage (V) and current (I)-time (T) switching 
characteristics of p-Si/SnO2 TF and p-Si/ SnO2 TF–NW devices under dark and UV 
light illumination was also investigated using Keithley 2450 source meter to study 
the electrical properties.
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Fig. 1 a Top view of SnO2 NWs b cross-sectional view of SnO2 NWs 

3 Results and Analysis 

3.1 FE-SEM Analysis 

Figure 1a and b exhibits the top view and cross-sectional view of the as-deposited 1D 
SnO2 NW on Si substrate. The top view depicts the fabricated NW have an average 
top diameter of ~ 50 nm. Figure 1a also depicted larger diameter NW which is due 
to cluster formation. The cross-section view in Fig. 1b also reveal successful growth 
of uniform and perpendicularly positioned SnO2 NW with average length ~ 350 nm. 
Some of NW were shorter length compared to adjacent NWs. This may be attributed 
to shadowing effect which is prevalent in GLAD technique. The perpendicular NW 
arrays have high surface-volume ratio, thus having the ability to trap incident light 
between two consecutive NW. This aspect of NW also attribute to increase absorption 
efficiency of the SnO2. 

3.2 EDX Analysis 

The EDX analysis was performed on as-deposited p-Si/SnO2 NW to study the chem-
ical composition of elements present. The spectrum dispersion of EDX shows peaks 
corresponding to silicon (Si), oxygen (O2) and tin (Sn) as depicted in Fig. 2a. The 
chemical mapping shown in inset of Fig. 2b also indicated presence of Si, Sn and O2 

in the sample as evident from the FE-SEM analysis. The highest peak revealed the 
presence of silicon from p-Si on which the SnO2 NW was deposited.
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Fig. 2 a EDX spectrum of SnO2 NWs on Si substrate b inset shows chemical mapping 

3.3 XRD Analysis 

The anatomical properties of as-deposited SnO2 TF and NW samples deposited 
on glass substrate were explored using XRD analysis. As exhibited in Fig. 3, it is  
noted that both the samples show no significant peak. Similar XRD results have 
been affirmed by Tareq et al. [16], Omar et al. [17] and Chetri et al. [18] using  
different deposition techniques indicating that both the as- deposited SnO2 TF and 
NW samples are amorphous in nature. 

Fig. 3 XRD analysis of 
as-deposited SnO2 TF and 
NW
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3.4 Absorption Analysis 

To analyse the optical properties of SnO2 TF and NW structure, UV–Vis spectral 
study was performed. Figure 4a and b indicated sharp absorption edge in the UV 
region under 200 nm to 900 nm irradiation at room temperature. Similar result was 
reported by Wiktor et al. [19]. This property of SnO2 may be useful in UV photode-
tector applications. Inset of Fig. 4a and b indicates the (αhν)2 versus energy (hν) 
curve of TF and NW attained from the absorption data. The absorption coefficient 
α is given by 4π k 

λ where k is the absorption index and hν implies the photon energy. 
The optical bandgap is obtained by extrapolating linear segment of the plot to the 
energy axis. The bandgap thus calculated is ~ 3.23 eV for SnO2 TF and ~ 3.7 eV for 
SnO2 NW sample, as seen from the inset of Fig. 4a and b. The bandgap ~ 3.23 eV 
for SnO2 TF may be ascribed to small particle size and amorphous nature of the 
deposited sample [19, 20], whereas band gap ~ 3.7 eV in SnO2 NW is attributed to 
increase light scattering and trapping. The large surface-volume ratio of vertically 
positioned NW reported in the FE-SEM results is responsible large photon trapping 
thereby increasing the photocatalytic activity. Similar results were also reported for 
SnO2 [18, 21]. 

Fig. 4 a Absorption graph of SnO2 TF and the inset presents the related Tauc plot [(αhυ)2 versus 
(hv)] and b absorption graph of SnO2 NW and the inset presents the related Tauc plot (αhυ)2 versus 
(hυ))
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Fig. 5 I–V characteristic of 
SnO2 TF and SnO2 TF–NW 

3.5 Electrical Analysis 

Figure 5 shows is current (I)-voltage (V) characteristic of SnO2 TF and NW under 
UV light and dark irradiation. The photocurrent increases rapidly for both the TF and 
NW under UV irradiation due to transition of valance band electrons and generation 
of electron–hole pairs. The dark current of NW is observed to be larger than that of 
TF. This may be due to decrease in built in potential as a result of increase in majority 
carriers of the NW [21]. The light current of SnO2 NW is also observed to be higher 
than TF at −4 V biasing which may be credited to the vertically aligned nature, large 
surface-volume ratio and light scattering and absorption capability of the NW. 

The current (I)-Time (T) characteristic in Figs. 6a and 7a showed consistent and 
no significant degeneration of Iph for both TF and TF–NW throughout the whole 
switching process, manifesting that both the samples have good stability as well as 
reliability [21].

The current density sharply increases from ~ 12 to ~ 60 μA/cm2 at −4 biasing  
showing ~ fivefold times enhancement in the SnO2 NW based device as opposed 
to SnO2 TF device, indicating that more photocurrent is generated under UV light 
illumination for NW device. The Iph/Idark ratio also showed enhanced sensitivity of 
~ 6.7 for NW device compared to ~ 4.9 for TF device. The rise time tr and decay time 
td for TF–NW SnO2 device is ~ 0.1 s each from Fig. 7 (inset (b) and (c)) showing 
fast response detection compared to ~ 0.35 and ~ 0.45 s of SnO2 TF device [Fig. 6 
inset (b) and (c)].
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Fig. 6 a I–T characteristic 
of SnO2 TF b rise time 
(inset) c decay time (inset) 

Fig. 7 a I–T characteristic 
of SnO2 TF–NW b rise time 
(inset) c decay time (inset)

4 Conclusion 

Tin(IV) Oxide SnO2 thin film was successfully deposited on p-Si and glass substrate 
using physical vapour deposition inside an e-beam chamber. Indegineous Glancing 
Angle Deposition technique was successfully employed for deposition of vertically 
grown SnO2 NW. FE-SEM analysis showed successful growth of the NW on glass 
substrate which is supported by the EDX analysis. The XRD report showed amor-
phous nature of the SnO2 samples. The absorption analysis indicated sharp absorption 
peak for TF and SnO2 NW in the UV region. Straight line extrapolation of Tauc Plot 
reported bandgap Eg ~ 3.23 eV (TF) and ~ 3.75 eV (NW) which is supported by many
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authors. The IV characteristic showed improved Iphoto and Idark for SnO2 TF–NW as 
compared to SnO2 TF. The current–time characteristic also showed improved sensi-
tivity and fast response time of the SnO2 TF–NW device. This GLAD synthesis tech-
nique may be adopted further to grow SnO2 NWs for their application in fabrication 
of optoelectronic devices such as UV Photodetectors. 
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Biodiesel Production by Non-edible 
Cascabela Ovata Seeds Through Solvent 
Methods 

M. S. Abishek, Sabindra Kachhap, and Pukhrambam Sunilkhumar Singh 

1 Introduction 

Renewable energy is a must in the coming future, because of endangering fossil 
fuel sources. Some sources of renewable energy are 1. hydroelectricity: It uses water 
motion to generate electricity. The most common method of power hydroelectricity 
is by processing and controlling the flow of water through a dam. 2. Solar: Solar 
energy is the light and heat of the sun that is harnessed using a range of technologies 
such as solar heating, solar thermal energy, and solar architecture. 3. Wind power: It 
is produced by air flowing through a wind turbine and hence converting the mechan-
ical motion of the turbine to electric energy. 4. Biofuel: Any fuel that is derived from 
biomass, i.e., plants or algae materials or animal waste utilized hydroxide as a cata-
lyst. The oil of Silybum Marianum is transesterification with methanol to produce 
biodiesel. They used catalyst as ionic, but they exchange between KF (potassium 
fluoride) and H2SO4 attapulgite by dihydroxylation of the attapulgite at 130 °C for 
3 h and subsequent activation of KF at atmospheric temperature and pressure which 
was followed by calculation at 400 °C for 5 h. The catalyst was 12 wt.% in a 5-h reac-
tion with an ideal temperature of 65 °C. Under these conditions, the best yield was 
93.3% [1]. Even though ethanol has a high-water content of 15 wt.%, a high-fatty acid 
(HFA) conversion more than 90% is produced by optimizing the appropriate reaction 
time in both systems. It was also concluded that catalytic activity was maintained over 
time [2]. The biodiesel obtained meets the American Society for Testing and Mate-
rials (ASTM) D6751 standard and can be used to prevent food-use fuel competition, 
making it a suitable alternative to petrol-derived diesel [3]. For the homogeneous 
reaction, the reaction temperature is 150 and 180 °C, and the ratio of oil to methanol 
is 1:6 mol/mol with NaOH of 1.0 wt.% as a catalyst. For the heterogeneous reaction, 
the reaction temperature is 150 °C and 180 °C, and the ratio of oil to methanol is
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1:8 and 1:10, respectively. He used of catalyst amount are 5% and 4 wt.% [4]. The 
primary oxidation reaction takes place between 100 and 320 °C. Castor pyrolytic 
acid is likewise discovered to be multi-component, with a high viscosity, a wide 
boiling range, and low water content. If the ignition temperature was 328 °C, the 
burnout temperature was 513 °C, and the index of combustion characteristic was 
1.991 [5]. The efficient and effective catalyst chosen for the process was KOH. The 
maximum optimum conditions of biodiesel yield obtained at 91.76% were 0.32% 
of methanol and KOH 1.5% of catalyst at the temperature of 60 °C during 90 min 
reaction time. Along with the results predicted by Response Surface Methodology, 
88.7% of biodiesel is obtained in the validation experiments fitting 96.6% of the result 
[6]. During the research, the temperature ranged from 23.5 to 28 °C, with a humidity 
of 65%. Light duty diesel (LDD) cars have higher CXHY and CO levels than the 
standard permitted norms, with average values of 430 and 465.4 ppm, respectively, 
whereas NOx has had an overall average of 99.2 ppm [7]. The results revealed that 
a biodiesel mixture using 20% apricot oil in diesel performed better and had lower 
emissions than other different percentages [8]. When compared to diesel fuel, the 
B20 fuel blend improves BTE by 4.7%, increases CO2 emissions by 2.56%, and 
reduces SFC by 7.92%. When compared to diesel fuel, the biodiesel blend (B20) 
has the biggest reduction in NOX by 14.9% and particle by 4.22%; however, smoke 
emission somewhat increases with an increase in fish oil in the blends [9]. Catalysts 
are important in the transesterification process. Because of their renewability and 
ease of separation, heterogeneous catalysts have gained popularity in recent years. 
The utilization of renewable resources to create catalysts has improved the usage of 
heterogeneous catalysts [10]. 

1.1 Selected Raw Materials 

Cascabela Ovata is a flowering plant. In Manipur, we are called as Utong-Lei, and in 
Hindi, we are called Pile Kaner. It can be grown up to 12 ft, and its flower is 2–5 mm 
in size of dia. The color of this flower is yellow, and it is bloom in the summer season. 
This fruit is dark red–black color, and its size is 4–7 mm dia. It is mainly found in 
various states of India even the northeast state of Manipur also. It grows in drought 
tolerance to the high temperature. It is also mainly planted in the valley areas as 
garden plans (Figs. 1 and 2). 

Fig. 1 Cascabela Ovata 
(Utong-Lei)
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Fig. 2 Cascabela Ovata 

2 Experimental and Methodology 

The experiment was done to extract oil from the raw seed for transesterification 
process so that the biodiesel and glycerol can be separated. The oil characterization 
was done to find the properties of oil extracted. 

Cascabela Ovata is known as “Utong-Lei” in the local name. It is found almost 
in all parts of Manipur as a garden plant. The fruits have to be used for oil extraction 
and accumulated from the local surrounding of Manipur. The collected seeds are 
accurately weight and noted down. The oil containing seeds extracted from its fruits 
by using a special mechanism. It is a soft fleshy nut. The size of oil containing seeds 
is measured. The removed seeds are checked for weight using Electronic Compact 
Scale. This is done for knowing how much oil we can extract from a known amount 
of seeds. Ceramic mortar and pestle are used to crush down the Cascabela Ovata 
seeds fibers into fine particles. It gets a better yield and also time consumed for the 
extraction. Then oil extraction is done using Soxhlet Apparatus using N-hexane. 

2.1 Oil Preparation 

See Figs. 3, 4, 5, 6, 7 and 8.

2.2 Oil Characterization 

To determine free fatty acid (FFA) content in the oil. If the value of FFA is too high, 
then the catalyst reaction will be from soap which can prohibit the yield of methyl 
ester for the present study. The oil value was found 1.46 mg NaOH which is the 
alkaline limit and is transesterification. Transesterification is done using methanol 
and NaOH as a catalyst (Figs. 9, 10 and 11).
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Fig. 3 Weight of the fruits 

Fig. 4 Remove fibers from 
the fruits 

Fig. 5 Weight of the 
oil-content seeds
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Fig. 6 Crushing seeds fibers 
into fine powder 

Fig. 7 Extraction of oil 

Fig. 8 Removal of excess 
hexane using hot plate
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Fig. 9 Separation of 
glycerol and methyl ester 
after transesterification 

Fig. 10 Methyl ester

3 Results and Discussion 

3.1 Weight Percentage of Oil 

We consumed a total weight of 375 gm of oil containing seeds, and from that, we 
extracted 79 gm of oil with that it makes an oil yield percentage of about 68.8%. 
Comparing yield % between the present solvent study and previous literature on 
hydraulic [11] and electric [12] press methods as shown in Fig. 12: 

Oil yield = weight of oil produced 
weight of sample used 

× 100 (1)
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Fig. 11 Glycerol

Fig. 12 Yield percentage of oil in different methods 

3.2 Specific Gravity 

Using the below mention formula, the specific gravity of oil is found to be 0.887 kg/ 
m3 at 20 °C. Comparing specific gravity in the present solvent study and previous 
literature on hydraulic and electric [12] press methods as shown in Fig. 13: 

Specific Gravity = Oilfilledwt. − Emptywt. 

Distilwaterfilledwt. − Emptywt. 
(2)
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Fig. 13 Specific gravity of oil in different methods 

3.3 Kinematic Viscosity 

By using the below formula, the kinematic viscosity of the oil is found to be 5.78 mm2/ 
s at 40 °C and also compared in the present study and previous literature on hydraulic 
and electric press methods as shown in Fig. 14. 

Kinematic viscosity = (Time × Tube constant) mm2 /s (3)  

Fig. 14 Kinematic viscosity of different methods of producing oil
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Fig. 15 Density of the oil using different methods 

3.4 Density of Oil 

Using the below-mentioned formula, we found the density of the oil as 0.876 g/ 
cm3. Comparing density between the present solvent study and previous literature 
on hydraulic [11] and electric [12] press method as shown in Fig. 15: 

Density of oil = Mass of oil 

Volume of oil 
(4) 

3.5 Flash Point 

Cleveland Open cup flashpoint test was used to measure the flashpoint. It is the 
temperature at which the fuels ignite when exposed to flame. For biodiesel, the 
average flashpoint is 150 °C. According to the present study, the value of the flash-
point is 96 °C. Comparison of flashpoints in the present solvent study and previous 
literature on hydraulic [11] and electric [12] press method are shown in Figs. 16, 17 
and 18.

3.6 Free Fatty Acid 

FFA content is obtained by using the formula given by the equation.
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Fig. 16 Flashpoint of different methods of producing oil 

Fig. 17 FFA using different methods of producing oil

FFA Content = 28.2 × (normality of NaOH xtitration value) 

weight of oil(in gm) 
(5) 

FFA Content = 28.2 × (0.1 × 5.2) 
10 

(6) 

FFA Content = 1.46% (7)
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3.7 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR let us know which group the testing sample belongs to. Here is this study 
by analyzing the graph. We can check for ester groups whether they are strongly 
stretched or not. In this study, from Figs. 18 and 19, the oil characteristic peaks 
are found in the range of 3000.95–3008.05 cm−1 due to O–H stretching vibration 
and at 2913.16–2999.26 cm−1 due to alkenes C–H stretching vibration. Peaks of 
C=O stretching vibration of triglyceride ester appear at 1738.65–1743.72 cm−1 for 
the atomic compound of C–H bending at 1451.18–1452.34 cm−1. Also, peaks at 
1152.26–1149.15 cm−1 are due to C–O–C stretching vibration of esters and that of 
729.38–728.71 cm−1 due to methylene rocking vibrations are also observed. 

Fig. 18 FTIR test of CO obtained through the solvent
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Fig. 19 FTIR tests after transesterification 

4 Conclusion 

The extraction of oil from Cascabela Ovate seeds is performed using the Soxhlet 
apparatus. After extraction and carrying out certain tests, it is found that the solvent 
method yields more than the hydraulic press and electric press methods.

. The following observation is made based on the FTIR test showing a stretching 
at 1743.65 cm−1 indicating the strong presence of C=0.

. The extracted oil yields 68.8%, which has specific gravity and density of 0.88 kg/ 
m3 and 0.876 g/cm3, respectively.

. The amount of fatty acid (FFA) is 1.46% along with kinematic viscosity of 5.78 
cSt.

. The extracted oil has a fire point of 96 °C which shows that feedstock used has 
the potential to be a biofuel.

. As we know, biofuel is a much cleaner and eco-friendly fuel as compared with 
fossil fuel. Also, by using biofuel, we can reduce environmental pollution, thus 
giving us a cleaner and safer environment. 

4.1 Scope for Further Research 

For future works, Cascabela Ovate can be extracted using the expeller press method, 
and it can find the characteristic of Gas Chromatography Mass Spectrometer 
(GCMS), Scanning Electron Microscopy (SEM) and Engine Performance of the oil.
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RSM Optimization of Biodiesel 
from Waste Cooking Oil Using Snail 
Shell Derived Heterogeneous Catalyst 

Wangkhem Robinson Singh and Huirem Neeranjan Singh 

1 Introduction 

The need for biofuels has emerged as a result of the imminent threat of the depletion 
of fossil fuel, and as per statistics [1], the proven reserve of oil, natural gas, and 
coal will last for 54, 49, and 139 years respectively. When compared to fossil fuels, 
biodiesel mostly consists of fatty acid methyl esters (FAME) and provides several 
environmental advantages, such as low CO2 and CO emissions, low sulfur content, 
and biodegradable nature [2]. Additionally, biodiesel can be combined with diesel 
and utilized in engines without any modifications or with minimal changes [3]. The 
presence of a catalyst in the transesterification of biodiesel accelerates the reaction 
time [4]. Even though researchers claim that acid transesterification produces a better 
yield, it is constrained by the higher catalyst cost. Commercially, sodium hydroxide 
and potassium hydroxide are frequently used as a catalyst for transesterification as 
it is affordable and widely accessible. But the fundamental problem with homoge-
neous catalysts is that it leads to saponification when used with high free fatty acid 
(FFA) feedstock such as WCO and also produce toxic water waste while washing 
[5]. Although acids can esterify FFA, the process is less desirable due to its sluggish 
rates and high cost. Many researchers have already identified potential sources such 
as chicken egg shells, scallop shells, animal bones, etc. as a source for base hetero-
geneous catalysts [6]. Previously, researchers claimed that heterogeneous catalysts 
produced higher ester conversion yields than homogeneous catalysts [7]. 

When snail shell is utilized as a heterogeneous catalyst during the synthesis of 
biodiesel, it is stated to have a conversion rate of 92.5% when used cooking oil is used 
as the feedstock [8]. As a result, it is crucial in developing a low-cost, environmentally 
friendly catalyst that can overcome the shortcomings of base homogeneous and acid
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Fig. 1 a Shell of ningkhabi tharoi (Bellamya crassa), b lai tharoi (Thiara tuberculate) and c labuk 
tharoi (Angulyagra oxytropis) 

catalysts. Therefore, given the above-mentioned facts, three different varieties of 
snail shells namely labuk tharoi (Angulyagra oxytropis), ningkhabi tharoi (Bellamya 
crassa), and lai tharoi (Thiara tuberculate) were selected in this study to produce 
calcium oxide heterogeneous catalyst, and the best catalyst was chosen out of the 
three based on crystal size and elemental composition. 

2 Experimental Methodology 

2.1 Materials 

Five liters (5 L) of waste cooking oil and two kilograms (2 kg) of Waste snail shells 
known locally as labuk tharoi (Angulyagra oxytropis), ningkhabi tharoi (Bellamya 
crassa), and lai tharoi (Thiara tuberculate) were collected from hotels situated in 
Imphal, Manipur, as shown in Fig. 1. Chemicals utilized throughout the experiment 
were procured locally from Imphal, India and of standard grade. 

2.2 Catalyst Preparation 

To remove organic materials from the snail shells, the shells were washed several 
times with distilled water and then sundried for 7 days. The snail shells were grounded 
separately using ceramic mortar and pestle and sieved through a mesh size of 200– 
250 μm. The powdered snail shells were calcinated separately in a muffle furnace 
at a temperature range of 800–1000 °C for a time interval of 3–5 h. A total of 27 
catalyst samples, were obtained. Figure 2 shows nine calcinated samples for one type 
of snail shell.
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Fig. 2 Snail shell calcinated at a temperature of 800, 900, and 1000 °C and time of 3, 4, and 5 h 

2.3 Characterization of the Catalysts 

X-ray diffractometer (XRD), Fourier transform infrared spectroscopy (FTIR), and 
Energy dispersive X-ray (EDX) were performed for raw and calcined snail shells to 
analyze the crystal structure, chemical makeup, and elemental composition of the 
catalyst. The XRD diffractions patterns of the CaO samples were recorded using 
Bruker AXS; Model: D8-Advance powder XRD equipped with l λ = 1.5406 Å of 
Cu-Kα radiation over the Bragg angle 2θ range of 20°–80° and a step size of 0.04° 
at room temperature. FTIR was performed for uncalcined and calcined snail shells 
using PerkinElmer; Model: Spectrum Two FTIR spectrometer to investigate the func-
tional group present in the samples in the spectrum range of 2200–400 cm−1.EDX 
analysis was carried out for both uncalcined and calcined snail shells to determine 
the elemental composition. 

2.4 Transesterification Reaction and FAME Analysis 

The Waste Cooking oil (WCO) was filtered using filter paper and is transferred to 
a glass container and heated to about 90 °C in an electric oven for about 15 min 
to remove moisture content from the oil. The FFA content of the WCO was deter-
mined by titration of the WCO with 0.1 M NaOH with methanol as solvent and 
phenolphthalein as indicator. The value of the FFA content was found to be 0.47%, 
hence there was no requirement for esterification. The transesterification reaction was 
carried out using WCO and the synthesized catalyst under different reaction param-
eters considered for the present study. Alcohol-to-oil molar ratio, catalyst loading, 
and reaction time have been fixed at, 12:1, 5 wt.%, and 1.5 h respectively for all 
the experimental runs. Transesterification of the WCO was carried out by mixing 
the prescribed amount of catalyst with 30.39 g of methanol preheated at 40 °C and
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Table 1 Parameter levels employed for calcination 

S. no. Parameters Symbol Levels 

−1 0 +1 

1 Calcination temperature (°C) A 800 900 1000 

2 Calcination time (h) B 3 4 5 

3 Reaction temperature (°C) C 55 65 75 

mixing with 80 g of WCO in a 500 ml conical flask (Make: Borosil). The solution 
was then heated for transesterification as per the prescribed reaction temperature 
using a magnetic hot plate stirrer (Make: Tarsons Digital Spinot) at an rpm of 800. 
The FAME yield of the WCO has been calculated using Eq. (1). 

Biodiesel yield = 
weight of biodiesel 

weight of WCO
× 100% (1) 

2.5 Design of Experiment Using CCD-RSM 

The response surface methodology (RSM) is used in the current study to examine how 
different parameters influence the outcome and how the parameters interact with each 
other. Three independent variables were considered for this study namely calcination 
temperature (800–1000 °C), calcination time (3–5 h), and reaction temperature (55– 
75 °C) as shown in Table 1. Based on the 3 independent parameters with 3 levels 
each, the total number of experiments was found to be twenty as shown in Table 2.

3 Results and Discussion 

3.1 XRD of Calcinated Snail Shells 

XRD patterns of the snail shells of Lai tharoi, Ningkhabi tharoi, and labuk tharoi 
calcined at 900 °C for 4 h were recorded and analyzed. From Fig. 3. Intensity peaks 
of Lai tharoi, Ningkhabi tharoi and Labuk tharoi calcined at 900 °C for 4 h were 
observed at 2 theta values of 32.60, 37.83, 54.43, 64.86, 67.65 and 32.63, 37.78, 54.28, 
64.56, 67.7, and 32.64, 37.79, 54.29, 64.57, 67.76 respectively, which correspond to 
the (111), (200), (220), (311) and (222) planes as reported by other researchers as 
well [9]. The high-intensity peaks of ningkhabi tharoi and labuk tharoi show good 
crystalline formation in the synthesized catalyst.
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Table 2 Design of experiments using RSM (CCD) 

Run order Calc. temp. 
°C 

Calc. time h Reaction 
temp. °C 

Actual value Predicted 
value 

Residual 

1 1000 3 55 94.52 94.51 0.0111 

2 900 4 65 94.85 94.83 0.0242 

3 1000 5 55 94.23 94.22 0.0071 

4 800 3 75 94.41 94.4 0.0111 

5 800 3 55 94.22 94.21 0.0071 

6 900 4 65 94.81 94.83 -0.0158 

7 800 5 75 94.3 94.29 0.0071 

8 1000 5 75 94.96 94.95 0.0111 

9 1000 4 65 94.53 94.58 -0.0493 

10 900 4 65 94.88 94.83 0.0542 

11 900 3 65 94.84 94.89 -0.0493 

12 1000 3 75 95.18 95.16 0.0201 

13 900 4 65 94.9 94.83 0.0742 

14 900 4 75 95.17 95.22 -0.0493 

15 900 4 65 94.87 94.83 0.0442 

16 900 5 65 94.67 94.69 -0.0233 

17 800 4 65 94.08 94.1 -0.0233 

18 900 4 65 94.79 94.83 -0.0358 

19 900 4 55 94.74 94.76 -0.0233 

20 800 5 55 93.53 93.53 -0.0019

3.2 FTIR of Calcinated Snail Shells 

Lai tharoi, Labuk Tharoi, and Ningkhabi shells were calcined at 900 °C for 4 h, 
and FTIR spectra were taken to identify the material’s absorption bands. Figure 4 
displays the FTIR spectra for calcined snail shells, and the major absorption bands 
are found at 891 cm−1, 865 cm−1, 863 cm−1, 1449 cm−1, 1443 cm−1, and 1442 cm−1 

respectively [10]. The CO3 
2− lost during the calcination process of the snail shells, 

caused a shift in the absorption bands when exposed to high energy due to a reduction 
in the decreased mass.

3.3 EDX of the Calcinated Snail Shells 

EDX analysis of the Labuk Tharoi shells calcined at 900 °C for 4 h was carried out 
to find the major elements present in the calcined snail shells. The major elements 
Ca (95.22 wt.%), O (2.93 wt.%), C (1.58 wt.%) and Mg (0.27 wt.%) were found in 
the samples.
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Fig. 3 XRD of lai  tharoi,  
labuk tharoi, and ningkhabi 
tharoi calcinated at 900 °C 
for 4 h

3.4 Selection of the Best Catalyst 

Labuk tharoi was selected as the most suitable catalyst since it showed the highest 
XRD intensity peak with a crystal grain size of 39.23 nm when compared to lai tharoi 
(121.68 nm) and ningkhabi tharoi (40.89 nm). EDX analysis also shows a high CaO 
composition of 95.22% for the selected catalyst. 

3.5 Design of Experiment and Statistical Analysis By RSM 

A quadratic model with a high F-value of 109.45 and a low p-value of 0.0001 was 
selected as the best model. The correlation between the response i.e., yield and the 
independent variables in biodiesel synthesis is shown in Eq. (2) where A represents 
calcination temperature, B calcination time, and C reaction temperature.
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Fig. 4 FTIR of lai tharoi, 
labuk tharoi, and ningkhabi 
tharoi calcinated at 900 °C 
for 4 h

Biodiesel Yield = 65.1265 + 0.0830919 ∗ A + 0.292739 ∗ B 
− 0.304416 ∗ C − 0.0002625 ∗ AB 
+ 0.00011625 ∗ AC + 0.001875 ∗ BC 
− 0.000048 ∗ A2 − 0.0345455 ∗ B2 + 0.00165455 ∗ C2 (2) 

To determine the significance of the independent parameters, the p-value and F-
value of ANOVA were examined as shown in Table 3. Thus, for the synthesis of 
biodiesel from WCO using waste snail shell catalyst, calcination temperature (F = 
253.55), calcination time (F = 42.99), and reaction temperature (F = 232.69) were 
found with a significance of 24.94%, 4.22%, and 22.89% respectively. The minor 
difference of 0.2 between the predicted R2 of 0.9676 and adjusted R2 of 0.9809 
indicates that all the paraments taken are significant in the biodiesel synthesis. The 
high value of predicted R2 of 0.9676 indicates that the predicted response is in line 
with the experimental yield [11].
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Table 3 ANOVA for quadratic model 

Source Sum of squares df Mean square F-value p-value Remarks 

Model 2.2 9 0.244 109.45 < 0.0001 Significant 

A-Calcination 
temperature 

0.5664 1 0.566 253.55 < 0.0001 

B-calcination 
Time 

0.096 1 0.096 42.99 < 0.0001 

C-reaction 
temperature 

0.5198 1 0.519 232.69 < 0.0001 

AB 0.0055 1 0.005 2.47 0.1473 

AC 0.1081 1 0.108 48.39 < 0.0001 

BC 0.0028 1 0.003 1.26 0.2881 

A2 0.6457 1 0.645 289 < 0.0001 

B2 0.0033 1 0.003 1.47 0.2534 

C2 0.0753 1 0.075 33.7 0.0002 

Residual 0.0223 10 0.002 

Lack of fit 0.0133 5 0.002 1.48 0.3382 Not significant 

3.6 Confirmation of Experimental Design 

The optimum solution of calcination temperature 931.8 °C, calcination time 3.5 h, and 
reaction temperature 70.8 °C was obtained from the RSM (CCD) and a confirmation 
test was carried out with these observed values. Three consecutive experiments were 
conducted, and the biodiesel yield obtained was 95.91 ± 0.15% which is superior to 
the predicted yield of 95.24% as predicted by RSM. 

3.7 Effect of Parameters on Biodiesel Production 

To study the effect of the independent parameters on biodiesel yield, the 3-D surface 
graphs of the CCD were used as shown in Fig. 5. From Fig.  5a it is observed that with 
an increase in reaction temperature from 55 to 75 °C, the biodiesel yield increases 
[12]. This is because, with an increase in reaction temperature, the kinetic energy 
between the triglycerides of the Waste Cooking Oil, catalyst, and the methanol 
increases [13]. The catalyst temperature also plays a very significant role in improving 
the yield of biodiesel. From Fig. 5c it can be seen that with an increase in calcination 
temperature from 800 to 900 °C, the biodiesel yield increases from 93.53 to 95.22 
[14]. Further increasing the calcination temperature reduces the biodiesel yield which 
may be due to the formation of ash at higher temperatures in the catalyst sample. 
From Fig. 5b it is observed that the calcination time is not so significant in improving 
the yield of biodiesel.
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Fig. 5 Surface plot of RSM a calcination and reaction temperature versus biodiesel yield b calcina-
tion time and reaction temperature versus biodiesel yield c calcination temperature and calcination 
time vs biodiesel yield 

3.8 Properties of Biodiesel 

3.8.1 FTIR of Biodiesel 

FTIR of the extracted FAME is shown in Fig. 6. It is observed that the 
stretching at 3010.312 cm−1 with 93.99% transmittance shows C-H bond pres-
ence, 2923.035 cm−1, and 2853.706 cm−1 and 723.093 cm−1shows CH2 presence. 
C=O ester presence is detected at 1461.654 cm−1. (CO)–O–CH3 is detected at 
1435.553 cm−1 and C–O ester is detected at 1169.710 cm−1.
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Fig. 6 FTIR of biodiesel 
(FAME) 

Table 4 Methyl ester and fatty acid profile of biodiesel 

Retention time (min) Identified 
compounds 

Corresponding 
acids 

Chemical formulae Values 

42.22 Methyl 
docosenoate 

Behenic acid C23H46O2 45.67 

35.55 Methyl 
oplopanone 

Pentadecadienoic 
acid 

C15H26O2 24.33 

35.43 Methyl 9–12 
octadecadienoic 

Linoleic acid C19H34O2 16.89 

3.8.2 GCMS of Biodiesel 

A gas chromatography-mass spectrometer was used to find out the composition 
of FAME. Table 4 shows the composition of the esters and the corresponding 
fatty acids present in the sample. The result shows the presence of behenic acid, 
pentadecadienoic acid, and linoleic acid, as the main composition. 

4 Conclusion 

An eco-friendly, cost-effective, and reusable heterogeneous catalyst was developed 
by calcination of three different types of waste snail shells known locally as labuk 
tharoi (Angulyagra oxytropis), ningkhabi tharoi (Bellamya crassa) and lai tharoi 
(Thiara tuberculate) found at Imphal, Manipur. Labuk tharoi was selected as the 
most suitable catalyst as it contains the highest percentage of CaO (98.15%) as 
per EDX analysis. The catalyst was found to be highly crystalline as per XRD 
analysis. WCO was employed as feedstock as it is readily and cheaply available. 
A high biodiesel yield of 95.91 ± 0.15% was achieved under optimized reaction
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conditions of calcination temperature of 931.8 °C, calcination time of 3.5 h, and 
reaction temperature of 70.8 °C which is more than the RSM predicted yield value 
of 95.24%. Most of the researchers fail to study the effect of independent parameters 
such as calcination temperature and calcination time while optimizing biodiesel yield 
using RSM. In this study, it was observed that calcination temperature (24.94%) 
plays a significant contribution in optimizing biodiesel yield. The characterization of 
the biodiesel and the synthesized catalyst shows that high-grade biodiesel has been 
obtained by deploying WCO as a feedstock and waste snail shell as a source for 
heterogeneous catalysts. 
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A Comprehensive Review of Aerogels 
for Oil Spill Cleanup and Heat Storage 
Applications 

Karuna Kumari and Vikash Kumar Singh Chauhan 

1 Introduction 

According to IUPAC, aerogels are gels composed of microporous solids where the 
dispersed phase is a gas rather than a liquid. Aerogels are low-density solids and 
composed of a complex, cross-linked structure of chains of constituent molecules, 
with a huge number of air-filled pores occupying most of the volume where the 
liquid in a pore has been replaced by gas without the structure collapsing [1]. Aero-
gels are usually prepared by supercritical drying or freeze-drying, which allows the 
liquid to dry slowly without collapsing the gel matrix due to capillary action. Due to 
their complex internal cross-linked structure and the large number of air-filled pores 
occupying the bulk of the volume, these materials have extremely unique properties 
compared to all other materials, and therefore a significant number of such materials 
have been developed with peculiar applications for them. Aerogels can be transparent, 
opaque, and colourless, as well as different colours, such as red, black, depending 
on the precursors and additives used to make them [2]. 

More and more applications are being developed as the scientific and engineering 
community is becoming aware of aerogels’ unusual and exceptional physical prop-
erties, such as their large internal surface area and open-cell structure, making them 
ideal materials for catalysts in the chemical industry. The high porosity and surface 
area of aerogels have led to their use as filters and desiccants. Aerogels, also have 
many commercial applications such as catalysts, thermal insulation, impact-resistant 
windows, particle detectors, supercapacitors, automotive thermal insulation, capaci-
tive deionization electrodes, carbon dioxide capture, oil spill cleanup [3]. This article 
will first discuss using aerogels as oil sorbent for oil spill cleanup. In the latter part,
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we will discuss the benefits of using phase change materials reinforced in aerogel 
composites for making thermal storage systems. 

2 Aerogels for Oil Spill Cleaning 

Crude oil plays important role in sustaining everyone’s day-to-day life and it is also 
important to note that crude oil is difficult to find everywhere around the globe. The 
oil is prominently transported via shipping lanes and thus causing the problem of oil 
spills in seawater [4, 5]. Oil spills cause severe loss of financial assets, cause loss 
of biodiversity and disturb the ecological balance. There have been several methods 
of removing crude from seawater. However, owing to the effective recovery of oils, 
aerogels have gained the attention of industries because of their numerous structured 
oleophilic-hydrophobic interconnected pores and low density [6, 7]. Chitosan is a 
naturally occurring polymer that is found in several biopolymers and is an excellent 
source for making aerogel due to its compatibility, biodegradability, renewability, 
and hydrogel-binding nature [8–13]. The chitosan has fragile scaffolds [14] and thus 
requires chemical treatment for increasing its mechanical strength and durability so 
that it can be used for multiple cycles of oil–water separation [15, 16]. Graphene 
oxide (GO) can be used due to its property of dispersion in organic solutions which 
oxidizes the surficial functional groups and make them able to react with several 
other polymers [17–19]. This platform is more adheres to oil in water for oil–water 
separation [20, 21]. 

Reynolds and team [14] reported one of the earliest possibilities of cleaning 
seawater oil spills using aerogels. They prepared the aerogels from CF3(CH2) and 
CF3-aerogel groups using (CH3O)4 Si. The product was hydrophobic in nature. The 
temperature of hydrophobic to hydrophilic transition was reported at 375 °C. Bigoli 
and team [22] synthesized an aerogel from cotton cellulose via low surface moieties 
then dissolving and cross-linking the matrix in an organic medium. The freeze-drying 
method was also used in the process. They observed that the swelling tendency of 
fibres played an important role with the advantage of capillary pressure working 
in favour of improved oil retention. The aerogel prepared in this manner exhibited 
high oil absorptivity, good mechanical strength, superior oil-water selectivity, and 
outstanding recyclability. Khoshnevis and team [23] synthesized carbon nanotubes-
based aerogel with a three-dimensional porous network of high thermal stability 
(650 °C) required for proper oil recovery. This aerogel was found to be highly perme-
able and porous with the ability to absorb 107 kilos of oil per kilo of aerogel mass. 
Wang and team [24] prepared polyimide (PI) aerogel having a three-dimensional 
structure of interconnected pores. Owing to its high hydrophobicity by heredity, it 
was found to be a very good oil–water separator in harsh conditions. Apart from 
oil spill cleaning, their aerogel also performed excellently in civil and industrial 
wastewater treatment. 

Wang and Liu [25] synthesized aerogel for oil spill cleaning using raw cotton 
fibres. The authors reported that the oil absorption capacity was of 20 g per gram
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Fig. 1 Removal of a red-coloured kerosene on the water surface and b red-coloured chloroform 
underwater using superhydrophobic cellulose aerogel [25] 

of the aerogel material and even after reusability of 80 times, it still maintained its 
initial absorption capacity. Figure 1 depicts the cleaning of red-coloured Kerosine 
(a) and chloroform (b) from water using the aerogel. 

Yi and team [26] synthesized mechanically superior aerogel through the direc-
tional freezing and siltation method. A special spring-like structure composed of 
porous channels provides fast elastic recovery of the material. The oil absorptivity was 
63 times the original mass and the recyclability/separation can be achieved through 
simple squeezing. Parmar and team [27] synthesized a CNT aerogel by decom-
posing CH4 in a vapour depositor. The CNT was reinforced in mero-hydrophobic 
carboxymethyl cellulose and silica matrix making the structure highly flexible 
and superhydrophobic. Whereas Lang and team2019 prepared polypropylene-based 
aerogel from a Xylene base. This aerogel is then cooled to induce thermal phase 
separation of the molecular network of polypropylene and then by supercritical CO2 

drying. Both of the aerogels showed superhydrophobicity and excellent recyclability 
with inexpensive operation. 

Thai and team [28] synthesized aerogel from recycled rubber of polymer 
structure and ultra-low density and high porosity. This aerogel was coated with 
methoxytrimethylsilane (MTMS) to convert the surface hydrophobic. This aerogel 
has excellent thermal insulation, thermal stability, and better rigidity than Styrofoam. 
The rubber aerogel had good elastic properties and can perform as a noise reducer 
as well with an oil absorptivity (19 g/g). In another study, Gonzalez and team[29] 
used extracts from Posidonia oceanica and prepared aerogel based on adsorbent pads 
for oils with oil absorption capacity of 43 times of aerogel mass through the freeze-
drying method. This product has great usability not only for oil spill cleanup but 
also for food packaging applications. Tran and team [30] used rice straw as the raw 
material for making aerogels with PVA and cationic starch and then freeze-drying. 
They reported, when coated with MTMS, the aerogel turns highly hydrophobic. They 
mentioned the nature of the aerogel as thermally and acoustically insulating. This 
aerogel was able to absorb 13 g of oil per gram of aerogel. Kumar and team [2]



148 K. Kumari and V. K. S. Chauhan

developed biodegradable sugarcane-based aerogel for a wide range of applications 
ranging from thermal to noise insulators in buildings and for oil spill cleanup. This 
aerogel also had more than 90% porosity and can absorb 25–50 times more oil than 
the original aerogel mass. 

3 Aerogels for Thermal Storage 

Renewable energy harvesting in today’s era brings with it the major problems of 
meeting energy supply–demand side fluctuations, low energy consumption and high 
environmental impact. Energy storage mainly occurs in mechanical systems solid or 
fluid (compression, expansion, rotation, or elevation), and chemical storage systems 
[31] where two or more chemicals absorb or release energy, e.g. battery, or fuel cell. 
Magnetic storage systems such as supercapacitors [32, 33] or thermal energy storage 
by increasing/decreasing temperature or by phase changing [34]. 

The two main types of thermal energy storage systems are sensible heat storage 
systems and latent heat storage systems. The former is widely used in the solar 
power sector (concentration), while the latter uses phase change materials and 
thermo-chemical reactions. Thermal storage systems have higher and more robust 
storage capacities, while thermo-chemical-storage systems use intermediaries and 
the lifetime of the system depends on the operation cycle [35]. 

Sensible heat storage systems raise the temperature of the medium by absorbing 
heat energy and storing the heat until later use. The efficiency of the system mainly 
depends on the specific heat of the material and the working temperature range. 
Latent heat storage systems make use of the comparatively large latent heat required 
to change the phase of matter. Latent heat storage systems make extensive use of 
the solid–solid and solid–liquid schemes. Gasification of liquids results in large 
volume changes, which are prone to unwanted energy leakage. Solid-state PCMs 
vary from amorphous, crystalline and in their lattice structure [36]. However, solid– 
liquid phase change materials show excellent thermal efficiency with no significant 
change in temperature, low volume change, and very large latent heat for storage of 
heat energy, thus justifying its wide application. 

The heat energy denoted as “Q” in the thermal energy storage systems is illustrated 
in Fig. 2 and can be modelled mathematically by 

Q = m
(
Tm ∫
T1 
C1dT + 

T2 ∫
Tm 

C2dT + ΔHa + ΔHb

)

where m is the quantity of material in moles, T 1 and T 2 are lower and higher temper-
atures, respectively, Tm is the melting point, C1 and C2 are the specific thermal 
capacities of the solid and liquid phase, respectively, ΔHa is the energy required for 
phase change, andΔHb is the energy required for the chemical phase transition [37].
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Fig. 2 Energy storage in form of SHS, LHS, and TCS [3]

Some common applications of phase change materials include microelectronics 
[13], solar-chilling plants[38], solar photovoltaics [39], solar thermal packages [40], 
thermal insulation in extreme weather [41, 42], and concrete panels [43], temper-
ature stabilizers for packaged foods [44], and on battlefields it is used for thermal 
camouflage [36]. 

PCMs with good thermal conductivity have low latent heat of fusion and vice 
versa, raising serious challenges in rapidly charging heat into and out of PCMs. 
A possible solution is to reinforce the PCM with a good conductor as a filler or 
to incorporate the PCM into it. However, this creates an additional problem of 
reducing the fraction of PCM in the overall structure, and on the other hand, the 
higher the filler fraction, the lower the phase change we obtain out of the structure. 
The work, therefore, requires less reactive and more porous materials with higher 
thermal conductivity to be used as fillers/encapsulations. 

Graphene aerogel is 99% porous, that is, 99% of the volume occupied by the 
aerogel bulk is void and can be filled with PCM, so the invention of graphene aerogels 
has provided a way to solve the above problems. On the other hand, it has good 
thermal conductivity for charging and thermal storage systems. When used with 
PCM, it forms a phase change composite (PCC) with negligible change in the desired 
properties. Therefore, the graphene aerogel-reinforced PCM helps in lowering the
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thermal resistance, phase separation, density variation, and stability of the aerogel 
composite over multiple use cycles. The phase change materials absorb heat energy 
at a very low variation of temperature (Nearly isothermal) and changing the system’s 
phase from solid to liquid in general. As the latent heat of fusion has in general much 
higher values than the specific heat of the material, PCM offers a much higher energy 
density for storing around 10 times higher [45–48]. 

Graphene is another polymorph of carbon that has much better mechanical prop-
erties than either graphite or diamond. It can be thought of as a single-layer atomic 
sheet of graphite. It has very high tensile strength and thermal conductivity, making 
it suitable for heat storage applications. The main issues in designing a good batch 
of PCM storage units is to maintain thermal conductivity along with thermal and 
mechanical stability. PCMs are adsorbed or encapsulated, or fillers are incorporated 
into the matrix for the above purpose. Graphene sheets based on monolithic structures 
are prepared by a hydrothermal reduction process [49, 50]. Similar sheets can also 
be made by electrochemical synthesis [51, 52], directed template vapour deposition 
[53, 54], and chemical reduction [55, 56]. 

Graphene spheres are prepared from graphene oxide, nanoplates, foams, and 
aerogels [57–65]. However, due to the fragmentation of the working medium by 
the supporting media, the properties improve as the density of the storage systems 
continues to decrease. Therefore, there is a need for a material that increases a certain 
property for a small change in density. Zhejiang University prepared graphene aerogel 
with a freeze-drying method and produced a less dense material with very good 
strength, making it the most suitable material for this purpose. However, graphene 
aerogels were first prepared via microwave irradiation/sol–gel technique [56]. Hu 
et al. [66] prepared lightly compressed graphene aerogels (ULGA) by functionalized 
lyophilization-microwave treatment, which reduced the ability of atomic graphene 
planes to stick together in aerogel assembly process. This ultra-lightweight graphene 
aerogel was found to be highly compressible and extensible. 

Although graphene aerogels have lower thermal conductivity than graphene foam, 
their shape is more stable. The bonding of graphene aerogels is because of weak Van 
der wall forces, π–π stacking and hydrogen bonds, which support the properties of 
PCMs and also provide a route for heat conduction. Since phase change composites do 
not require high phase change enthalpy or have very low leakage, graphene aerogels 
with low filler loading are the most promising substrates. To prepare graphene aerogel 
and PCM composite, graphene aerogel is first oxidized and then self-assembled to 
form rGO, which easily adsorbs phase change materials and is suitable for phase 
change composites [1] (Fig. 3).

Graphene aerogels are usually grown by rGO and it readily adsorbs phase change 
materials into the matrix. Thus, the obtained phase change composites have good heat 
storage density, shape stability, and thermal conductivity. The phase change enthalpy 
of PCM graphene composite depends on the phase change enthalpy of PCM. Gener-
ally, PCM-based composites are prepared by the hydrothermal reduction method. 
One such method was developed by Zhong and team [49] combined graphene oxide 
sheets with octadecanoic acid to form a graphene aerogel in a hydrothermal reac-
tion. The stack of graphene sheets formed a network of microscopic structures. This
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Fig. 3 Formation of rGO [3]

compound results in a 14 times higher thermal conductivity (2.64 W/mK). However, 
a slight decrease in heat storage capacity of less than 5% was observed because of 
the addition of graphene filler. 

Li et al. [67] modified the hydrothermal reduction method when they produced 
a microporous monolith graphene from graphene oxide emulsion consisting of 
hexane droplets. In this synthesis process, a reticulated and precise three-dimensional 
network was formed around hexane by rGO grown from graphene oxide. The ability 
of graphene to assemble in a shell shaped structure was used by Ye and team [50]. 
A modified hydrothermal process yields hollow shells of graphene from graphene 
oxide sheets. At the same time the paraffin is covered in these micrometre scale 
spheres as shown in Fig. 4. 

This composite resulted in a better encapsulation ratio for PCM (97% by weight), 
phase transition enthalpy (ΔHm = 202 J/g and ΔH f = 213 J/g) and 100 reten-
tions of PCM after 20 cycles. It also resulted in superior conductivity, both elec-
trical and thermal and shape stability. Yang and team [68] synthesized a hybrid 
graphene aerogel by impregnating polyethylene glycol in a mixture of graphene

Fig. 4 Modified hydrothermal process [50] 
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nanoplatelets and graphene oxide. Polyethylene glycol is a structure stabilized by 
three-dimensional support from graphene oxide to allow heat conduction pathways. 
At full load, this results in a 31% increase in thermal conductivity. This alloy results in 
50 thermos mechanical reliability and 100 fusion crystallization reusability. Tian and 
team [69] investigated the properties of carbon nanotube-based aerogels prepared by 
a modified hydrothermal process. Carbon nanotubes in aerogel PCC act as an addi-
tional reinforcer in the three-dimensional network of PCC aerogel. This resulted in 
thermal conductivity higher than 2.1 W/mK with 98% PCM addition. As the GA 
sheets and CNTs are attached, the heat transfer between the CNTs and GA sheets is 
limited, and due to leakage of more than 13% at about 323 K, this composite is only 
suitable for low-temperature applications. Its phase change enthalpy is 223 kJ/kg. 

While the performance of CNTs as a reinforcer material in PCC is surprising, 
uncontrolled thermal conductivity is a major challenge. Tang et al. [70] studied 
different oxygenated groups by preparing GAs from EG to GO by modified 
Hummer’s method [71] and ultrasonic treatment, freeze-drying and analysed its effect 
on physical and chemical properties and compared it with PEG/GA. The synthesized 
PCM shows better shape stability and capillary force through pores and synergistic 
interaction between work and support material. Although it shows a slightly lower 
phase change enthalpy, it has better light for thermal energy conversion, making it a 
potential candidate for storage systems. Various efforts have been made to improve 
the mechanical properties of graphene aerogel phase change composites, at different 
temperatures and strain rates, which provide critical information on their behaviour. 
When the weight of paraffin in the GO aerogel mixture is less than 5%, the liquid 
paraffin shows no leakage, which shows the stability of the mixture [72]. Further-
more, this aerogel composite showed approximately 3–7 times higher strength and 
less sensitivity to stress. 

4 Conclusion 

The energy demands of humanity are steadily increasing, and it is crucial that we 
address the potential consequences that may arise if we do not prioritize the well-
being of our environment. The oil and sun contribute to the major supply of energy for 
all of us. To achieve that, we have to focus on capturing more heat from the sun and 
reducing the harm of oil transportation. This article comprehensively summarizes 
the role of aerogels in the cleaning of malicious oil spills in the oceans and a method 
to enhance the heat-capturing capacity of PCM with the help of graphene-based 
aerogel. The following conclusions can be made based on the above article: 

1. Aerogels have a wide range of applications due to their extremely high porosity 
and active surface area. 

2. Aerogels coated with chemicals can be made highly oleophilic and hydrophobic 
for absorbing oil spills in sea water and reducing their environmental impact.



A Comprehensive Review of Aerogels for Oil Spill Cleanup and Heat … 153

3. The oil recovery methods of aerogels range from thermally heating to mechanical 
squeezing. The usefulness of the aerogel for oil spill cleanup is highly dependent 
on the oil absorptivity after a repetitive number of oil recovery cycles and the 
cost of production. 

4. Graphene aerogel-based PCM composited increases the thermal storage and 
release capacity many folds than the pure PCM-based storage system due to 
enhancement in thermal conductivity with a small reduction in phase change 
enthalpy. 

5. Graphene aerogel and foam-based paraffin show a significant increase in thermal 
conductivity. 

6. The CGA-phase change compound has surprisingly higher heat conductivity and 
very poor structural stability at high temperatures, but its use has increased in 
lower-temperature thermal energy storage systems. 
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Repurposing Waste Foundry Sand 
as a Sustainable Building Material 
with Improved Thermal Performance 

A. Rahman, D. Mazumder, R. Haque, G. Sutradhar, and S. Haidar 

1 Introduction 

Sand has been utilized widely as a construction material from the dawn of human civi-
lization. Sand can be found in fired earthen bricks, mud mortars, and lime mortars. 
Nowadays, concrete is mostly used as building medium, and sand is an essential 
component of concrete. Metals were employed to make tools and utensils after 
the stone era. Foundry operations are generally necessary for the manufacturing 
of metal goods. Sand has been utilized for mould manufacturing since the begin-
ning of the human being’s use of metals in everyday life. Sand is used in foundries 
for two key applications: mould building and core making [1]. Landfilling has also 
become unfeasible due to high national average tipping prices for foundry wastes. 
After China and the USA, India’s foundry sector is the world’s third largest casting 
maker. With roughly 6000 units of foundry with total capacity for production is 
15 million metric tonnes per year. Yearly production for 2020–21 is reported to be 
nearly 11.31 million metric tonnes. The installed production capacity and actual 
production may be larger than estimated because foundry sector is mostly disorga-
nized (approximately 85%) and does not report publicly. The waste generated by 
these foundries (WFS) is roughly 1,710,000 tonnes (1.71 MT) each year [2, 3, 11]. 

Because of the massive amount of WFS, depositing it in landfills has a significant 
impact on the ecosystem and the environment. As a result, reuse of leftover foundry 
sand (WFS) in construction industry other than land filling benefits society in both 
economic and environmental terms. The building sector is the greatest consumer of 
natural sand; hence, research on repurposing leftover WFS as a substitute of natural 
sand in construction industry is critical. In fact, the natural supplies of sand are being

A. Rahman · D. Mazumder · R. Haque · S. Haidar (B) 
Department of Mechanical Engineering, Aliah University, Kolkata, India 
e-mail: sh.mech@aliah.ac.in 

G. Sutradhar 
National Institute of Technology, Imphal, Manipur, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
B. P. Swain (ed.), Recent Advances in Materials, Springer Proceedings in Materials 25, 
https://doi.org/10.1007/978-981-99-3844-5_18 

157

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3844-5_18&domain=pdf
mailto:sh.mech@aliah.ac.in
https://doi.org/10.1007/978-981-99-3844-5_18


158 A. Rahman et al.

depleted as a result of over-consumption. Every step should be taken to stop the 
over exploitation of natural sand. On of such endeavour is the use of waste foundry 
sand as a complete or partial replacement for natural sand that not only results the 
conservation of natural resources but also safely disposes the hazardous industrial 
waste sand to a useful application that protects the ecology and environment. Further-
more, the usage of old foundry sand, as proposed by numerous researchers in a range 
of construction-related sectors, is supported with suitable experimental findings. 
Because concrete is so important in the construction sector, a detailed research of 
the concrete properties with WFS is also included for a clear knowledge of the use 
of WFS in concrete manufacturing. 

2 Experimental Details 

2.1 Characterization of Constituents 

2.1.1 Cement 

For sample preparation, commercially available PPC with fly ash in accordance with 
IS 1489 Part 1:15 [4] was used. The physical and chemical properties of used cement 
listed under Table 1 with required stipulation made under IS code.

2.1.2 Waste Foundry Sand (WFS) 

WFS was obtained from an iron casting foundry in Howrah cluster, West Bengal. The 
chemical and physical properties of WFS are depicted in Tables 2 and 3, respectively.

Sieve analysis of WFS was done in accordance with IS 383:1970 [5] and the 
grading carve, shown in Fig. 1, comes under the zone III as specified by the code.

2.1.3 Sand 

Sand was gathered from a quarry on the Mayurakshi River bed in the Birbhum region 
of West Bengal, India. The sand used in this investigation was graded according to 
BIS: 383-1970 [5] grading zone II as shown in Fig. 2, and Table 3 shows the specific 
gravity and fineness modulus value of sand.
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Table 1 PPC cement 
properties as per test 
certificate 

Properties Requirement of 
IS 1489 

Result 
obtained 

Fineness (m2/Kg) Minimum 300 345 

Starting setting time (min) Minimum30 160 

Final setting time (min) Maximum 600 260 

Drying Shrinkage (%) Maximum 0.15 0.03 

Soundness by Autoclave (%) Maximum0.8 0.04 

3 days CS (MPa) Minimum 16 22 

7 days CS (MPa) Minimum 22 31 

28 days CS (MPa) Minimum 33 51 

Soundness by Le chatelier 
(mm) 

Maximum 10 0.5 

% of pozzolana Minimum 15, 
Maximum 35 

25.21 

Sulfuric anhydride (%) by mass Maximum 5 2.48 

Insoluble residue (%) by mass Maximum 37.6 23.21 

Chloride content (%) by mass Maximum 0.1 0.019 

Magnesia (%) by mass Maximum 6 0.84 

Sulfuric anhydride (%) by mass Maximum 5 2.86 

Total loss on ignition (%) by 
mass 

Maximum 2.85 5.00

Table 2 Chemical 
characteristics of WFS Characteristics Result obtained 

SiO2 (%) by mass 89.25 

CaO (%) by mass 1.63 

Al2O3 (%) by mass 0.51 

Fe2O3(%) by mass 2.19 

Na2O (%) by mass 0.39 

Loss on ignition (%) by mass 4.35 

Table 3 Physical 
characteristics of aggregates Characteristics Stone aggregate Sand Waste foundry 

sand 

Fineness 
modulus 

2.789 2.379 1.857 

Specific gravity 2.949 2.27 2.25
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Fig. 1 WFS grading curve

Fig. 2 Sand grading curve
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2.1.4 Stone Aggregate 

The crushed stone aggregate having 10 mm down size utilized in this study was 
obtained from a quarry in West Bengal’s Birbhum area. Table 3 shows the specific 
gravity and fineness modulus of coarse aggregate. 

2.1.5 Casting of Samples 

Five sets of M20 grade concrete mix were prepared as specified in IS 456-2000 
[6] with WFS 0%, 5%, 10%, 20%, 30%, and 40%, respectively, in lieu of sand. The 
concrete materials were blended in a blender. Weighed amounts of cement, sand, and 
WFS were dry mixed until a uniform mixture was obtained with no cement, sand, or 
WFS lump. The coarse aggregate was then weighed and blended in a dry state until 
a homogeneous mix was achieved. The total quantity of water added is equal to half 
of cement used and it was poured in two stages. Before casting the specimens, all of 
the moulds were lubricated. Each concrete mixture’s 3nos of 15 cm * 15 cm * 15 cm 
cube was casted to carry out compressive strength test. A 50 cm * 50 cm * 10 cm roof 
sample casted of each concrete mix reinforced with 8 mm TMT bar for determination 
overall heat transfer (U value) value. 

2.1.6 Compressive Strength 

Concrete samples were tested for compressive strength at 28 days as per IS 516 [7] 
standard. The compressive strength of concrete using WFS as replacement of natural 
sand is shown in Fig. 3. Concrete compressive strength increases with increasing 
WFS percentage till 40%; however, further increasing WFS percentage decreases 
compressive strength. WFS has a lower particle size than natural sand, so it fills the 
microscopic pores inside concrete, causing pores to be minimized. Furthermore, the 
chemical characteristics of WFS are comparable to those of cement. These two factors 
help to boost compressive strength. A higher amount of WFS percentage impedes 
cement hydration, which may be the cause of decrease in compressive strength.

3 Thermal Performance 

3.1 Guarded Hot Box 

The guarded hot box method is used to find out the total thermal transmission coef-
ficient (U value) of a building enclosure in a specified thermal environment. One 
similar facility has been established at Aliah University’s Building Energy Effi-
ciency Laboratory, Department of Mechanical Engineering. The testing facility was
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Fig. 3 Change in compressive strength with WFS%

built in compliance with BS-EN-ISO 8990:1996 [8] and BS-EN-ISO 874: Part 3: 
Sect. 3.1: 1987 [9]. Figure 4 shows an actual representation of the same. It is made 
up of 4 major parts, namely metering box (MB), guard box (GB), cold box (CB) and 
a surround panel which holds sample between the metering -box and the cold-box. 
This setup is capable to determine U value of any structural envelop with a range of 
0.12–20 W/m2 K for testing at temperatures ranging from −20 to 50 °C. The setup’s 
walls are built with 25 cm extruded polystyrene reinforced with plywood. The sample 
can be inserted in sample holding split of the surround panel, which is located in 
the midst of MB and the CB. This cut-out is exactly in the middle of the surround 
panel’s two edges. A comprehensive overview of the facilities was already published 
[10]. The temperature inside the MB and CB is kept at consistent levels. Tempera-
tures in the guard-box which depict the environmental temperatures are maintained 
as prescribed by BS-EN-ISO 8990:1996, so that the cumulative metering box ‘wall 
loss’ is less than 10% of the total heat input from fans and heaters located inside 
the metering box. Because, as the fan motors are installed inside the metering box, 
it is assumed that under steady-state conditions, the electrical power into the fans 
is totally turned into heat. The metering box, guard box, and cold box all together 
assembled and tied against the surround panel using a tie bar assembly to create an 
airtight chamber, as shown in Fig. 4. Under steady-state conditions, all heat added 
to the metering box now via the sample and surround panels flows into the cold box.
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Fig. 4 Guarded hot box setup 

3.2 Calibration of Guarded Hot Box 

Calibration of guarded hot box apparatus before actual sample test is a prerequisite as 
it determines flanking loss and heat transfer to ambient from metering box. Detailed 
calibration process has been described by D. Choudhury [10]. 

3.3 Sample and Testing Condition 

Roof samples are being cured for 28 days with water. Samples are loaded into sample 
holder made with FRP materials. Edges of the samples are sealed with silicon sealant 
to prevent air pass. Samples are then mounted into surround panel with the help of 
hydraulic trolley lifter (Figs. 5 and 6).

The tests are being carried out in accordance with BS EN ISO 8990:1996. The 
total time taken for each test is around 10 ≈ 20 h. Testing temperature of cold 
box and hot box which resembles outer ambient temperature and room temperature 
respectively was set to 15–30, 15–35, 20–35, 20–40 °C. Each roof sample was tested 
with same set of temperature difference. Concrete roof sample with more than 30% 
replacement of sand with WFS was excluded from test as further increase in WFS 
% compromised compressive strength beyond specified limit of IS standard.



164 A. Rahman et al.

Fig. 5 Sample in FRP frame 

Fig. 6 Sample mounted in 
guarded hot box

3.4 Result and Discussions 

This research was carried out to investigate the viability of replacing natural sand 
with WFS as a sustainable building material, as well as the influence of WFS on 
overall thermal transmittance (U value).It was found that U value decreases with the 
increase percentage of replacing sand with WFS (shown in Fig. 7).
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Fig. 7 Overall thermal transmittance with the % of WFS 

4 Conclusion 

Following can be concluded from this work 

1. WFS, which is an industrial waste, can be effectively utilize as a sustainable 
building material. Up to 30% replacement of WFS in lieu of natural sand is safe 
in M20 grade concrete. 

2. Effective use of WFS in building material cuts down the river sand extraction 
thus saves the environment. 

3. Use of WFS in building is economical in two ways; first, it reduces the sand uses 
in building construction and reduces the thermal transmittance, and it will cut 
down the cooling energy requirements. 

4. The environmental risks associated with industrial waste disposal can be 
mitigated by making sensible use of WFS in building construction. 

5. Rapid mining of river bed sand has a negative impact on the environment that 
can be avoided. 
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Fuzzy Logic-Based Model for Predicting 
Material Removal Rate of Machined 
Cupola Slag-Reinforced Aluminum 
Metal Matrix Composite 

Soumyabrata Chakravarty, Partha Haldar, Titas Nandi, 
and Goutam Sutradhar 

1 Introduction 

The modern era of innovation needs economic new-age materials which have high 
strength-to-weight ratios and can accommodate tailored properties. Composites can 
be a great alternative for that fact, although the cost of composite fabrication is very 
high. The fabrication cost of composites can be reduced by using low-cost fabrication 
processes like stir casting and using economic reinforcement derived from industrial 
wastes such as cupola slag. Cupola slag is an industrial waste that can be reused as 
reinforcement in metal matrix as it contains hard ceramics like Al2O3, SiO2, CaO,  
etc. [1]. Aluminum and its alloys are great to be used as matrix materials in compos-
ites due to their lightweight and higher conductivity and low melting point. The 
development of economic composites requires successful fabrication which should 
be followed by quantitative and qualitative studies of finishing operations such as 
machining. Machinability can be defined as the ease of machining. One of the most 
important parameters of machinability is the material removal rate (MRR). Turning 
is one of the most used machining processes. The MRR analysis in turning requires 
extensive experimentation and analysis. The experiment should be designed statis-
tically to reduce materials and time loss following techniques such as Taguchi L9 
orthogonal array. Taguchi L9 orthogonal array provides the most accurate analysis
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with a minimal number of experiments. Further analysis of MRR requires mathe-
matical modeling. Regression analysis is a simple and well-established mathemat-
ical model for MRR prediction. New soft computing-based prediction techniques like 
fuzzy prediction are believed to provide more accurate predictions. Fuzzy logic-based 
prediction is based on the principle of human intuition. Fuzzy logic takes various 
true values between 0 to 1 mimicking human behavior. The crisp input values are 
converted to linguistic variables which are then passed through pre-defined sets of 
fuzzy IF–THEN rules to predict the linguistic values of output. These outputs are 
converted to crisp prediction values. 

Attempts have been made to analyze machinability in dry turning of aluminum 
metal matrix composites (AMCs) in terms of MRR in the present academia. Kesar-
wani et al. [2] have investigated MRR in hybrid eggshell, boron carbide-reinforced 
AMCs and concluded that MRR has been improved in presence of a second phase 
when compared with monolithic alloy. MRR in dry turning of discontinuous SiCp-
reinforced Al 7075 matrix has been analyzed by the gray Taguchi approach in the 
works of Das et al [3]. The MRR was observed to have an increasing trend with 
increasing cutting speed, feed, weight percentage of reinforcements. Kumar et al. [4] 
have investigated stir-casted Al/SiC/Mo-reinforced AMCs MRR in dry turning. The 
results indicate that maximum MRR has been achieved while turning at a high depth 
of cut, feed and cutting speed. The fuzzy logic-based prediction of MRR in turning 
has been discussed in the works of Saradhi et al. [5]. The results show valid fuzzy 
logic prediction with a percentage error of 7.49%. Sharma et al. [6] predicted cutting 
force in hard turning operations using fuzzy logic and compared it with regression 
prediction. The authors have concluded that fuzzy prediction is more accurate. The 
literature survey indicates that MRR analysis in turning of AMCs is adequate, but 
fabrication and machinability studies on cupola slag-reinforced AMCs are found to 
be scarce. 

In this work, cupola slag-reinforced LM11 matrix composites have been fabricated 
using the stir casting route. Machinability of cast composites has been analyzed in 
terms of MRR in dry turning. Spindle speed, feed rate and weight percentage of 
cupola slag have been chosen as process parameters for turning. The effect of process 
parameters on MRR has been studied in detail. MRR prediction using regression and 
fuzzy model has been established and an elaborate comparative study between the 
models has been presented. 

2 Materials and Methods 

2.1 Materials 

Al-4.5-Cu or LM 11 has been chosen as the matrix of the composites due to its 
lightweight and high strength moreover LM11 has shown great response to solution 
heat treatment. 99% pure LM 11 has been procured from M/S Kolkata Die Casting,
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Table 1 Chemical composition of LM 11 

Elements Cu Mg Si Fe Mn Ni Zn Pb Sn Ti Al 

Wt.% 4.5 0.1 0.25 0.25 0.1 0.1 0.1 0.05 0.05 0.3 Bal 

Table 2 Chemical composition of Cupola slag 

Elements SiO2 Fe2O3 Al2O3 CaO MnO MgO TiO2 K2O SiO2 Fe2O3 Oxides 

Wt.% 53.1 16.1 11.1 10.7 3.33 1.94 1.22 1.05 53.1 16.1 Bal 

Liluah, Howrah. The chemical composition of LM 11 as observed using XRF has 
been shown in Table 1. Composites can be fabricated by using low-cost reinforcement 
developed from industrial waste cupola slag. Bolder like cupola slag chunks has been 
fetched from M/s Binoy Udyog Pvt. Ltd., Andul, Howrah. The slag has been ball 
milled and sieved to an average particle size of 100 µm. The chemical composition 
of developed cupola slag reinforcement particles has been analyzed using XRF, and 
the results have been reported in Table 2. 

2.2 Fabrication of Cast Composites 

The stir casting has been performed in vacuum-assisted bottom pouring type stir 
casting setup supplied by SWYAMEQUIP, Chennai. The weighted amount of LM 
11 ingots has been melted in a graphite crucible at 750 °C and at the same time 3% 
weight percent of developed cupola slag particles (average particle size 100 µm) 
has been pre-heated to 300 °C in a powder pre-heating furnace. After the complete 
melting of the LM 11 ingots, mechanical stirrer has been pulled down into the molten 
metal, and a stirring speed of 500 rpm has been maintained to initiate a vortex in 
the molten metal. The pre-heated cupola slag particles have been poured into the 
vortex while stirring. The stirring continues for another 8–10 min with a stirring 
speed of 600 rpm to ensure homogeneous particle distribution. The spilt-type steel 
mold has been positioned parallel to the bottom pouring valve after pre-heating to 
400 °C to achieve defect less casting. Vacuum pressure has been set to 10–2 mbar 
using a vacuum pump. The bottom pouring valve has been opened after the proper 
mixing of particles. The molten metal has been poured to mold due to gravity and 
left for solidification for 24 h. Upon solidification, 3wt.% cupola slag-reinforced LM 
11 matrix composite has been fabricated. Similar methods have been followed for 
the fabrication of 5 and 7 wt.% cupola slag-reinforced cast composites.



170 S. Chakravarty et al.

Table 3 Input parameters along with their levels [10] 

Parameters Unit Low (L) Medium (M) High (H) 

Spindle speed (N) rpm 495 620 800 

Feed rate (f) mm/rev 0.083 0.109 0.125 

Weight percentage (w) Wt.% 3 5 7 

2.3 Taguchi Experimental Design 

The machinability studies in terms of material removal rate have been performed 
in dry turning. The process parameters for turning have been chosen as spindle 
speed (rpm), feed rate (mm/rev) and weight percentage (wt.%) as these are the most 
effective parameters in turning of cast composites as per established academia [7]. 
MRR has been chosen as a response parameter as it is one of the most important 
aspects of machinability. The depth of cut has been deliberately kept constant as 
1 mm, in the investigation as the effect of depth of cut on MRR has been found to 
be nominal in the literature [8, 9]. 

The experiments have been designed by using 3 factors 3 levels Taguchi L9 
orthogonal array. The experimental design and analysis have been performed on 
Minitab 18 software. The levels of process parameters have been selected as per 
intuition from academia and pilot experiments and are shown in Table 3 [7–9]. 

2.4 Fuzzy Prediction Modeling 

In this work, experimental investigation has been used to formulate a fuzzy predic-
tion model in MATLAB R2022b. A Mamdani max–min fuzzy interface system has 
been designed using three inputs, and one output as the Mamdani system is one of the 
simplest and most accurate processes to predict response [11]. The input variables 
and output response have been fuzzified by converting the crisp value to linguistic 
variables of low (L), medium (M) and high (H) as shown in Table 3. The member-
ship functions have been defined as per intuition from the experimental results and 
literature survey [11]. Triangular membership function has been chosen for all the 
variables to simplify the prediction model which is given as, 

µTriangle (x; L , M, H ) = 

⎧ 
⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

0, x ≤ L 
x−L 
M−L , L ≤ x ≤ M 
H−x 
H−M , M ≤ x ≤ H 

0, H ≤ x 

= max

(

min

(
x − L 
M − L 

, 
H − x 
H − M

)

, 0

)

(1)
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Table 4 Fuzzy IF–THEN rules 

Rule no. IF (AND operation between the parameters) THEN 

Spindle speed Feed rate Weight percentage MRR 

1 L L L L 

2 L M M M 

3 L H H H 

4 M L M L 

5 M M H M 

6 M H L M 

7 H L H M 

8 H M L H 

9 H H M H 

The fuzzy rules in terms of linguistic variables have been shown in Table 4. In  
Table 4, parameters under IF are the inputs, and the parameter under THEN column 
is the output or conclusion. 

2.5 Methodology 

Setup. The dry tunning experiments have been carried out in conventional engine 
lathe in Blue Earth Machine Shop, Jadavpur University, Kolkata. CNMG 120408 
coated carbide tool with tool holder DCLNR2020K12 has been used as cutting tool. 
The cutting length has been taken as 50 mm. The weight of samples before and after 
machining has been measured using high precision industrial weighing machine 
Mettler Toledo—BBA236-4A3N. 

Procedure. The MRR has been measured using weight loss method, the weight 
of cast composite has been measured before and after machining and the machining 
time has been noted. Then the MRR has been calculated by, 

MRR = 
Wi − W f 

t 
g/min, (2) 

where, Wi is the initial weight, Wf is the final weight and t is machining time. 
The measured MRR has been analyzed using Taguchi main effect plots. A regres-

sion model has been developed to predict the MRR for same set of data points. Fuzzy 
prediction model has been applied to predict the same. The comparison between 
experimental, regression and fuzzy prediction has been investigated. The flow chart 
of the methodology has been shown in Fig. 1.
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Fig. 1 Flow chart of experimental investigation 

3 Results and Discussions 

3.1 Taguchi Results 

The results of the experimental investigations have been reported in Table 5. It is  
evident from main effect plot shown in Fig. 2 that with increasing spindle speed, 
MRR decreases slightly and then increases at highest speed. This is due to the fact 
that with increasing spindle speed, increases the tool workpiece temperature which 
initiates strain hardening which reduces the MRR [12]. Further increase in spindle 
speed increases the interface temperature to an extent, where MRR increases due to 
thermal softening of the workpiece [13]. The effect of spindle speed on MRR found 
in agreement with established academia [14]. The MRR observed to be increase 
with increasing feed rate. This is attributed to the fact that with increasing feed 
rate, the contact area between cutting tool and work piece increases which results in 
higher MRR. The similar trend of increasing MRR with feed rate increase has been 
reported in the works of Yin et al. [15] and Sharma et al. [6]. The MRR has been 
investigated to increase with an increasing weight percentage of cupola slag. This is 
due to the fact that an increase in weight percentage increases the presence of cupola 
slag particles in the matrix. These particles increase porosities and dislocations in 
the matrix which act as crack generation sites and eases the machining process. This 
leads to an increase in MRR with an increasing weight percentage.
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Table 5 Experimental results 

Exp no. Spindle speed Feed rate Weight percent MRR (g/min) 

Experimental Regression Fuzzy 

1 495 0.083 3 7.50 7.91 7.79 

2 495 0.109 5 13.85 11.86 11.7 

3 495 0.125 7 15.00 14.46 14.5 

4 620 0.083 5 9.23 9.51 9.08 

5 620 0.109 7 11.54 13.46 10.7 

6 620 0.125 3 13.33 14.71 13.4 

7 800 0.083 7 12.00 11.63 11.7 

8 800 0.109 3 15.00 14.22 14.9 

9 800 0.125 5 17.14 16.82 16.8 

Fig. 2 Main effect plots of MRR
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3.2 Regression Results 

The results of regression analysis have been shown in Table 5. The linear regression 
has been adopted for finding the regression equation. The regression equation has 
been given as, 

MRR = −  8.50 + 0.00923S + 134.5F + 0.225W, (3) 

where S, F and W are spindle speed, feed rate and weight percentage, respectively. 
The value predicted from the regression equation has been presented in Table 5. 

3.3 Fuzzy Logic Prediction 

The prediction using fuzzy logic has been reported in Table 5. The predictions have 
been observed using rule viewer in MATLAB and reported in Table 5. Table 5 
indicates prediction to be valid as the predicted data is maps with the experimental 
results. 

3.4 Comparison 

The comparison of fuzzy and regression prediction has been analyzed based on root 
mean squared error (RMSE). The comparison table along with residual and RMSE 
values has been shown in Table 6. The RMSE value found to be less in case of fuzzy 
prediction. Figure 3a shows the prediction plot for regression and fuzzy. It is evident 
from Fig. 3a that fuzzy logic prediction results are nearer to the experimental results. 
Residual plots of regression and fuzzy prediction have been shown in Fig. 3b for  
better comparison. Figure 3b indicates that the residuals for regression model are 
larger when compared with residuals of fuzzy prediction. Figure 3b also shows that 
the residuals for both fuzzy prediction and regressions are random which indicates 
that the models are free from inherent error thus can be treated as valid. The similar 
results in comparison of fuzzy logic prediction and regression prediction have been 
found in the works of Sharma et al. [6] and Amir et al. [11]. Comparison of predictions 
along with experimental values has yield error of 1.10% and 0.81% for regression 
and fuzzy-based model, respectively, as per Table 6. The fuzzy-based model yields 
more accurate result due to the fact that fuzzy logic is soft computing-based method 
in which model learns the trends of output by intuition from the experimentation 
thus yields more accurate results [6].
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Table 6 Comparison between experimental, regression and fuzzy prediction in terms of residual 
and RMSE 

Exp no MRR Residuals Residual squared 

Exp Regression Fuzzy Regression Fuzzy Regression Fuzzy 

1 7.50 7.91 7.79 −0.41 −0.29 0.17 0.08 

2 13.85 11.86 11.7 1.99 2.15 3.95 4.61 

3 15.00 14.46 14.5 0.54 0.50 0.29 0.25 

4 9.23 9.51 9.08 −0.28 0.15 0.08 0.02 

5 11.54 13.46 10.7 −1.92 0.84 3.70 0.70 

6 13.33 14.71 13.4 −1.38 −0.07 1.90 0.00 

7 12.00 11.63 11.7 0.37 0.30 0.14 0.09 

8 15.00 14.22 14.9 0.78 0.10 0.61 0.01 

9 17.14 16.82 16.8 0.32 0.34 0.10 0.12 

RMSE (%) 1.10 0.81

4 Conclusions 

The objective of this experimental work is to successfully fabricate cupola slag-
reinforced LM11 metal matrix composite along with machineability studies in terms 
of MRR. The regression and fuzzy-based prediction model have been developed and 
validated. The experimental investigation can be concluded as: 

• Successful fabrication of 3, 5, 7 wt.% cupola slag-reinforced LM11 composites 
has been achieved using stir casting route. 

• The MRR has been observed to have increasing trend with increasing spindle 
speed, feed and weight percentage. 

• The regression and fuzzy-based prediction model have been compared with 
experimental results and has an RMSE error of 1.10% and 0.81%, respectively. 

• The fuzzy prediction model observed to have better prediction when compared 
with regression model.
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Fig. 3 a Prediction plot for regression and fuzzy logic, b residual plot for regression and fuzzy
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Comparative Performance and Emission 
Characteristics of Diesel-Ethanol Fuel 
Blends on a CRDI 
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1 Introduction 

Bioenergy is an unconventional and sustainable fuel for compression ignition engines 
that may be produced from a variety of edible and non-edible vegetable oils derived 
from first-, second-, and third-generation renewable fuels [1] Due to the consistent 
expansion in the use of vehicles in industry, populace development, and economic 
growth, energy depletion has increased quickly [2]. Due to the quantity of oxygen 
they contain, alcohols frequently offer superior properties [3]. Sardemir et al. [4] 
investigated the influence of maize oil methyl-ester and diesel mixtures on engine 
presentation and discharge features. At fuel injection pressures of 210 and 230 bar, 
three unique fuel samples (10, 20, and 50%) were evaluated. They found that when 
the injection pressure rose, the breadth of the droplets reduced. Also observed at 
230 bar were reductions in CO by 66.67% and HC by 52.3%, but increases in NOx 

by 22.45%. Rajak et al. [5] studied the things of the Aegle methyl-ester and diesel 
mixes on engine characteristics. According to the findings, there is a 3.0%, 4.5%, and 
8.5% increase in brake-specific fuel consumption, CO2 releases, and NOx releases, 
respectively. Moreover, there is a rapid reduction of 21.4%, 20.83%, and 24.41% 
in the discharges of particulate matter, smoke, and soot, correspondingly. Using the 
EGR technique, Sindhu et al. calculated the fuel injection timing and discovered that 
higher fuel injection timing led to higher NO emissions but decreased soot discharge 
[6]. Karagoz et al. [7] examined the engine operation and ignition properties of a
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Table 1 Fuel sample 

Properties Diesel Ethanol E5D95 E10D90 E15D85 

Density (kg/m3) 830 800 828.5 827.2 825.5 

Viscosity (mm2/s) 3.4 1.1 3.2 3.05 2.88 

Cetane number 48 6–8 46.1 44 42 

Heat value (MJ/kg) 45.5 26–27 44.5 43.8 42.93 

single/cylinder, direct/injected, diesel engine using tyre pyrolytic oil-diesel mixes at 
various engine loads (three, six, nine, and twelve Nm) at a speed of two thousand 
revolutions per minute. The highest thermal efficiencies for TPO10D90 were found 
to be 28.15%. In this work, studies of engine performance were conducted on a 
single-cylinder, four-stroke, naturally aspirated, compression ignition diesel engine 
fuelled with ethanol–diesel blends of varying volumetric fractions, under varying 
engine loads and constant engine speed. The findings of combustion investigations 
conducted on ethanol diesel blends were presented and compared with diesel fuel. 

2 A Fuel Sample and Method 

2.1 Fuel Properties 

In this investigation, base diesel fuel (95, 90, and 85%) was combined with ethanol 
(5, 10, and 15%) as E5D95, E10D90, and E15D85. Table 1 provided a brief overview 
of the characteristics of ethanol and diesel. The numerical employed three ethanol 
blends with different ratios to base diesel. 

2.2 Experimental Set-up 

The Kirloskar, single cylinder, four-stroke, water-cooled, 110 mm stroke, 87.5 mm 
bore, 661 cc was used in the experiments for this study. Table 2 contains the test 
engine’s technical specs. In Fig. 1, the experimental set-up for this study is depicted 
schematically. At a 200 bar injection pressure, four different loads 25%, 50%, 75%, 
and 100% were tested. The gas spindle was maintained at this speed throughout all 
experiments when the engine speed was changed to 1500 rpm. The experimental 
set-up instrument’s uncertainty as stated in Table 3.
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Table 2 Test engine 
condition Constraint Value 

Bore/stroke (87.5mm*110mm) 

Compression ratio 18 

Swept volume 661.45 cc 

Power 3.5 kW @1500 rpm 

Fig. 1 Engine set-up 

Table 3 Uncertainty of 
instruments Constraint Value (%) 

Smoke ±1.0 

Temperature ±0.5 

Pressure ±0.5 

Load meter ±0.2 

Encoder ±0.2 

3 Results 

3.1 Validation of Model 

This study used first law thermodynamic models to examine the combustion of the 
Diesel-RK engine [8–10]. Numerical data and trial data from the engine test were 
compared. The error was estimated to be up to 8.3% for the peak value of the engine
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Fig. 2 IMEP with load (100%) 

IMEP at the same operating state, as seen in Fig. 2’s variance between trial and 
numerical results at full load (the operating conditions are the same as in Table 2). 

3.2 Indicated Mean Effective Pressure (IMEP) 

IMEP change in relation to load is seen in Fig. 3 along with the blend ratio of ethanol 
(5, 10, and 15%) to base fuel (95, 90, and 85%) at constant injection pressure and 
speed. The pressure operating on the piston during its whole stroke, which would 
result in the same amount of work output, can be compared with the given IMEP [11]. 
The value of 5% ethanol has the highest IMEP when compared with others blend 
ratio. For base fuel (BF100), 5%, 10%, and 15% of ethanol with full load conditions, 
the IMEP (bar) was determined to be 5.2, 5.5, 5.1, and 5.0, respectively.
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Fig. 3 Indicated mean effective pressure with loads 

3.3 Engine Volumetric Efficiency (EVE) 

EVE change in relation to load is seen in Fig. 4 along with the blend ratio of ethanol (5, 
10, and 15%) to base fuel (95, 90, and 85%) at constant injection pressure and speed. 
The value of 10% ethanol has the lowest EVE when compared with others blend 
ratio. For base fuel (BF100), 5%, 10%, and 15% of ethanol with full load conditions, 
the EVE (%) was determined to be 94.87, 94.9, 94.7, and 95.1, respectively. The data 
demonstrates that a greater proportion of blends has a greater volumetric efficiency 
than base gasoline owing to the addition of extra air to the cylinder. It was determined 
that the E15D85 mixture had a higher volumetric efficiency at full load [5].

3.4 Cylinder Temperature (CT) 

CT change in relation to load is seen in Fig. 5 along with the blend ratio of ethanol 
(5, 10, and 15%) to base fuel (95, 90, and 85%) at constant injection pressure and 
speed. The value of 5% ethanol has the highest CT when compared with others blend 
ratio. The in-cylinder temperature, oxygen concentration, thermal conductivity, water
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Fig. 4 Volumetric efficiency with loads

content, and the amount of time it takes for the reaction to occur in the test fuels are 
all closely correlated with the generation of nitrogen oxide emissions [12, 13].

3.5 Factor of Absolute Light Absorption (FALA) 

FALA change in relation to load is seen in Fig. 6 along with the blend ratio of ethanol 
(5%, 10%, and 15%) to base fuel (95%, 90%, and 85%) at constant injection pressure 
and speed. The value of 15% ethanol has the highest FALA when compared with 
others blend ratio. This may be CT, oxygen concentration [14], water content, and the 
time required for the reaction to proceed in the test fuels are all strongly correlated 
with FALA production.
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Fig. 5 Cylinder temperature with crank angle
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Fig. 6 FALA with load 

4 Conclusion 

This research evaluates the effects of 5%, 10%, and 15% base gasoline and ethanol 
mixtures on presentation, ignition, and discharges in a diesel engine with natural 
aspiration. The list below includes the main numerical findings.

. At 100% load, 5% ethanol increased IMEP by 7.2%. Reduced viscosity of ethanol 
improves its combustion rate.

. The volumetric efficiency at 100% load is observed to increase as the ethanol 
enrichment percentage (15%) rises.

. The amount of factor of absolute light absorption (FALA) emission dramatically 
decreased with the addition of 5% ethanol. In comparison with base fuel, the 
FALA emission is significantly lower at 5% by 19.7%.
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3. Ağbulut Ü, Sarıdemir S, Karagöz M (2020) Experimental investigation of fusel oil (isoamyl 
alcohol) and diesel blends in a CI engine. Fuel 267:117042. https://doi.org/10.1016/j.fuel.2020. 
117042 
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Swan Eggshell Derived CaO 
as a Heterogeneous Catalyst for Biodiesel 
Production from Castor Oil 

Mohd Rakimuddin Khan and Huirem Neeranjan Singh 

1 Introduction 

The need for alternative energy sources has arisen as a result of the global’s acceler-
ating energy utilization and the quickly dwindling supply of fossil fuels. The produc-
tion of biodiesel from vegetable oils and other sources, which mostly contain triglyc-
erides and free fatty acids, is one of the most promising techniques for sustainable 
fuels [1]. Green fuel biodiesel is a promising and renewable option to fossil fuels 
that are increasingly widely acknowledged. Due to its renewable, non-toxic, and 
clean burning qualities, biodiesel shows to be a better option for dual crises of 
fossil fuel depletion and environmental damage [2]. As a result, it is considered 
the greatest petrodiesel supplement. Additionally, biodiesel is eco-friendly, carbon 
neutral, and non-hazardous, all of which are amazing qualities. The use of biodiesel 
through blend or direct (usually 20–50% blend is employed) to petrodiesel can help 
reduce the global’s reliance on conventional fuels and surrounding problems with 
carbon dioxide emissions [3]. Biodiesel could be obtained from a variety of sources, 
including camelina oil [1], chicken fat [4], microalgae Chlorella pyrenoidosa [5], 
castor oil [6], waste cooking oil [7], Crotalaria Juncea seeds [8], trisperma (Aleurites 
trisperma), moringa (Moringa oleifera), neem (Azadirachta indica), trisperma (Aleu-
rites trisperma), jatropha (Jatropha curcas), and candlenut (Aleurites moluccana) 
[9]. 

The process of transesterification is very effective for making biodiesel. Due to its 
low cost, oil from non-edible vegetables is the better option for biodiesel production. 
Both heterogeneous and homogeneous catalysts can be used in the transesterifica-
tion process to speed up the reaction. However, it is not recommended to utilize the 
homogeneous catalyst KOH/NaOH since it has a problem separating and purifying.
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The disadvantages of homogeneous catalysis can be overcome by heterogeneous 
catalysis [10]. When compared to homogeneous ones, heterogeneous catalysts have 
several advantages, including low cost, low energy consumption, easy separation, 
and as a result, no liquid effluent generation. Given that natural materials like oyster 
shells, animal bones, eggshells, and crab shells are primarily constituted of calcium 
carbonate, which is converted into CaO during the calcination process, it is ideal 
to produce heterogeneous catalysts from these materials [11]. In the current study, 
a waste swan eggshell-derived CaO catalyst was used to produce biodiesel from 
castor seeds. The prepared CaO catalyst was characterized using Fourier-transform 
infrared spectroscopy (FTIR) and X-Ray Diffraction (XRD) analysis. Response 
surface methodology (RSM) using the Box Behnken design (BBD) was utilized to 
optimize the response parameters. Produced castor biodiesel was also characterized 
using FTIR and gas chromatography–mass spectrometry (GCMS). 

2 Materials and Methodology 

2.1 Materials 

Castor beans and used swan eggshells were both collected from the locality of the 
Indian state of Manipur. Castor seeds were used to make castor oil using a soxhlet 
apparatus. The membrane from the gathered eggshells was removed after they had 
been cooked, and the contaminants were then eliminated by washing the shells with 
distilled water. Figure 1 shows the cleaned swan eggshell. 

Fig. 1 Preparation of CaO catalyst
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2.2 Production of Crude Castor Oil 

Castor seeds were cleaned and dried before being crushed with a mortar and pestle. 
Castor seeds that had been crushed were used to produce oil. Castor oil was produced 
utilizing Soxhlet equipment with n-Hexane as the solvent. 

2.3 Preparation of Swan Eggshell CaO Catalyst 

The gathered swan eggshells were thoroughly cleaned with the use of distilled water 
to remove the impurities. It was further left to dry in an oven overnight at the temper-
ature of 90 °C. The eggshell was then processed through a 0.8 mm sieve screen 
after being ground into powder using a mortar and pestle as shown in Fig. 1b. The 
powdered shell was put in the electric muffle furnace for calcination at 800–1000 °C 
for 2–4 h. Figure 1 shows the calcinated swan eggshell catalyst. 

2.4 Characterization of Swan Eggshell Catalyst and Castor 
Biodiesel 

The Bruker AXS, Model number D8-Advance; equipped with 1.5406 Cu-K radia-
tions ranging from 10° to 70°, is used to record the diffraction pattern of swan eggshell 
CaO samples with the use of XRD. The castor biodiesel samples were characterized 
by utilizing FTIR and GCMS. 

2.5 Transesterification of Crude Castor Oil 

There are several processes involved in transesterification. The transesterification is 
carried out by mixing an oil sample with the required amount of catalyst and alcohol 
in a laboratory scale (Maker: Contech) flask in a magnetic stirrer (Maker: Tarsons 
Digital Spinot) over a hot plate with a constant temperature. An evaporator and 
centrifugation were used, respectively, to remove the excess alcohol and catalyst. All 
of the samples were agitated at 500 rpm speed. The transesterification was carried out 
to obtain biodiesel at fixed parameters oil-to-methanol molar ratio of 1:12, reaction 
time of 90 min, catalyst concentration of 5%, and reaction temperature kept in 50– 
70 °C ranges. Then a separation procedure was used to produce biodiesel and glycerol 
with minimal contaminants. The excess glycerol from the direct biodiesel that could 
not be recovered was separated. Continued distillation was followed by heating to 
remove water. The castor biodiesel was eventually acquired.
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Table 1 Independent variables used for Box Behnken 

Sl. no. Parameters Symbol Levels 

−1 0 +1 

1 Calcination temperature (°C) B 800 900 1000 

2 Calcination time (h) A 3 4 5 

3 Reaction temperature (°C) C 50 60 70 

With more catalysts present, biodiesel yield rises. However, when the catalyst 
amount reached a particular level, the trend was reversed. The oil-to-methanol molar 
ratio was comparable. In general, high catalyst concentrations will result in high 
biodiesel conversion, but excessive catalysts will speed up the free fatty acid esterifi-
cation and result in the formation of more water more quickly, which will deactivate 
the acid hydroxyl group because hydration of these groups happens if water is present. 
Methanol might also dilute the oil, which would then cause the viscosity to drop and 
aid in the transfer of mass. Nevertheless, when the methanol concentration increased 
above the ideal level, the catalyst leaching in the methanol grew stronger and reduced 
the yield of the biodiesel [12]. 

2.6 RSM Design 

With the aid of Design Expert 13 software, the RSM approach, and BBD experimental 
design, it is possible to investigate and model the impact of variable parameters. In 
the present study, factors such as calcination time (h), calcination temperature (°C), 
and reaction temperature (°C) are investigated. Independent parameters used for Box 
Behnken are shown in Table 1. 

3 Results and Discussion 

3.1 Response Surface Methodology Analysis 

The Design Expert program suggested the quadratic polynomial equation as the best 
regression equation in statistical modeling for calculating the response output of 
castor biodiesel based on the findings of the ANOVA. Table 2 shows the experimental 
design consisting of 17 experimental runs which were designed with help of RSM 
based on BBD.

Table 3 shows the ANOVA table for the FAME yields quadratic model. The model 
is found to be significant with the Model F-value of 99.51. An F-value this large may 
occur owing to noise only 0.01% of the time. Model terms are said to be significant



Swan Eggshell Derived CaO as a Heterogeneous Catalyst for Biodiesel … 193

Table 2 Experimental design using RSM (BBD) 

Run order Calc temp °C Calc time h Reaction temp 
°C 

Actual value Predicted value std 

1 1000 3 50 93.6 93.58 10 

2 800 2 60 93.3 93.24 1 

3 900 4 70 94.6 94.59 8 

4 900 4 50 94.2 94.16 6 

5 1000 3 70 93.8 93.75 12 

6 800 3 50 92.8 92.85 9 

7 900 2 70 94.1 94.14 7 

8 1000 2 60 93.9 93.91 3 

9 900 3 60 95.1 95.06 16 

10 900 3 60 95.2 95.06 13 

11 800 3 70 93.1 93.12 11 

12 900 3 60 94.9 95.06 17 

13 800 4 60 93.5 93.49 2 

14 900 3 60 95.0 95.06 14 

15 900 2 50 94.1 94.11 5 

16 900 3 60 95.1 95.06 15 

17 1000 4 60 94.1 94.16 4

if the P-value is comparatively lesser than 0.0500. In this, model terms are A, B, C, 
and A2, B2, and C2. Model terms are insignificant if the value is greater than 0.1000. 
The model reduction will enhance our model if it has a larger number of unwanted 
terms (with the exclusion of those required to keep in a hierarchy). The Lack of Fit 
F-value of 0.45 indicates it is insignificant relative to the true errors. The significant 
Lack of Fit F-value has a 73.18% chance of having occurred as a result of noise. As 
we want the model to get fit, an insignificant lack of fit is required. The final Equation 
in Terms of Coded Factors is shown below in Eq. 1. 

95.06 + 0.125 ∗ A + 0.3375 ∗ B + 0.1125 ∗ C 
+ −3.87315e − 16 ∗ AB  + 0.1 ∗ AC + −0.025 ∗ BC 
+ −0.2175 ∗ A2 + −1.1425 ∗ B2 + −0.5925 ∗ C2 (1)

where A—calcination time (h), B—calcination temperature (°C), and C—reaction 
time (h).
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Table 3 ANOVA for the FAME yield quadratic model 

Source Sum of squares df Mean square F-value p-value Remarks 

Model 8.89 9 0.955 99.51 <0.0001 Significant 

A-Calcination 
time 

0.125 1 0.125 12.59 <0.0094 

B-Calcination 
temperature 

0.9112 1 0.9112 91.78 <0.0001 

C-Reaction 
temperature 

0.1010 1 0.1012 10.2 <0.0152 

AB 0 1 0 0 1 

AC 0.04 1 0.04 4.03 <0.0847 

BC 0.0025 1 0.0025 0.2518 0.6312 

A2 0.1992 1 0.1992 20.06 <0.0029 

B2 5.5 1 5.5 553.56 0.0001 

C2 1.48 1 1.48 148.88 0.0001 

Residual 0.0695 7 0.0695 

Lack of fit 0.0175 3 0.00155 0.4487 0.7318 Not significant

3.2 Effects of Input Parameters on the Biodiesel Yield 

Figure 2 shows the 3D model of the biodiesel yield. To illustrate how the indepen-
dent variables change with the dependent ones, 3D response curves were created. 
The surface containing the greatest predicted values on the contour diagram was 
represented by the smallest ellipse. Ellipsoidal outlines are generated when there is 
a satisfying relationship between the independent variables. The contour diagram’s 
smallest ellipse, which comprised the surface representing the maximum anticipated 
yield, revealed that every pair of factors has a marginally significant interaction [12].

Figure 2a shows that, with the increase in calcination time of 2–3 h biodiesel yield 
increases but the yield reduces from 3 to 4 h. 

Figure 2b shows that, with the rise in reaction temperature 50–60 °C biodiesel yield 
rises which is due to an increase in momentum between molecules of triglycerides 
and the methanol. 

Figure 2c shows that, with the rise in calcination temperature from 800 to 900 °C 
biodiesel yield increases. But with further rises in temperature from 900 to 1000 °C 
yield of the biodiesel decreases due to ash formation.
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Fig. 2 Response surface plot of RSM a Biodiesel yield versus calcination time and calcination 
temperature, b Biodiesel yield versus reaction temperature and calcination temperature, c Biodiesel 
yield versus calcination time and reaction temperature

3.3 XRD Characterization of Calcinated Swan Eggshell 

XRD analysis was done to analyze the crystal structure of the swan eggshell CaO. 
The Bruker AXS; Model number D8-Advance, equipped with 1.5406 Cu-K radia-
tion ranges from 10° to 70° is used to record the diffraction patterns of the synthe-
sized swan eggshell calcium oxide sample by using XRD. Sharp peak formation 
of the calcinated swan eggshell is a sign that extremely crystal-line materials have 
formed. The diffraction of the peaks at 28 = 18.2116°, 28.8869°, 29.5814°, 34.2882°, 
47.3298°, 50.9818°, 54.5459°, 62.7363°, 64.5045° are shown in Fig. 3. These find-
ings demonstrate strong peaks of XRD reflection with orientations (111), (200), 
(220), (311), and (222), indicating that the calcinated swan eggshell was properly 
crystallized throughout the heat treatment procedure. The results match the study 
reported by other researchers [2, 7].
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Fig. 3 XRD pattern of the 
swan eggshell CaO catalyst 
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3.4 FTIR of Swan Eggshell Catalyst 

FTIR analysis of swan eggshells was performed for the identification of functional 
groups. FTIR spectra of swan eggshell catalyst calcinated at 900 °C are shown in 
Fig. 4. The mass of carbonate is reduced throughout calcination at 900 °C, which 
causes the appearance of strong energy absorption bands at 871.09, 1050.77, and 
1465 cm−1. The measured peaks have corroborated this drop in carbonate species and 
its conversion to CaO. However, a band of lower intensity is seen at 3645.50 cm−1, 
perhaps as a result of OH stretching [13]. Asymmetric stretches of C=O for the 
carbonaceous group are known by depicted bands at 1465.89 and 871.09 cm−1. 
This results from ambient CO2 chemisorption over the CaO surface. The FTIR 
graph demonstrates that the extra stretches of the Ca-O bonding began at around 
395.84 cm−1, which illustrates the production of CaO during the calcination of 
eggshells at different temperatures and subsequent cooling in the furnace. The Ca-O 
lattice vibrations of pure calcium oxide explain this [7].

3.5 FTIR of Castor Biodiesel Sample 

FTIR analysis of castor biodiesel was done to identify functional groups of castor 
biodiesel samples. Figure 5 shows the infrared spectrometry of the isolated methyl 
esters. The stretches at 3005.39 cm−1 indicate the existence of a C-H bond, and the 
stretching at 2926.27 cm−1 also indicates the existence of CH2 in the castor biodiesel 
sample, as can be seen from Fig. 4. At 1741.76 cm−1, the ester C=O can be found, 
while at 1463.77171 cm−1, CH2 bending vibrations can be found. C-O ester is found 
at 1163.77 cm−1 and 1168.49 cm−1, while (CO)-O-CH3 is seen at 1434.7650 cm−1. 
At 723.04 cm−1, the  CH2 is seen. The current findings of biodiesel are comparable 
with the finding of another researcher [7].
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Fig. 4 FTIR graph of swan 
eggshell CaO catalyst
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Fig. 5 FTIR graph of the castor biodiesel 

3.6 GCMS Characterization of the Biodiesel Sample 

Using a GC–MS in the optimal conditions, the free fatty acid methyl ester composi-
tion was identified. According to the carbon number, Table 4 displays the free fatty 
acids composition in the castor biodiesel sample produced using a swan eggshell 
CaO catalyst. The outcome displays profiles of the sample’s fatty acids, including 
Ricinoleic, Linoleic, Oleic, Palmitic, Stearic, and Linolenic.
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Table 4 The free fatty acid 
of castor biodiesel Fatty acid composition Retention time (min) wt % 

Ricinoleic (C18:1) 52.32 85.1 

Linoleic (C18:2) 47.58 7.2 

Oleic (C18:1) 47.75 5.0 

Palmitic (C16:0) 42.49 1.3 

Stearic (C18:0) 48.27 1.1 

Linolenic (C18:3) 42.27 0.3 

4 Conclusions 

The CaO catalyst derived from a swan eggshell exhibited excellent catalytic activity 
and a yield of 95.2% was able to obtain at a calcination temperature of 900 °C, 
reaction temperature of 60 °C, calcination time of 3 h which is more than the RSM 
predicted yield of 95.06%. It may be concluded that CaO catalysts made from waste 
swan egg shells can be utilized to obtain biodiesel from castor seed oil at a reasonable 
cost because the catalyst is made from a renewable source. 
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Effect of Hydrogen-Diesel Fuel 
on Combustion Characteristics: By 
a Numerical Study 
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Namala Harikrishna, Boya Surendra, Upendra Rajak , 
K. Thirupathi Reddy, Tikendra Nath Verma , and Manoj Arya 

1 Introduction 

Current research focusses on the use of hydrogen as a substitute for petroleum, since 
the growth and development of civilization are so reliant on non-renewable sources 
of energy. In this way, low-heat rejection engines attract the interest of researchers 
due to their low fuel consumption and reduced pollutants. As is well known, only 
one-third of the energy produced by the combustion of fuel in internal combustion 
engines is transformed into productive work. A portion of the remaining energy is 
used for cooling, and the rest is expelled via the exhaust. 

Due to its clear technological importance, modelling turbulent combustion has 
become an exceedingly difficult, yet crucial task for the scientific community. The 
com-puting is now completely comparable with trial and concept as an exploration 
tool for producing multi-scale data that cannot be produced by any other means. In 
the last decade, CFD has been widely used to strategy a variety of ignition assemblies, 
and turbulent combustion modelling has garnered a great deal of interest [1, 2]. 

Addepalli and Mallikarjuna [3] use CFD analysis to determine the result of 
machine limits on the physiognomies of a GDI engine at three different fuel injection 
pressures and three different engine speeds (2000, 3000, and 4000 rpm) (200, 300, 
and 400 bar). They observed that engine speed influenced stormy kinetic energy and 
tumble ratio more than any other component. Amin and Jafarian [4] presume that
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Table 1 Fuel properties 

Properties Diesel Hydrogen 5% H2 with 
diesel 

10% H2 with 
diesel 

15% H2 with 
diesel 

Density (kg/m3) 830 0.085 829.9 829.9 829.9 

Viscosity (mm2/s) 3.4 0.0083 2.8 1.86 1.37 

Cetane number 48 5–10 46.1 44.2 42.3 

Heat value (MJ/ 
kg) 

45.5 120 54.5 63.2 69 

further studies used OpenFoam open source software. Using the k-SST turbulence 
model, they observed that turbulence had no discernable influence on the results of the 
simulation. Breitung et al. [5] examination evaluated the facility room’s maximum 
flame velocity and over- pressure under the worst-case scenario for an ignition. They 
found that an early ignition event is anticipated to result in the maximum turbulent 
flame speed and over pressure of 35–71 m/s and 0.13–0.27 bar, individually [5]. 

In the present work, a numerical simulation is provided to explain combustion. 
The effect of adding 5%, 10%, and 15% hydrogen to diesel fuel on the presentation 
of a four-stroke, diesel engine under varying engine loads was investigated. 

2 Fuel Properties and Method 

2.1 Fuel Properties 

In dual-fuel mode, hydrogen and diesel are the most used fuels. Table 1 lists the 
characteristics of hydrogen and diesel. Table 1 lists the fuel qualities employed in 
the present experiment. The following equation may be used to compute the flow 
rate of hydrogen energy: (1). 

Hydrogenenergyshare 

= MassflowrateofH2 × LHVofH2 

MassflowrateofH2 × LHVofH2 + Massflowrateofdiesel × LHVofdiesel 
(1) 

2.2 Experimental Set-up 

In this investigation, all tests were conducted using a single-cylinder, four-stroke, 
direct-injection diesel engine that generated 3.5 kW of power at 1500 rpm. The 
practical details and test engine diagram were reported as bore (87.5 mm), stroke
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Fig. 1 Engine set-up 

(110 mm), swept volume (661.45 cc) and CR (18). Connecting the engine and AC 
dynamometer to give braking load, through the current injection system, the test 
mixtures were fed continuously into the combustion chamber at a constant fuel 
injection pressure and temperature. A solenoid-controlled electronic burette placed 
between the engine fuel tank and the fuel pump was used to measure fuel consump-
tion, whilst the air box’s integrated differential pressure sensor was utilized to evaluate 
air use (Fig. 1). 

3 Results 

3.1 Validation of Model 

This study looked into the Diesel-RK engine combustion using first law of thermody-
namics models. We looked at temperature, pressure, and other significant variables 
in relation to crank angle or interval. Simulated data were compared with the experi-
mental data from the diesel engine experiment. Figure 2 shows that the experimental 
and numerical results variation at full load condition, error was fund to be up to 12.0% 
for peak value of engine brake torque at same operating condition (the operating 
conditions are the same as in Table 2). Following was the governing equation:

Mass 

dm 

dt 
=

Σ

j 

ṁ j
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Fig. 2 Validation of brake torque with load 

Table 2 Test engine 
condition Constraint Value 

Bore/stroke (87.5 mm*110 mm) 

Compression ratio 18 

Swept volume 661.45 cc 

Power 3.5 kW @1500 rpm

Energy 

d(mu) 
dt 

= −P 
dv 
dt 

+ 
dQht 

dt 
+

Σ

j 

ṁ j h j 

Species 

SFC = 
ṁ j 

Pb 

Tolstov’s equation (Ignition delay period) 

τ = 3.8 × 10−6
(
1 − 1.6 × 10−4 .n

)
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/
T 

P 
exp

(
Ea 

8.312T 
− 70 

CN  + 25

)

Zeldovich mechanism (NOx emission) 

[O2] ↔ [2O] 
[N2] + [O] ↔ [NO] + [N] 
[N] + [O2] ↔ [NO] + [O] 

d[NO] 

dθ
= 

P × 2.333 × 10−7 · e 38020 Tb [N2]e.[O]e.

{
1 −

(
[NO] 
[NO]e

)2
}

RTb.

(
1 + 2365 Tb 

· e 2365 Tb · [NO] [NO]e

) · 1 
ω 

3.2 Engine Brake Torque 

The change in engine torque at full load for several fuel samples is shown in Fig. 3. 
Diesel fuel engine torque was dynamically increased under the addition of hydrogen 
(5%, 10%, and 10%). It was found that the calorific value of hydrogen fuel is larger 
than diesel fuel, giving brake torque an almost higher energy share percentage. Torque 
is one of the most influential aspects of an engine’s performance characteristics. As a 
result of the decreased heat produced during combustion, decreased fuel delivery, and 
increased mass flow rate, Mustayen et al. [6] research indicated that using biodiesel 
mix fuel produced lower torque when compared with diesel.

3.3 Indicated Thermal Efficiency 

Figure 4 displays the variation in stated thermal efficiency at full load for a number 
of fuel samples. The thermal efficiency of diesel fuel was shown to be reduced 
when compared with hydrogen additions of 10 and 15%. It was discovered that 
hydrogen fuel has a higher calorific value than diesel fuel, giving it a nearly higher 
energy share percentage for specified thermal efficiency. According to prior research 
conducted by the authors [7], higher hydrogen substitution lowered thermal efficiency 
and increased nitrogen oxide (NOx) emissions. The engine’s efficiency in proportion 
to the power produced inside the cylinder prior to its transmission to the piston and 
cylinder is referred to as indicated efficiency [8]. In the present investigation 5% of 
hydrogen addition to diesel fuel and reduced indicated efficiency.
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Fig. 3 Brake torque with load
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Fig. 5 D32 diameter with load 

3.4 D32 Diameter 

Figure 5 displays the variation in D32 diameter at full load for a number of fuel 
samples. The D32 diameter of 15% of hydrogen addition was shown to be reduced 
when compared with hydrogen additions of 5 and 10%. The diameter of a droplet 
with a volume to surface area ratio equal to that of a spray is referred to as the D32. 
Surface tension and viscosity differences can also be attributed to differences in D32. 
D32 rises as the mass fraction of saturated FAMEs rises [9]. 

3.5 Smoke Emission 

Figure 6 displays the variation in smoke emission at full load for a number of fuel 
samples. Hydrogen energy share with base fuel was shown to be reduced smoke 
emission when compared with base fuel (diesel). Hydrogen significantly reduces the 
amount of smoke that is created. Plain water is the byproduct of hydrogen combustion 
rather than soot (particulate particles). This is because hydrogen has less carbon 
than carbon, which lowers particle matter. Additionally, compared with other fuels, 
hydrogen has a higher diffusivity, which creates a better fuel oxidation for complete 
combustion and reduced smoke levels [10–12].
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Fig. 6 Bosch smoke number with load 

4 Conclusions 

The impact of the diesel engine and hydrogen energy share of 5%, 10%, and 15% 
blends on emission, performance, and combustion as a demonstration of the nature-
aspirated single-cylinder diesel engine. The key numerical findings are shown in the 
list below. 

• At 100% load, 5% H2 increased braking torque by 20%. High hydrogen flame 
velocity results in a more efficient combustion rate, hence enhancing braking 
torque. 

• When the hydrogen (10% and 15%) enrichment is increased, it is discovered that 
the D32 falls by 4.5% and 8.5% at 100% load, respectively. 

• The use of hydrogen drastically reduced the quantity of smoke emissions. 
Compared with pure diesel, the smoke emissions at 5% H2, 10% H2, and 15% 
H2 are much lower, at 9.6%, 17.7%, and 24%, respectively. 
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Gamma Spectroscopy Studies of Rice 
Samples Grown in Imphal Valley 
of Manipur, India 

Karanjit Leiphrakpam and Mamata Maisnam 

1 Introduction 

Natural and man-made (anthropogenic) radionuclides are the sources of radioac-
tivity in the environment. Natural radionuclides include radioisotopes like K40, U238 

and Th232 and their decay products. These naturally occurring radioactive materials 
shortly known as NORM have long half-lives. Naturally occurring radionuclides may 
be divided into primordial radionuclides which are found on Earth and have existed 
in their present form ever since the creation of Earth, and cosmogenic radionuclides 
which are continuously produced due to the interaction of cosmic rays. Not only 
K40, but naturally occurring long half-lived radioisotopes such as U238 and Th232 also 
contribute to the earth’s natural radioactivity. Human activities such as the mining 
of coal, extraction of crude oil and natural gases, production of geothermal energy, 
water and wastewater treatment, use of phosphate fertilizers, mining of uranium, 
thorium, etc. increase the level of NORM [1]. These radioactive materials are present 
in all environmental samples like soil, air, water, vegetation, food and even building 
materials. 

Humans are constantly exposed to natural ionizing radiation. These include terres-
trial as well as cosmic (extraterrestrial) origin. Cosmic or extraterrestrial radiation 
is mainly due to cosmic rays. High-energy cosmic rays are constantly bombarding 
the Earth’s atmosphere. Through nuclear reactions with nitrogen, oxygen, and other 
atmospheric nuclei, as well as through other processes, these high-energy cosmic ray 
interactions with the atmosphere result in the production of several radionuclides. 
Through this process, many sub-atomic particles like muons, electrons, mesons, etc. 
are also produced. The production of these radionuclides and sub-atomic particles 
varies with altitude and latitude, however, the production is constant with time rela-
tively [2]. Of all the total cosmogenically-produced radionuclides, about 70% are
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formed in the stratosphere and the remaining are formed in the troposphere [3]. 
Important cosmogenic radionuclides include H3, Be7, C14 and Na22 [4]. In India, the 
ambient dose rate due to cosmic rays is estimated as 31.96 nGyh−1 Reference [5]. 
At sea level worldwide estimated value of ambient dose from cosmic rays is about 
31 nGyh−1. Reference [6] Terrestrial sources of ionizing radiations originate from the 
radionuclides that were formed during the formation of our planet and their daughter 
nuclides. These terrestrial sources of naturally occurring radionuclides consists of 
singly occurring radionuclides like K40,Rb87 and the daughter nuclides in the radioac-
tive decay series of uranium series (U238), thorium series (Th232) and actinium series 
(U235). 

K40 is the most prominent and it is widely distributed in rocks and soil among 
the singly occurring radionuclide. K40 has a half-life of 1.3 × 109 years. Of total 
potassium available, the abundance of K40 is about 0.0012% and hence in 1 kg of the 
soil contains about 2.36 mg of K40 which is radioactive. Potassium is an essential 
element for most life forms. The body’s potassium level is in strict homeostasis 
and is unaffected by environmental changes. K40 also significantly contributes to 
the gamma radiation field in the environment. The radioactivity of K40 is almost 
constant under all conditions, and hence no fractionalization of K40 takes place in 
the environment. Rubedium-87 is another singly occurring radionuclide and is of 
less importance since the weight ratio of potassium to rubidium in the soil is roughly 
90:1. 

Uranium-238 (U238) is the most abundant isotope of natural uranium found in all 
rocks and soil in different concentrations. Both uranium and thorium are oxidized 
metals. Since their oxides are of very low density they are concentrated in the Earth’s 
crust [7]. Among the decay products of U238, Radium-226 (Ra226) and its decay 
products are of great importance in natural radiation exposure. It is estimated that 
about 98% of the external doses due to U238 are from Ra226 and its daughter nuclide 
[8]. The concentration of Ra226 in the soil is not evenly distributed. Even within a 
country, one could get a different amount of concentration of Ra226. This is because of 
the heterogeneous nature of the soil. UNSCEAR 2008 reported that the concentration 
of Ra226 in the soil varies from 0.5 to 1000 Bqkg−1 [6]. Both calcium and radium 
have similar chemical properties and hence enter our body through the food chain 
and gets accumulated in the bones. 

Th232 and its decay products are another important source of natural radiation and 
are largely distributed in soil and rocks in various concentrations. U238 and Th232 and 
their decay products generate the bulk of natural radioactivity in the environment. 
About four times that of uranium content Th232 is contained in the igneous rocks. 
The specific activity of Th232 is 4.07 Bq kg−1 while that of U238 is 12.21 Bq kg−1 and 
the radioactivity due to these two nuclides is nearly 1:1. Th232 has a half-life of about 
1.4 × 1010 years through an alpha emission decay to a beta emitter Ra228 having a 
half-life of 5.76 years. Ra228 has considerable significance in natural radioactivity 
studies. Even though Ra228 occurs in the soil and water in a ratio of about 1:1 to 
that of Ra226, however, there is little knowledge of its presence in foods or tissues of 
humans [4].
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Soil is a significant source of radiation exposure in the environment. Hence soil 
is an important source of radiological contamination. The radioactive materials are 
transferred to humans through ingestion and inhalation. Human beings require food 
for life support. So, we can predict any radiological hazards from our foodstuffs by 
knowing the contents of radioactivity in the foodstuffs. Hence, it is very important to 
identify the radiological hazards from the food we eat, sand, soil and other materials 
used in the construction of buildings [9]. 

The radioactivity in the soil is mainly from the presence of K40, U238 and Th232 

and their progeny, and anthropogenic sources. Due to the production of γ–rays and 
the inhalation of radon and its progeny, they cause radiological hazards that are both 
internal and external [1–10]. It is crucial to measure external gamma doses from 
environmental sources because of how they affect overall doses and how individual 
doses vary depending on the route. These doses depend on the amount (concentration) 
of K40, and U238 and Th232 present in the geology of rocks and soils of the area [11]. 

Rice is the staple food in many nations including India. Among the Indian states, 
Manipur leads in rice consumption both in rural and urban areas with monthly 
per capita consumption of 15.56 kg and 15.15 kg, respectively. Nowadays, it has 
become one of the serious topics for health consciousness in the world, so it is very 
essential to study the presence of radioactivity in the foods that we consume. Many 
researchers conducted the determination of different radionuclides concentrations 
in food samples and dose assessments from the consumption of foodstuff by the 
population [1–13]. The results of the analysis aided in the development of a baseline 
of radiation exposure to the public at large from the consumption of rice from that 
specific geological region. So the number of radionuclides transferred through the 
consumption of foods (rice) accumulated in our body can be known by measuring 
the concentration of radionuclides [12, 13]. In this paper, activity of U238 (Ra226), 
Th232 and K40 are measured and studied. 

2 Experiment 

Rice grains were fetched from different areas of Imphal Valley. The collected rice 
samples are kept in an air-tight container. Only six rice samples were chosen in this 
present study. Impurities like stones, leaves, roots, etc. were taken out from each 
of the samples collected. The samples were ground into a fine powder and sieved 
through a 0.5 mm sieve to achieve uniform-size particles. The sieved samples were 
heated using a hot air oven at around 65 °C for around 1 day (~20 h) to remove 
moisture content. Each of these samples was again packed inside different air-tight 
containers of the same size. The lid of the container is tightened using glued tape to 
make sure that there is no leakage of gas from the container. The samples are kept 
for 30 days to achieve secular equilibrium between Ra226, Th232 and their daughter 
nuclides, before counting gamma rays using NaI(Tl) scintillation detector [14]. 

The measurements of natural radioactivity in each of the rice samples were carried 
out by using NaI(Tl) (Ortec® digiBASE™ model 818/2) detector from Ortec. The
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detector is provided with a lead shield of a thickness of about 10 cm. The detector is 
connected to a computer and the spectrum was analyzed using Maestro multichannel 
analysis software from Ortec. Using standard gamma source Cs137 and Co60 point 
source, the energy calibration of the detector was carried out. The detector has an 
energy resolution (FWHM) of 6.7% at the peak of 662 keV for Cs137. Each sample 
was counted for about 36,000 s. The background was also counted at the same time. 
The background count was subtracted from each sample’s gross count to get net 
counts. Each of the samples was assumed to achieve secular equilibrium in the U238 

and Th232 decay series. The activity of Ra226 was calculated from the gamma-ray 
lines of Bi214, while the activity of Th232 was calculated from the gamma-ray lines 
of Ac228 and Tl208. The activity of K40 was directly calculated from the single γ- ray  
line at 1460.8 keV [15]. 

3 Results and Discussion 

3.1 Activity Concentration 

The activity concentration of natural radionuclides U238, Th232 as well as K40 was 
investigated from the collected samples. The radioactivity concentrations in each of 
the rice samples were calculated using the formula [16]. 

A = 
NCP  S  × 1000 
∈ ×I × w(g) 

(1) 

where A is the activity in BqKg−1, NCPS is the net count per second, E is the gamma 
efficiency evaluated as a function of transition energy, I is the emission probability 
of the gamma-ray energy and w is the weight of samples in grams. The activity 
concentration of Ra226, Th232 and K40 for the rice samples has been measured and 
given in Table 1. From Table 1, it is observed that, the activity concentration of Ra226 

ranged from 4.53 Bqkg−1 (R4) to 9.45 Bqkg−1 (R1), for Th232 concentration ranged 
from 5.77 Bqkg−1 (R4) to 14.14 Bqkg−1 (R2) and K40 concentration ranged from 
14.56 (R1) Bqkg−1 to 61.47 (R6) Bqkg−1.

The concentration of the present study of Ra226, Th232 and K40 are all lower 
than the world average values of 32 Bqkg−1for Ra226, 45 Bqkg−11 for  Th232 and 
412 Bqkg−1for K40 [17].
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Table 1 Activity concentration of Ra226, Th232 and K40 in rice samples in Bqkg−1 

Sample ID Location Ra226 Th232 K40 Raeq 

R1 Khonghampat 9.45 7.31 14.56 21.02 

R2 Kakching 6.37 14.14 19.75 28.11 

R3 Thoubal 5.35 11.04 36.79 23.64 

R4 Nongpok Sekmai 4.53 5.77 26.58 8.94 

R5 Kakching 7.60 6.74 19.11 18.71 

R6 Thoubal 7.87 7.73 61.47 23.67

3.2 Radiological Parameters 

3.2.1 Radium Equivalent Activity (Raeq) 

Radium equivalent activity (Raeq) is the most commonly used radiation hazard index. 
The gamma radiation hazards are caused by specific radionuclides of Ra226, Th232 

and K40. Radium equivalent activity (Raeq) is the weighted sum of the activities of 
the Ra226, Th232 and K40 assuming that their respective gamma-ray dose rates of 
370 Bqkg−1 of Ra226, 259 Bqkg−1 of Th232 and 4810 Bqkg−1 of K40 are equal [18, 
19] and it is given by [20]. 

Raeq
(
Bqkg−1

) = ARa + 1.42 ATh + 0.077 AK (2) 

where the activity concentration of Ra226, Th232 and K40 is represented by ARa, and 
ATh and K40, respectively. To keep the annual radiation dose less than 1.5 mGy 
y−1 the value of Raeq is limited to 370 Bqkg−1 [21]. The Raeq for rice samples is 
given in Table 1. The calculated values of Raeq for all the rice samples varied from 
8.94 Bqkg−1 (R4) to 28.11 Bqkg−1 (R2). The evaluated values of Raeq are all less 
than the highest permitted value, i.e. 370 Bqkg−1 [21]. 

3.2.2 External and Internal Hazard Indices 

External hazard index (Hex) and internal hazard index (Hin) were determined to limit 
the external γ-radiation dose from the samples. The Hex and Hin are calculated by 
using the Eqs. (3, 4) [22, 23]. 

Hex = 
ARa 

370 
+ 

ATh 

259 
+ 

AK 

4810 
≤ 1 (3)  

Hin = 
ARa 

185 
+ 

ATh 

259 
+ 

AK 

4810 
≤ 1 (4)
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The values of the external hazard index Hex vary from 0.024 (R4) to 0.076 (R2). 
The values of Hex for each of the samples are lower than critical value 1. Respiratory 
organs get damaged due to inhalation of radon. Therefore, the internal hazard index 
Hin is used to quantify internal exposure to radon and its daughter. The evaluated 
values of Hin are from 0.036 (R4) to 0.093 (R2). The calculated Hin values are all 
less than the recommended limit, unity (Fig. 1 and Table 2). 

Fig. 1 Bar graph showing external hazard index (Hex) and internal hazard index (Hin) of rice  
samples studied 

Table 2 External hazard 
index (Hex) and  internal  
hazard index (Hin) of rice  
samples studied 

Sample ID Location Hex Hin 

R1 Khonghampat 0.056 0.082 

R2 Kakching 0.076 0.093 

R3 Thoubal 0.064 0.079 

R4 Nongpok Sekmai 0.024 0.036 

R5 Kakching 0.051 0.071 

R6 Thoubal 0.064 0.085
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4 Conclusion 

To determine the health risk, it is crucial to determine the activity concentration. 
The activity concentration of Ra226, Th232 and K40 for the rice samples under study 
are less than the permissible maximum values of Ra226, Th232 and K40 reported 
by UNSCEAR. From the result of this present work, the values of Raeq, internal 
hazard index Hin and external hazard index Hex are all less than their corresponding 
allowed limits recommended by UNSCEAR. From this present study, it was found 
that the six rice samples under study, which are consumed mostly in Imphal valley, 
are radiologically safe for consumption. 
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Mechanical and Wear Behavior 
of A713–Al2O3–CaCO3 Aluminum 
Hybrid Metal Matrix Composites 

Sunil Kumar Pulluru, Anil Kumar Birru, and Goutam Sutradhar 

1 Introduction 

Lightweight materials are attractive to the automobile and aerospace sectors. 
Aluminum has many advantages over other materials because of its superior corro-
sion resistance, relative strength-to-weight ratio, and ability to be recycled. However, 
aluminium matrix is poor in wear resistance. Reinforcement particles like Al2O3, 
ZrO2, WC, SiC, B4C, and Mg2Si are added to enhance the microstructural and wear 
characteristics of the AMC because of their intrinsic properties [1–5]. The density 
and hardness were increased significantly with the dispersion of reinforcement. It 
leads to difficulty in machining. To overcome this problem, secondary reinforcement 
particles are added to the matrix material [6–9]. It was noticed that the wear proper-
ties of the monolithic 2014A1 are low compared with 2014A1 reinforced with SiC 
[10]. The average coefficient of friction for unreinforced matrix material is quite high 
than AMC [11]. It was observed that the percentage of SiC content was increased 
from 15 to 25, the wear property of the A356-Al-SiCp composite increases gradually 
[12]. The weight loss is high for pure alloy compared with the composite sample 
during sliding conditions. The mass loss is proportional to the sliding distance. It may 
increase with the sliding distance. It was observed that the mass loss is significantly 
reduced with the increase wt.% of Al2O3 particles [13–15]. Because of Al2O3, the  
plastic deformation reduced under wear test. This leads to reduce the contact area 
between the tribo-pair which aids in low friction. Hard reinforced particles meet the 
counter surface during the initial sliding condition. These aspirants were removed 
from the surface under severe rubbing conditions [16]. The Gr particles have solid 
lubricant behavior which is easily eroded during the polishing for the specimen, 
and it will reduce the friction between the tribo-pair. The solid lubricant makes 
the reinforced particles move easily and re-arrange themselves in the matrix alloy
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[17–19]. CaCO3 particles possess good tribological properties. CaCO3 nanoparticles 
were used in lubricating the grease because of their anti-wear properties. The wear 
scar diameter and friction coefficient gradually increase with the concentration of 
CaCO3 nanoparticles. This is due to the formation of agglomeration, which can be 
yielded easily during sliding conditions. Very few research has been conducted on 
the fabrication of aluminum composites using CaCO3 as reinforcement. Prabhu et al. 
[19] investigated wear resistance performance of CaCO3 on metal matrix composites 
[20, 21]. 

Stir casting method was preferred because, it includes a stirring operation that 
helps to distribute the particles uniformly throughout the molten metal. Secondary 
processes including rolling, forging, and extrusion are preferred to distribute the 
particles uniformly and to eliminate the casting defects [22–25]. 

The tensile strength and wear properties of as-cast A713 and A713–Al2O3–CaCO3 

cold rolled hybrid composite material were studied in this work. This study provides 
the basic information required to enhance the mechanical and tribological properties 
of A713 aluminum alloy in engineering applications. 

2 Fabrication of Composites 

Stir casting process was employed to prepare unreinforced and hybrid composite 
specimen. The composition of primary alloy and hybrid composite alloy was 
displayed in Table 1. The EDS examination shows 100% composition and confirmed 
that particles are successfully reinforced through stir casting process. After many 
pilot experiments, the volumetric ratio of 15 wt-% CaCO3 and 15 wt-% Al2O3 have 
satisfactory results. The AMC reinforced with 15 wt-% CaCO3 and 15 wt-% Al2O3 

have been selected for final examination. The substrate is heated to 800 °C and the 
reinforced particles are heated to a temperature of 300 °C to improve wettability and 
to reduce the temperature difference between matrix and reinforced particles. These 
particles are added into the molten particle with a uniform continued stirring motion 
of 5 min for uniform distribution of particles. It was cooled at atmospheric tempera-
ture and the cast alloys are machined into rectangular cross-sections. These samples 
are applied for secondary processes such as cold rolling. During the rolling opera-
tion, the thickness of the specimen is reduced by 25% in each pass. The thickness 
is reduced from 11 to 6 mm in three passes. As-cast samples are fabricated without 
the addition of reinforced particles. There was no secondary process applied to the 
as-cast samples.

2.1 Study of Wear and Tensile Behavior 

The mechanical and wear behavior of an unreinforced A713 alloy and A713–Al2O3– 
CaCO3 cold rolled hybrid composite alloy were studied. The tensile test and wear
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Table 1 Composition of A713 (as-cast) alloy and A713–Al2O3–CaCO3 rolled hybrid composite 

Sample C 
(wt.%) 

O 
(wt.%) 

Ca 
(wt.%) 

Zn 
(wt.%) 

Si 
(wt.%) 

Al 
(wt.%) 

Total 

A713 19.64 13.66 0.07 9.93 0 56.7 100 

A713–Al2O3–CaCO3 11.27 9.17 0.37 7.17 1.53 70.49 100

test are conducted, and the results are compared and discussed briefly. The average of 
three trials is used to calculate the results of each experiment. The following sections 
provide a brief discussion of the test methodologies used. 

2.2 Tensile Test 

According to ASTM E8 Standards, the specimens are prepared. The specimen 
measures 100 mm in entire length and the gauge measures 32 mm and 10 mm 
in length and width. The tensile test is performed using the universal testing machine 
(UTM). 

2.3 Wear Test 

Wear tests were performed by using a pin-on-disk type testing machine for unrein-
forced A713 alloy and A713–Al2O3–CaCO3 cold rolled hybrid composite alloy. The 
experiment is conducted under the dry sliding condition at room temperature. The 
samples were machined to get the dimension of 30 mm length and 6 mm diameter. 
The specimen surfaces were polished with an automatic polisher before wear tests. 
The pins are maintained in contact with the rotating steel disk under a load of 1N 
and a sliding distance of 500 m. The wear rate and weight loss are considered as a 
response to determining the wear resistance of the material. The specimen’s weight 
has been recorded both before and after each test, and weight loss has been computed. 
A digital balance with a minimum count of 0.1 mg was used to measure the weight. 
The disk is cleaned with acetone to eliminate contaminants after each test.



222 S. K. Pulluru et al.

3 Results and Discussion 

3.1 Study Tensile Test 

Figure 1. presents the stress strain relation and ultimate tensile strength for A713 and 
A713–Al2O3–CaCO3 cold rolled hybrid composite. The results revealed that the 
ultimate tensile for hybrid composite were increased by 52.63%. This is due to two 
major reasons: (a) Due to the presence of reinforced particles (Al2O3 and CaCO3) (b)  
Due to the cold rolling process. The hard reinforced particles induced into soft matrix 
material tend to produce dislocations [26]. The density of dislocations was increased 
due to the mismatch of coefficient of thermal expansion for the reinforced and matrix 
material, which tends to increase the tensile strength. The particles Al2O3 and CaCO3 

dispersed in the matrix, which locks the motion of the dislocations. On the other side, 
work hardening takes place due to the rolling operation. The grains are re-arranged 
and elongated toward the rolling direction. In this process, the grains are crushed 
and broken down into small pieces which tends to reduce the grain size and increase 
the density of dislocation [27–29]. The synergetic effect of reinforcement particles 
and rolling operation for the A713–Al2O3–CaCO3 hybrid composite material leads 
to improve the tensile strength to a high extent. Table 2 displayed the tensile strength 
of rolled hybrid and unreinforced specimen. 

Fig. 1 Stress-strain curve of as-cast and rolled A713–Al2O3–CaCO3 hybrid composite
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Table 2 Tensile strength of 
hybrid and as-cast specimen Sample Ultimate tensile strength (N/mm2) 

A713 19.64 

A713–Al2O3–CaCO3 11.27 

Fig. 2 EDS analysis indicating different phase peaks in a Unreinforced A713 alloy b A713–Al2O3– 
CaCO3 rolled hybrid composite alloy 

3.2 EDS Analysis 

Figure 2 shows the EDS spectrum of A713 and A713–Al2O3–CaCO3 rolled hybrid 
composite material. The composite specimen detects Si content, and the wt-% of Al 
and Ca elements has increased in the fabricated specimen. 

3.3 Wear Rate 

The mass loss under wear test can be evaluated by measuring the weight before and 
after wear test using an electronic balance. Figure 3 ensures that the wear rate for 
A713 matrix material is higher than A713–Al2O3–CaCO3 hybrid composite during 
dry sliding condition. In A713–Al2O3–CaCO3 hybrid composite, hard particles such 
as Al2O3 act as load-bearing elements. It enhances the strength of the composite. The 
composite is more resistant to plastic deformation at the subsurface and is more resis-
tant to wear. As a result, the A713–Al2O3–CaCO3 composite’s sample experiences
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Fig. 3 Wear rate of rolled hybrid and as-cast specimen under the dry sliding condition 

less wear surface and produces a reduced amount of wear debris. This is due to the 
self-lubricant and anti-wear property of CaCO3 particles that aids in enhancing the 
wear resistance and reducing the COF. Suitable solid lubricant materials have major 
effect in reducing coefficient of friction in the oxide environment. The coefficient of 
friction on the aluminum surface tends to reduce because of presence of generation 
of aluminum hydroxides (Al(OH)3). CaCO3 tends to create tribolayer between the 
sample and counter surface during the sliding condition. The tribolayer can reduce 
the resistance and friction between the counter surfaces. The CaCO3 particles can 
support the formation of a stable tribolayer. 

The inclusion of CaCO3 particles increases the thickness of tribolayer that leads 
to reduce the friction coefficient between the tribo-pair. Also, it can increase the wear 
surface area protected by the tribolayer, which tends to reduce the wear loss of the 
surface. Figure 4 shows the wear rate and weight loss of the specimen. It shows that 
the wear rate and weight loss were significantly low for hybrid composite than as-
cast specimen. The addition of CaCO3 may result in a reduction in porosity, which 
increases the lubrication of the wear surface. As a result, adding CaCO3 can increase 
the wear resistance.
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Fig. 4 Weight loss of rolled hybrid and as-cast specimen under the dry sliding condition 

4 Conclusion 

In this study, tensile properties and wear behavior of A713 and A713–Al2O3–CaCO3 

hybrid composite have been evaluated. 

1. A713-15 wt.%, Al2O3-15 wt.% CaCO3 rolled hybrid composite experiences 
lowest wear rate. It exhibits highest reduction of 60% in weight loss and enhances 
the tensile strength of 52.63% than A713. This is due to the synergetic effect of 
reinforcement and cold rolling process. 

2. The secondary reinforcement of CaCO3 plays a vital role in enhancing the wear 
resistance due to its anti-wear and self-lubricant property. It can generate the 
tribolayer between the counter surface which tends to reduce the friction coef-
ficient between the contact area. It can improve the wear behavior under dry 
sliding. 

3. The tamping effect of Al2O3 and CaCO3 can generate nucleation sites, which 
tends to formation of grain refinement in the matrix. This leads to reduce the 
porosity and improve the tensile strength and wear property. The grains are 
elongated and uniformly distributed with the rolling process, which increases 
the interfacial bonding between the particles and matrix material. 
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In Silico Analysis of Ferrocenyl-Analogs 
as the Potential Drugs Against Aggressive 
UK-Based Strain of SARS-CoV-2 Novel 
Coronavirus 

Maynak Pal, Abhishek Panwar, Sharmila Wahengbam, Dulal Musib, 
and Mithun Roy 

1 Introduction 

The COVID-19 pandemic has had a significant motility with over 243 million cases 
and 4.9 M deaths reported since November 2019 [1]. Although no cure has been 
found yet, vaccination is considered the most effective way to prevent infection [2]. 
To prevent the disease, WHO suggests the use of antiviral drugs to slow the spread of 
the virus [3–5]. A new strain of the virus called the SARS-CoV-2 novel coronavirus 
variant (VARIANT UNDER INVESTIGATION 2020/12/01) has emerged and is 
rapidly spreading globally, especially in south-east England. 

The SARS-CoV-2 novel Coronavirus virus is known to resist antiviral drugs and 
have an aggressive immune response, but the long-term effects on patients and the 
efficacy of vaccines against the mutated variant have yet to be fully analyzed [6]. A 
study by Wang et al. found that vaccines may only be effective against the mutated 
variant for one-third of the population. Therefore, it is crucial to find a drug that can 
effectively combat this strain of the virus [7].
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Scheme 1 Schematic illustration of the ferrocene derivatives selected for molecular docking 
against the S protein of the newly emerged UK strain of severe acute respiratory syndrome 
Coronavirus-2 

The SARS-CoV-2 novel Coronavirus virus contains 23 mutations, including 6 
synonymous mutations, 13 irregular mutations, and 4 amino acid deletions. The 
majority of these mutations are located in vital structural proteins such as the nucle-
ocapsid (N) protein, spike (S) protein, and the ORF8 genetic protein. The S protein, 
in particular, has been affected by mutations such as N501Y, A570D, S982A, and 
D1118H [8]. The N501Y mutation, which is commonly found in other variants and 
located in the RBD of the S protein, is associated with increased transmissibility and 
more fatalities. The N501Y mutation is a crucial target for discovering a drug against 
the SARS-CoV-2 novel coronavirus variant [9, 10]. 

Transition metal complexes have recently gained attention as potential candidates 
for antiviral applications due to their wide range of properties and ability to disrupt 
viral proteins [11–15]. Ferrocene complexes, in particular, have been identified as 
they may inhibit SARS-CoV-2 novel Coronavirus spike protein [14, 15]. One of these 
complexes, Ferroquine, has already been established as an anticancer and antiviral 
drug, and many other ferrocene-derived compounds are being explored for their 
potential against the SARS-CoV-2 novel Coronavirus variant [16–23] (Scheme 1). 

2 Results and Discussion 

Ferroquine, a medication that has been approved by the FDA and exhibits both anti-
tumor and anti-HIV properties, has been found to be more effective than chloroquine 
complexes according to Phase III clinical trials. This research endeavors to analyze 
the inhibition ability of Ferroquine against the S protein receptor domain of the 
mutated strain of SARS-CoV-2 novel Coronavirus virus. The docking simulation 
of Ferroquine was performed on the ANGIOTENSIN-CONVERTING ENZYME-S
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protein mutant (VARIANT UNDER INVESTIGATION 202012/01) and demon-
strated remarkable binding effectiveness, with a binding affinity ~−7.1 kcal/ 
mol and an IC ~ 6.3 micro molar. This prevents the S protein of the virus 
from binding to the host’s ANGIOTENSIN-CONVERTING ENZYME-receptor 
protein. Ferroquine complexes engage with the ACE-2 protein through interac-
tions that are both electrostatic and structural, with its rigidity and charge sepa-
ration creating opportunities for stacking interactions and electrostatic bonds. The 
N501Y mutation has an impact on the inhibition capacity of Ferroquine to the 
ANGIOTENSIN-CONVERTING ENZYME protein, as it blocks the interaction with 
the ANGIOTENSIN-CONVERTING ENZYME site, enabling Ferroquine to bind to 
the RBD through intramolecular bonding, resulting in a higher binding affinity. 

Previous studies has shown that a complex of Ferroquine, referred to as Complex 
1, has the ability to inhibit the spike and RdRp proteins of SARS-CoV-2 novel Coro-
navirus. Our computer simulations demonstrate that Complex 1 can form several 
non-covalent bonds with proteins, and it could be a potential candidate for intramus-
cular injections. Our docking simulation analysis reveals that Complex 1 binds to the 
spike protein of the SARS-CoV-2 novel Coronavirus mutant strain with a binding 
affinity of approximately 10 kcal/mol and an IC value of 0.3 micro molar. This makes 
Complex 1 a promising option for suppressing the mutant strain (Fig. 1). 

In addition to its antiviral and antitumor properties, Complex 2 has the ability 
to form non-covalent bonds with proteins. Our docking simulation study suggests 
that Complex 2 binds to the spike protein of the mutant strain of SARS-CoV-2 
novel Coronavirus with a binding affinity of approximately -8 kcal/mol and an IC 
value of 1.6 micro molar, thanks to its strong interactions that involve five hydrogen 
bonds. As a result, Complex 2 has potential as an inhibitor of the SARS-CoV-2 novel 
coronavirus mutant spike protein. 

Our docking simulation research has revealed that Complex 3 possesses antiviral 
properties and is capable of binding to the mutated form of the S protein with a binding 
affinity of approximately −8 kcal/mol and an IC of approximately 1 micro molar.

Fig. 1 a Optimal docking configuration showing the presence of non-covalent interactions between 
compound 1 and the NF-κβ protein. b Schematic illustration that depicts all the non-covalent bonding 
interactions 
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This binding is stronger compared with other proposed drugs and is augmented 
by hydrogen bonds and π-lone pair interactions, making Complex 3 a promising 
candidate for inhibiting the mutated spike protein. 

Our findings indicate that of all the complexes studied, Complex 1 had the 
most notable impact on inhibiting the mutated spike protein of SARS-CoV-2 novel 
Coronavirus, with a binding affinity of approximately −10.22 kcal/mol. These 
results motivated us to explore its ability to inhibit the Nuclear factor kappa B 
and INTERLEUKIN-6 proteins, which control the cytokine storm responsible for 
inflammation in individuals infected with SARS-CoV-2 novel Coronavirus. 

Our study of ferrocenyl Complex 1 through docking simulation revealed a binding 
affinity of approximately −8.28 kcal/mol and an IC of approximately 0.856 micro 
molar, as indicated in Fig. 1. The strength of the binding is largely attributed to the 
combination of hydrophobic interactions, hydrogen bonding and electrostatic inter-
actions with protein residues. In 2021, the occurrence of the SARS-CoV-2 novel coro-
navirus VARIANT UNDER INVESTIGATION 202012/01 mutant variant resulted 
in widespread cases globally and has been noted to have reduced responsiveness to 
vaccines. 

Our computational research on the inhibitory effects of ferrocenyl complexes with 
antiviral and antitumor properties against SARS-CoV-2 novel Coronavirus muta-
tions revealed that Complex 1 has strong potential as a therapeutic option. The in 
silico study showed that it exhibits a binding affinity of −10.22 kcal/mol toward 
the mutant spike protein of the virus. In addition, the complex demonstrated strong 
binding toward the modulator proteins INTERLEUKIN-6 and Nuclear factor kappa 
B, with binding energies of −9.07 and −8.28 kcal/mol, respectively. These findings 
suggest that Complex 1 has the potential to inhibit SARS-CoV-2 novel Coronavirus 
replication and modulate the cytokine storm that can lead to inflammation in patients 
with ARDS. 

The strong binding affinity of Complex 1 toward the human INTERLEUKIN-6 
and Nuclear factor kappa B proteins, with a binding affinity of −9.07 kcal/mol and an 
IC ~ 0.222 micro molar, makes it a promising modulator of inflammation for COVID-
19 patients with ARDS. Its dual inhibitory effect on both the virus and the cytokine 
storm could play a crucial role in reducing mortality rates among SARS-CoV-2 
novel Coronavirus patients infected with the mutant variant VARIANT UNDER 
INVESTIGATION 202012/01. 

3 Conclusion 

The SARS-CoV-2 novel Coronavirus virus has caused a global pandemic, with no 
cure fully established yet. Vaccination has emerged as the most effective way to 
prevent infection, but the new mutated variant (VARIANT UNDER INVESTIGA-
TION 2020/12/01) is posing a threat. The N501Y mutation in the receptor binding
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domain of the S protein is associated with increased transmissibility and drug resis-
tance, making it a crucial target for drug development. Ferrocene complexes, in partic-
ular Ferroquine, have garnered attention as potential inhibitors of the SARS-CoV-
2 novel Coronavirus virus. Ferroquine, a FDA-approved drug with antitumor and 
anti-HIV effects, has been shown to be more effective than chloroquine complexes 
in clinical trials and has the potential to inhibit both the viral spike protein and 
the INTERLEUKIN-6 and Nuclear factor kappa B proteins. Our studies found that 
Complex 1 is more potent than ferroquine in terms of inhibiting viral spike protein 
and the INTERLEUKIN-6 and Nuclear factor kappa B proteins. However, further 
studies are necessary to fully understand the potential of Ferroquine as a solution for 
combating the SARS-CoV-2 novel Coronavirus virus. 
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Effective Adsorption of Arsenic 
from Synthetic Water Sample Using 
Activated Sunflower Seed Shells 

Aniket Dahasahastra, Lairenlakpam Helena, and P. Albino Kumar 

1 Introduction 

Arsenic (As) is a naturally occurring as well as an anthropogenic contaminant present 
in groundwater. Higher concentrations of As, due to its acute toxicity, have already 
been linked to multiple carcinogenic as well as non-carcinogenic characteristics 
in humans. Sustained exposure to As primarily leads to respiratory, reproductive, 
cardiovascular, hematological and neurological problems in humans. The inorganic 
form of As is a well-known cause of bladder, skin, and lung cancers [1]. According 
to IS:10500–2012, the acceptable limit for As in drinking water is 10 µg/L [2], while 
the permissible limit of 50 µg/L is adopted in the absence of an alternate source. 
The predominant species of As present in groundwater is As (III) and As (V) [3, 4]. 
Antagonistic effects of As directly depend on its dosages and exposure to the human 
body, and also include dermatological effects including melanosis and keratosis [5]. 

These crystal rocks become disturbed, broken, and crushed as a result of various 
man-made activities like drilling and tunnelling, and are essentially left exposed to 
the Earth around them. As contained in these cracked rock formations dissolves in 
the percolating water as it passes through the substrata, eventually mixing with the 
groundwater source and contaminating it. Despite the existing treatment options, 
there is always a need to find ways to deliver more effective care at a more affordable 
price. One of the most actively researched areas for water treatment researchers today 
is the lack of a workable treatment method for As removal with a comparably higher 
degree of removal efficiency, and the method to be used to remove As from drinking 
water [6].
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Fig. 1 Process flowchart 

The oxidation states of As are determined by the pH of the water sample. Either 
a one-step therapy or a two-step treatment is afterwards used. While a two-step 
treatment involves oxidation before the removal of As, a one-step treatment just 
involves direct As removal and has a very low removal efficiency. The latter procedure 
is laborious and time-consuming, but it has a better removal efficiency. This turns 
out to be a significant drawback because oxidation is a sluggish process that can take 
days or weeks to complete [7, 8]. Furthermore, in some cases, use of ion-selective 
barriers were also employed for the removal of As but they were observed to be 
too costly, because membranes used for As removal are very difficult to recover 
[9]. Coagulation-flocculation has also been employed in certain literature for the 
removal of As from drinking water, as it converts dissolved As into an insoluble solid 
which gets precipitated and subsequently removed [10]. This method of coagulation 
however requires a high initial investment and skilled supervision to optimize the 
dosing with a proper understanding of the complex chemistry involved. 

Hence, considering the financial feasibility and ease of operation, adsorption 
techniques are the most commonly adopted treatment strategy for As removal [11]. 
However, the efficiency of this technique depends primarily on the physical and chem-
ical properties of the adsorbent [12, 13]. The effectiveness of a natural adsorbent’s 
ability to efficiently and affordably remove As from a synthetic water sample was 
examined in this study. The adsorbent was created from the shell of a sunflower seed, 
and mathematical techniques such as isotherms and kinetics were used to examine 
the overall efficacy of the technology used, as shown in Fig. 1. 

2 Materials and Methods 

2.1 Materials 

Analytical-grade chemicals were used in the process of adsorbent preparation. 
Arsenic trioxide, nitric acid, and sodium hydroxide were procured from Romi Chem-
icals, Manipur. Sunflower seed shells were collected from the nearby market of the 
National Institute of Technology, Manipur campus. Digital pH meter (ESICO 1012),
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hot air oven (KOMAI) and muffle furnace (Thermotech TIC 4000) were all procured 
through Advance Inspection and Testing Lab, New Delhi. 

2.2 Adsorbent Preparation 

The collected sunflower seed shells were ground into small fibrous pieces, followed 
by washing under running tap water to remove any residual dust adhering to it. 
This ground powder was dried overnight at 50 °C in a hot air oven for roughly 12 h. 
Chemical activation of the powdered precursor was done with nitric acid (1N) by pre-
soaking the ground and dried material for 24 h. The resulting chemical-impregnated 
material was kept inside the muffle furnace. The furnace was heated at a heating 
rate of 10 °C/min to the final carbonization temperature of 550 °C, after which the 
material was kept inside the furnace for 20 min at a constant temperature of 550 °C. 

The resulting material was washed with warm distilled water to remove any 
residual organic and mineral matter. It was finally washed with cold distilled water 
till the wash water achieves a neutral pH. The processed material was then filtered 
through Whatman quantitative filter paper grade 41, and the filtrate is finally dried 
for 24 h at 105 °C inside a hot air oven. Twenty-two-micron sieve was used for 
sieving the prepared adsorbent and the quantity retained on the pan was used for 
characterization. The same was stored in an air-tight container. 

2.3 Preparation of Standard As (III) Solution 

Stock As (III) solution was prepared by dissolving 1.32 g of As2O3 (Arsenic Trioxide) 
in a known quantity of distilled water containing 4 g of NaOH (sodium hydroxide) 
and later diluted to 1 L such that 1 ml stock solution contains 1 mg of As (III). 
Intermediate As (III) solution was then prepared by diluting previously prepared 
10 ml stock As (III) solution with 985 ml distilled water containing 5 ml concentrated 
HNO3 (nitric acid) such that 1 ml intermediate solution contains 10 µg of  As (III). 
Finally standard As (III) solution was synthesized by diluting 10 ml of previously 
prepared intermediate As (III) solution with 985 ml distilled water, containing the 
same amount of concentrated nitric acid used for sample preservation. (1 ml = 0.1 µg 
of As (III)). The intermediate As (III) and standard As (III) solutions were stored at 
room temperature and used for analysis. 

2.4 Experimental Analysis 

Jar test apparatus was used in this study to achieve batch process as explained earlier. 
Multiple beakers each containing 500 ml of standard As (III) solution were taken and
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natural sunflower seed shells adsorbent was added to each of them in a pre-determined 
quantity. In this study, two sets of experiments with initial concentrations of 5 ppm 
and 3 ppm were performed [14, 15]. The pH of the solution was regularly monitored 
at 10 min interval and maintained to a specified value using either 1N NaOH or 
1N HNO3. 2 g/L dose of adsorbent was added to each sample. The solutions were 
thoroughly agitated at 300 rpm for 180 min. After completion of each batch process, 
the residual As (III) concentration in the solution was found using a commercially 
available As detection kit [16–19]. As (III) was analyzed using PerkinElmer atomic 
adsorption spectrometer (AAS) model AAnalyst 400. 

2.5 Estimation of As (III) 

The amount of As (III) adsorbed per unit amount of adsorbent at equilibrium (qe) 
was then determined as follows: 

qe = Co − Ce  

D
× V (1) 

where 

Co initial concentration of adsorbate (mg/L), 
Ce final concentration of adsorbate remaining in solution at equilibrium, 
V volume of water to be treated (L), and 
D amount of adsorbent added in (gm). 

3 Results and Discussions 

Results are obtained after batch processes were analyzed to optimize the pH, dosage, 
and kinetic studies as well as isotherms which signify the mathematical expression 
for adsorption. The efficiency of the adopted natural adsorbent in the adsorption of 
As (III) from the synthetic water sample was determined as explained ahead. 

3.1 Characterization of Adsorbent 

FTIR was used to confirm that the adsorption of As (III) is due to the adsorbent used 
in this study. Readings were taken pre- and post-adsorption. It is evident from Fig. 2a 
and b that the adsorption of As (III) on activated sunflower seeds occurs for a range 
of wave numbers between 1100 and 1600 cm−1. Similar findings were observed 
by Sbeibley and Fowler, 1966, who in their study found that the As2O3 (Arsenous 
Oxide) spectrum lies in the same range of wave numbers as observed in this study.



Effective Adsorption of Arsenic from Synthetic Water Sample Using … 239

Fig. 2 FTIR spectroscopy for As (III): a Before adsorption b After adsorption 

3.2 Optimization of pH 

As (III) removal efficiency significantly varies with the pH of test samples. Analysis 
was performed with the help of jar test apparatus to determine optimized pH for 
effective As (III) adsorption on natural sunflower seeds adsorbent. Highest As (III)
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Fig. 3 Optimization of pH 

removal efficiencies, 85% and 88.33% for initial concentrations of 3 ppm and 5 ppm, 
respectively, were observed at an optimum pH of 5. The plot between percentage As 
(III) removal and pH, as presented in Fig. 3, shows that for pH less than 5, removal 
efficiencies drop down to 73% and 83% for initial concentrations of 3 ppm and 
5 ppm, respectively. Similarly, for pH of 6 and above, there is a significant difference 
between removal efficiencies when compared with that at pH 5. 

3.3 Determination of Adsorption Kinetics 

Adsorption kinetics for natural adsorbent at 295 K is shown in Fig. 4. This kinetics 
study entails Lagergren’s pseudo-first-order adsorption kinetic and Lagergren’s 
pseudo-second-order adsorption kinetic. The kinetics study for As (III) on activated 
sunflower seed shell adsorbent was carried out by sampling 5 ml treated sample 
solution each at six different time intervals, varying between 5 to 180 min (5, 15, 30, 
60, 120, and 180 min).

It is evident from Fig. 4 that the equilibrium between the rate of adsorption and rate 
of desorption was achieved at 120 min after which further agitation lead to desorption 
and there was an increase in the As (III) concentration for the 10 ppm set. On the other 
hand, the equilibrium was achieved at 180 min for 5 ppm initial As (III) concentration, 
which signifies the relation between initial concentration and removal rate. It can 
therefore be safely deduced that with an increase in the adsorbate concentration, the 
adsorption rate increases and equilibrium can be achieved comparatively earlier.
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Fig. 4 General adsorption kinetics

Lagergren’s pseudo-first-order plot as shown in Fig. 5 depicts the relation between 
the natural log of difference between instantaneous removal and removal at equilib-
rium and time. A significantly high coefficient of correlation (R2) of 0.9665 and 
0.9667 was obtained for both 5 ppm and 10 ppm initial As (III) concentrations, 
respectively. Similarly, Lagergren’s pseudo-second-order plot between the ratio of 
time to instantaneous removal rate, as shown in Fig. 6, depicts the R2 of 0.9978 and 
0.9998 for initial As (III) concentrations of 5 and 10 ppm, respectively. An in-depth 
study of the plot revealed that the second-order kinetics was strongly followed during 
the process of adsorption of As (III) on naturally activated sunflower seed adsorbent 
irrespective of the initial concentration.

3.4 Intraparticle Diffusion 

The equation shown below [20] served as the foundation for the intraparticle diffusion 
model that was given in Fig. 7. When intraparticle diffusion is the only rate-limiting 
process, the line drawn between qt and t1/2 crosses the origin. But, if film diffusion 
is also occurring, an intercept C is given, giving an idea of the boundary layer’s 
thickness. 

qt = ki × t 1 2 + C (2)

where qt is the amount of solute on the surface of the sorbent at time t (mg/g), ki is 
the intraparticle diffusion rate constant (mg/g.min1/2).



242 A. Dahasahastra et al.

Fig. 5 Lagergren’s pseudo-first-order adsorption kinetics 

Fig. 6 Lagergren’s pseudo-second-order adsorption kinetics

Figure 7 makes it clear that the 10-ppm diffusion plot’s R2 value, 0.8085, is not 
sufficient. Hence, it was necessary to divide the graph into two linear halves. As 
seen in Fig. 8, the boundary layer diffusion was initially displayed linearly, and then 
intraparticle diffusion was displayed linearly. This demonstrates that both of the 
reported processes involved film diffusion in addition to intraparticle diffusion for 
the adsorption processes.
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Fig. 7 Intraparticle diffusion model for the adsorption of arsenic on natural adsorbent

Fig. 8 Intraparticle diffusion model for adsorption of As (III) 

3.5 Adsorption Isotherms 

After optimization of pH and reaction kinetics, an experiment for determining adsorp-
tion isotherm was carried out for six different dosages of adsorbent (0, 0.5, 2, 4, 6, 
and 8 g/L). The Langmuir and Freundlich adsorption models were applied to the 
observed results from the adsorption isotherms experiment. The same is presented 
ahead in Figs. 9 and 10 (Table 1).

It is evident from Table 2 that the plot for Langmuir isotherm, i.e. plot between 
1/Ce and 1/qe, has a comparatively higher R2 value equal to 0.994 when compared
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Fig. 9 Langmuir adsorption isotherms 

Fig. 10 Freundlich adsorption isotherms 

Table 1 Comparison of isotherm models 

SN Isotherm model Initial concentration (ppm) Constants R2 

1 Langmuir isotherm 10 a 2.8090 0.994 

b 1.5149 

2 Freundlich isotherm 10 ln (kf ) 0.4580 0.927 

1/n 0.2670
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with that of Freundlich isotherm, i.e. plot between ln (Ce) and ln(qe) for  which  
R2 value was 0.927. It is hence safe to assume that Langmuir isotherm is more 
practically applicable for As (III) removal by activated sunflower seeds used as a 
natural adsorbent. 

4 Summary and Conclusions 

The main goal of this study was to advance adsorption as an effective method for 
removing As (III) from synthetic water solution. As (III) was removed from a sample 
of synthetic water using an easily accessible and inexpensive natural adsorbent. 
Prior to the investigation, the sunflower seeds utilized as natural adsorbents were 
chemically activated. Batch procedures were carried out, and FTIR was used to 
characterize the adsorbent. The sample pH and adsorbent dose were improved by the 
use of numerous experimental runs. For both the starting concentrations of 3 ppm and 
5 ppm, it was found that the highest As (III) removal efficiencies of about 85–90% 
were recorded at pH 5. Also, the outcomes of kinetic tests showed that the rate of 
adsorption was directly proportional to and reliant upon the initial concentration of 
adsorbate in the sample. It was found that the adsorption process wasn’t just restricted 
to intraparticle diffusion but also had a significant function for film diffusion. The 
idea that chemical adsorption was primarily responsible for controlling the process 
is further supported by the technical applicability of Langmuir isotherm. The results 
of this investigation clearly demonstrate that critical As (III) pollution in the water 
sample may be successfully treated using activated sunflower seed shells as natural 
adsorbents. 
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A Review on the Performance 
of the Textured Hydrodynamic Journal 
Bearing 

Deepak Byotra and Sanjay Sharma 

1 Introduction 

With the rapid growth in machine tools in the recent years and massive use of 
high-speed machineries, new modified techniques are being explored to increase the 
performance of hydrodynamic bearings. Tribological properties have good impact on 
resources and energy efficiency in cylinder liners, etc. in journal bearing. The allied 
components of any machines play an important part in the smooth running of journal 
bearing. Automotive engines in the past require the journal bearings to work and 
operate at high-speed temperature and severe conditions. To meet this requirement, 
plain bearings with circumferential microgrooves have been developed in the past. 
These bearings are employed to enhance the load-bearing capacity and reduction in 
the friction coefficient. In the recent decades, the use of journal bearing increases 
considerably as it is capable to perform better in heavy loading conditions in various 
industries like turbo machines, engines, etc. The various shapes of bearings like 
axial groove, waviness, elliptical find their applications in different machineries to 
get the improved performance like load-carrying capacity and reduction in coefficient 
of friction. Good bearing design, lubrication, geometry could improve the bearing 
life and reduction in the machine failure. Many parameters like surface roughness, 
Newtonian, non-Newtonian flow, laminar, turbulent flow are considered for inves-
tigation by many researchers in their study in the past. The use of different fluids 
as lubricants at numerous places has its own relevance and importance. Lubrication 
plays an important role to minimize the friction for smooth, relative motion, and 
reduction in wear and friction. The micro-irregularities can develop sufficient fluid 
film pressure which thereby increases the load capacity of bearing. Texturing on 
the surface has been getting the more attention and becoming an important aspect
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in the fabrication of hydrodynamic bearing. Surface texturing of journal bearing 
has become the one of the aspects to enhance the journal bearing performance. The 
texturing increases the thickness of the film between two surfaces and thereby reduces 
the friction coefficient. A controlled amount of porosity on tribological surfaces has 
also been found to reduce friction in the sliding surface and surface texturing using 
boundary conditions for lubrication in the form of micro-dimples, which create a 
reservoir and retain the lubricants, increasing the pressure and load-carrying capacity 
of the hydrodynamic journal bearing. This created the interest in scientists and engi-
neers to perform the experimental and theoretical studies for the enhancement of the 
performance to greater extent. At present, many scholars have studied the various 
aspects of the texturing in hydrodynamic journal bearing, and this paper summarizes 
the traditional shapes of textures along with the new shapes, design, geometry, etc. 
in journal as shown in Figs. 1, 2 and 3 and puts forward the ideas of new shapes 
which are not yet explored for the extensive use of bearings. 

Fig. 1 Sectional view of the hydrodynamic journal bearing
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Fig. 2 Various shapes of 
textures 

Fig. 3 V-shape texture
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2 Literature Review 

2.1 Literature Related to Effect of Various Shapes of Textures 

The impact of various textures profiles and geometries on journal bearing perfor-
mance and wedge effect in triangular shape texture increases the capacity of the 
bearing to sustain load [1]. Comparing the effects of micro-grooving and surface 
texturing in journal bearings, it was found that the microgrooving lowers the 
coefficient of friction than the surface texturing [2]. 

Investigation on textured and untextured surfaces of hybrid journal bearing and 
results showed that textured bearing has improved stability than the untextured 
bearing [3]. The effect of the ideal texture shape on bearing performance was studied, 
and it was discovered that the convex shape, which is parallel to the sliding surface, 
has a higher load-carrying capacity than the concave shape [4]. The effect in spherical 
dimples/textures as shown in Fig. 5 on bearing surface and observed enhancement in 
film thickness, pressure, and axial flow in bearing characteristics [5]. The effect of 
shape of texture and position on bearing performance and found that enhancement 
in load capacity and reduction in coefficient of friction [6, 7]. The bearing perfor-
mance by using dimple textures and enhancement in LCC found to be maximum with 
partial texturing than the full texturing [8]. The study on the impact of geometrical 
abnormalities indicated that they had an impact on the misalignment conditions [9]. 
The performance of elliptical bearing having textures is observed and found that the 
textured surface has performed increased load-carrying capacity at higher density 
than the non-textured surface [10]. The study on the impact in cone texture as shown 
in Fig. 6 on the output of the bearing showed the enhancement in load-carrying 
capacity [11]. Study on the textures’ effect as depicted in Fig. 4 on steady-state 
performance in journal bearing produced good results in increased bearing perfor-
mance by applying various models [12, 13]. The influence of various properties 
of the lubricants on textured surface is observed by using thermal fluid method-
ology and found increased LCC in the output [14]. The comparison between full and 
partial surfaces of texture bearing is made and observed that partial texture bearing 
performs better than full texture bearing [15]. The performance of bearing is inves-
tigated by using texture position, size and found reduced friction and increased LCC 
by proposing proper position and size [7]. The impact of textures in the performance 
of journal bearing at various regions is seen and observed increased performance in 
the negative half when compared with the full wave texture [16]. The performance 
of hydrodynamic bearing is having textured surface by adopting CFD approach and 
seen that groove under loading performed better than the smooth surfaces [17]. The 
comparison in the impact of dimple depth, density, and profile on surface of the 
bearing using CFD is observed and found that the surface with dimple surface in 
lubrication increased the functioning of the bearing when compared with smooth 
surface [18]. The impact of indentation, textured surface has shown improvement in 
the LCC and frictional force due to the formation of small reservoirs for lubricants 
[19]. The hydrodynamic impact of different shapes of texture, geometry, size on



A Review on the Performance of the Textured Hydrodynamic Journal … 251

the bearing performance is studied and observed enhancement in performance cubic 
shape texture in comparison to the other geometries [20]. The impact on tribological 
performance of surface texture by various different optimization methods is observed 
and seen that the approach is advantageous in understanding the relationship between 
the partially textured surfaces and other bearing geometry [21]. The morphology in 
cavitations in the textured and untextured surfaces in the thrust bearing is studied by 
applying the Reynolds and JFO models and found that the JFO predictions are more 
accurate than the Reynolds model [22]. The effect of microgrooves on the surface is 
investigated by applying computational fluid dynamics method in 2D and 3D cases 
under low and high loading and observed good performance at 3D than the 2D case 
[23]. The impact of partially textured surface bearing performance is seen by using 
Reynolds equation and observed good results in terms of LCC and pressure in the 
film [24]. The study on the lead-free materials and texturing on the bearing surface is 
conducted by using pin disc setup and found improvement in the potential in terms 
of wear rate and friction when compared with the non-textured surfaces [25]. The 
impact of various textured shapes to optimize the curvature direction on the bearing 
performance is seen and found that convex shape of texture performs better than 
the texture having concave profile [4]. The impact of micro-textures spherical in 
shape on the concave and convex profiles on the bearing performance is investigated 
by adopting geometric, dynamic models and observed that in convex textures, the 
LCC of the bearing is increased and in concave texture the LCC is decreased [26]. 
The study on the two-lobe bearing having cylindrical textures is conducted by using 
Reynolds equation and FEM in Newtonian lubrication and observed an improve-
ment in bearing performance with non-circularity index and further enhances with 
any further increase in non-circularity [27]. By using the one-dimensional Reynolds 
equation to analyse the effects of partial slip texture sliders in magneto-hydrodynamic 
(MHD) lubrication, it was discovered that journal bearings with partial texturing slip 
using the MHD approach enhance the bearing’s LCC [28]. Analyzed the different 
models to understand the impact of various shapes, density and size of textures on 
the bearing performance and provided a comprehensive report on flow of fluid cavi-
tations zone etc. [29]. The effect of regularly spaced rectangular textured surface 
of parallel bearing is seen by applying mass-conserving analysis and found reduced 
friction and improvement in load-carrying capacity in comparison with the plain 
bearing [30]. A model is developed to see the surface roughness effect in the form 
texturing by solving Reynolds equation and observed that developed model reduces 
the friction and optimizes the groove characteristics [31]. The impact of surface 
texturing by designing the texture shape and size using the finite element simula-
tion and FDM under various lubrication techniques is studied and found maximum 
improvement in friction reduction in full film lubrication regime [32]. The topo-
graphic surface effect of film lubrication using different shapes of textures is studied 
and found that the chevron shape textures are more effective than groove in increasing 
hydrodynamic lubrication case [33]. The effects of partial slip texture slider were 
investigated using the one-dimensional Reynolds equation in magnetohydrodynamic 
(MHD) lubrication, and it was discovered that journal bearings with partial texturing 
slip using the MHD approach enhance the LCC of the bearing [34]. The performance
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of the cylindrical texturing on the different regions of the bearing surface is seen and 
observed the improvement in static characteristics and dynamic characteristics in 
the upstream zone [35]. The impact of surface texturing on hydrodynamic bearing 
having inlets oil holes is observed and compared it with the untextured bearing and 
found that the textured surface performed better in comparison with the non-textured 
surface of the bearing at constant speed and oil supply [36]. A model is developed 
for circumferentially grooved journal bearing to predict the static and dynamic char-
acteristics and obtained satisfied result for all parameters expect the flow rate [37]. A 
model is developed to see the effect of texture on pressure in bearing dynamic perfor-
mance and observed that the stiffness and other factors in textured bearing performed 
better than the untextured bearing [38]. The effect of dimples of various size, depth, 
etc. on the friction characteristics of the bushes is observed by using etching and 
machining techniques and observed that dimples on the whole surface have good 
impact than on the half surface of the bushing [39]. The impact of cavitations and 
various texturing characteristics on the performance of the contact surfaces is studied 
and observed that the parallel cavitations showed a good response in comparison to 
the smooth surfaces and optimal values are found in the partially textured surfaces 
[40]. The surface texturing performance individually and with slip is investigated and 
observed that no-slipping and micro-texturing improve steady-state and dynamics 
characteristics of bearing [41]. The combined impact of rectangular texturing in 
surface and boundary slip is studied by using computational fluid dynamic analysis 
and Navier slip model in journal bearing and found that increased texturing and fric-
tion reduction has observed at high eccentric ratio [42]. The impact of location of 
partial texturing in bearing by using Navier equation and computational dynamic fluid 
method on the performance of LCC and COF is observed and found that the bearing 
performance is decreased at the maximum pressure area but found to be increased 
in the fluid divergent area [43]. The journal bearing performance is observed by 
comparing the texturing surface with the non-texturing surface by finite element 
method (FEM) and found that the surface texturing with definite geometry and other 
parameters performed better than the non-textured surfaces [44]. The influence of 
micro-dimples of different shapes, sizes, etc. on COF on hardened steel is seen and 
observed that surface with micro-dimples has low friction in comparison to plain 
surface [45]. A model is developed for texturing on the surface with different patterns 
using mapping technique and observed very good results in terms of enhancement 
in performance in the workpiece in comparison with the conventional practices [46]. 
The methodology is developed to improve the grooving geometry of hydrodynamic 
bearings by using spline function to make it flexible and obtained good results in 
increasing the stiffness of gas thrust bearing when compared with the conventional 
geometries [47]. The square-shaped textures’ geometry is studied to see its effect on 
load capacity, friction coefficient, etc., in flat bearing and found that optimal values’ 
parameters remains almost the same [48]. The impact of hydrodynamic lubrication 
on micro-pocketed journal bearings was assessed, and it was observed that a change 
in pressure in the pocket near the bearing’s intake was what generated the increased 
lubrication layer and decreased friction [49]. The effect of micro-dimples formed by 
laser surfaces texturing on partial and full surfaces of the thrust bearing is studied
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and found optimum parameters for load-carrying capacity by using this technique 
[50]. The hydrodynamic impact of micro-pore textures was examined by solving 
Reynolds’ equation, and it was discovered that the friction coefficient is reduced to the 
minimum when pores are texturized optimally [51]. The impact of texturing and slip 
and no-slip in bearing performance operating under different operating conditions 
is observed, and using various governing equations and on the basis of comparison, 
they observed that selection of textures/slip geometry is crucial; also slip and no-slip 
pattern improved the bearing performance [52]. The comparison in the noise level 
between compound grooved and simple grooved textures is observed by applying the 
computation fluid dynamic method in the journal bearing and found that compound 
grooved bearing performed better than the bearing having simple groove [53]. The 
influence of textured surfaces in various bearings and their effects on variables like 
friction coefficient, sliding velocity, and Hersey number are studied. It was shown that 
textured bearings out performed smooth bearings in terms of hydrodynamic lubri-
cation [54]. The textures’ performance formed by laser-etched technique on crank 
bearing using test rig of journal bearing is investigated and found reduction in friction 
and shear rate even at the higher loading region bearing having worn surface [55]. 
The performance of spherical shaped micro-textured hybrid journal bearing is exam-
ined by using the Reynolds’s equation, FEM and found that the textured increases 
the performance of the bearing and reduced untextured bearing [56]. The impact of 
full, partially textures upon the dynamic characteristics of the journal bearing is seen 
using different geometries, location, and comparison with the untextured surface 
and observed that textured surface having proper geometries has better performance 
than the surface without texturing [57]. The level of acoustic power micro-grooved 
bearing performance is studied by adopting the computation fluid dynamic method 
and software Swanson Analysis Systems Inc (ANSYS) and used to solve numeri-
cally the various problems using finite element method and observed that dimple can 
enhance the noise level depending upon the size and geometry [58]. The bi-triangular 
textures’ steel bearing’s performance in terms of wear and friction coefficient under 
dry conditions is seen, and results reveal that the high-density textures reduced the 
wear in comparison with the smooth surface, but coefficient of friction is high at 
high speeds [59]. The surface texturing impact on journal bearing performance is 
investigated and observed that response of friction response in bearing is in line with 
transverse to the sliding directions [60]. The impact of groove, lubricant, etc. on 
slider bearing performance is observed and found that the groove formation reduced 
the wear friction [61]. The impact of textured with contaminated lubricating oils on 
bearing characteristics is studied and observed that the textures’ presence reduced the 
chances of bearing failure [62]. The mathematical model is developed to study the 
various shapes of textures compared it with the available experimental data and found 
an error in the coefficient of friction (COF) values [63]. The parameters of shape, 
texturing, etc., numerically and experimentally through mass-conserving technique 
are studied and observed that numerical approach cannot supplement the experi-
mentally approach with different shapes of textures [64]. The different texturings in 
sliding bearing by optimizing partial textures’ parameters are observed and proposed 
surface treatment of texturing on the surface for future development [65].
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Fig. 4 Chevron-shape texture

2.2 Literature Related to Effect of Performance 

The influence of textured surface on full and partial regions of the bearing is studied 
and found the reduction in acceleration amplitude in case of textured bearing when 
compared with untextured journal bearing [66]. The flexibility of the texture and its 
impact on journal bearing performance are investigated, and it is discovered that 
textured surfaces have higher film pressure than smooth ones [67]. The impact 
of different types of surface texture in the performance of bearing is studied and 
found more enhancements in the negative half texture than the textures at full wave 
[68]. The evaluation of partial and full textures’ bearing performance is studied and 
observed enhancement in partially texture surface when compared with full textures 
[69]. Various studies have observed the impact of textures on bearing performance 
and observed enhancement in load-carrying capacity of the bearing [70–72]. In the 
positive pressure zone of the journal bearing, Gauss-Seidel and the linear comple-
mentarity problem (LCP) technique were used, and good results were obtained when
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Fig. 5 Micro-grooved-shape 
texture 

Fig. 6 Cone-shape texture
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compared to previously published findings [73]. The cavitational model with mass-
conserving model on the micro-structure journal bearing is studied and found that 
mass-conserving model has an edge over the cavitational model [74]. The impact 
of nanofluids in bearing using computational approach is observed and showed an 
improvement in LCC [75]. When comparing the precision medium duty (PMD) 
method’s results with those of fixed and multigrid mesh in terms of computational 
efficiency, it was observed that the bearing’s performance with texturing performed 
extremely well [76]. The performance of textured surface and slip of the bearing is 
evaluated by solving Reynolds equation and observed the enhanced load capacity and 
friction coefficient [77]. The misaligned journal bearing is studied by using different 
geometries and bottom textures and found good response at high eccentricity ratio for 
both used parameters [1]. A model is predicted based on development of pressure and 
variation on the shafts’ textures of bearing and found good performance of bearing in 
terms of LCC  [78]. The influence of textured surface for the full, half, and sinusoidal 
waves’ roughness is studied by using power law model on the bearing performance 
and found that full wave roughness helps in increase of LCC and reduced friction 
force [79]. The trajectories of the center motion of the journal are studied by using 
nonlinear equations to observe the static and dynamic performance and found that 
stability margin in nonlinear is better than the linear analysis [80]. The lubrication 
with irregularities on the micro-surface is observed by comparing the analytical 
results with the results obtained through experiments which are in agreements in 
terms of load-carrying capacity (LCC) [81]. The development of pressure in various 
textured on shaft surface is studied by using neural network to develop a model 
for prediction of various characteristics like LCC capacity, etc., of the bearing [82]. 
Finite element analysis was used to examine the impact of hydrodynamic lubrication 
in cylindrical bore bearings on load carrying and the rupture’s portion and discovered 
that bearing characteristics rely on the direction of loading [83]. The circumferential 
groove journal bearing (CGJB) considering cavitations and dynamic stability is seen 
and found better results in bearing performance [84]. The geometry with alloyed 
tool steel (SKD11) pin textured in bearing steel using cross-hatch pattern in paraffin 
lubricant is studied and found that the pattern considered for this study improved fric-
tion parameters [85]. The static performance with non-Newtonian fluids of journal 
bearings is studied by adopting control volume method and Elrod algorithm solved 
by Reynolds equation, and results have good effects on load capacities and side flow 
rates [86]. The impact of wear and deformation on the micro-grooved surface of the 
journal bearing is studied and reported that grooves avoid the seizure conditions and 
help in lowering the temperature of the bearing as the flow of oil increases [87]. 
The micro–macro multiscale method with mixed lubrication using 3D Navier stokes 
equation is studied and found that in micro-cavitations the flow pressure increases 
at particular location of the bearing and Reynolds equation is employed in macro-
method at contact load in deformed surface around the pocket by many simulations 
to have increased pressure and flow factors [88]. The gasoline engine bearing perfor-
mance bearing is evaluated by using two different lubricants and found that math-
ematical model-predicted friction is close to the data obtained experimentally [89]. 
The effect of thermo-hydrodynamic solutions in axial grove using turbulent flow



A Review on the Performance of the Textured Hydrodynamic Journal … 257

conditions is studied by solving the governing equations on bearing performance 
and observed that the pressure and temperature are affected by the parameters of 
bearing [90]. The effect of local radius along with various motions on grooved thrust 
bearing is seen and observed that oscillating motion can have self-excited bearing 
[91]. The pressure distribution using governing Reynolds differential equation and 
finite difference method in a groove thrust bearing is studied and observed that gas 
flow, stiffness, etc. are calculated analytically and presented with the experimental 
data [92]. The characteristics’ behavior of different thrust bearings having tilted pads 
under some operating conditions is studied and observed low friction, metal contact 
under fluid film lubrication at bearing area [93]. The face geometry due to discon-
tinue thickness of thrust bearing by using Reynolds’s equation and Newton–Raphson 
theory is investigated and found that some of the tools showed good response than 
the earlier used grooved seals [94]. The thrust bearing performance in unidirectional, 
bi-directional, etc. by applying the laser surface texturing is evaluated and observed 
improved performance in comparison with the untextured surface [95]. The coustical 
properties by applying boundary condition reported by Jakobsson–Floberg–Olsson 
(JFO) and also by implementing the cavitations’ algorithm using frequency analysis 
in journal bearings are studied and found good results in coustical frequency in its 
pure form as super-harmonics [96]. The nonlinear bearing characteristics in terms 
of stiffness, frequency response, etc. are observed and compared it with the linear 
characteristics through simulation and found the good results [97]. The bearing’s 
performance under the influence of high speed, load, etc. is reviewed and observed 
that the materials and lubricants should be in line with the proposed features of the 
bearing [98]. The bearing performance with vegetable, mineral oils with different 
textures and geometry is investigated and observed that the combination of vegetable 
oil with different textures can enhance the bearing performance with different combi-
nation and also reduced the impact on the environmental conditions [99]. The v-shape 
textured as shown in Fig. 3 is studied with the other textures’ shapes and found good 
results at particular region at particular eccentricity ratio and depth of texture [100]. 
Recently, some literatures are also found which have described about the performance 
of active magnetic bearings under the influence of various faults in the rotor system 
[101–104]. After studying the literature, it has been observed that the improvement 
in the performance of the journal bearing can be enhanced analytically with forma-
tion and optimization of textures in the different regions of the bearing surface by 
selecting the particulars operating and geometric parameters as reported by [12]. 
The dimensionless form of governing Reynolds equation for fluid flow is adopted 
for distribution of pressure by using various methods like finite element method 
[FEM], finite difference method [FDM], etc. and selected the suitable boundary 
conditions. The performance parameters like LCC, COF, etc. can be calculated by 
using the computational procedure as shown in the flowchart. All these modules in 
the flowchart as shown in Fig. 7 are executed by iteration process which stops execu-
tion after achieving the convergence criteria as reported by ref. [12] and attaining 
the journal equilibrium position so that by using the nodal pressure, the performance 
parameters can be computed.
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Fig. 7 Flowchart for solution scheme 

3 Conclusions 

It has been observed that many researchers have done investigation on different 
conventional shape textures like triangular, chevron, rectangular, square, ellipse, etc. 
to see their impact in terms of static characteristics as well as dynamic characteristics 
on the performance of the bearings. It is observed in the study that the size, depth, 
and orientation and geometry of the textures are the important factors in improving 
the bearing performance. Because of the textures’ ability to operate as a reservoir, 
pressure builds up in that area, improving the area’s ability to support loads. It has
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also been found in the study that the performances characteristics like load-bearing 
capacity, frictional force, etc. in different regions of the journal bearings vary and 
pressure increasing region of the bearing performs better in comparison to the other 
regions, and this region is explored extensively by many researchers. The comparison 
of different shapes of textures in journal bearing is also found in this study. It is 
beneficial for researchers to examine other traditional texture forms and compare 
them to other texture shapes in light of the ongoing development in texturing shapes 
in order to assess and improve the performance of the journal bearing. This approach 
not only breaks the constraint of getting optimal shape, size but also achieves the 
density and geometrical parameters of the specific bearing. Future step is planned 
to use this approach in the next research to explore the possibility of any increased 
performance in the functioning of journal bearing. 
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82. Sinanoğlu C, Nair F, Karamış MB (2005) Effects of shaft surface texture on journal bearing 
pressure distribution. J Mater Process Technol 168(2):344–353 

83. Gethin DT, El Deihi MKI (1987) Effect of loading direction on the performance of a twin-axial 
groove cylindrical-bore bearing. Tribol Int 20(4):179–185 

84. Lundholm G (1969) The circumferential groove journal bearing considering cavitation and 
dynamic stability (Real time operation for circumferential groove journal bearing with 
cavitation and dynamic stability)



A Review on the Performance of the Textured Hydrodynamic Journal … 263

85. Suh MS, Chae YH, Kim SS, Hinoki T, Kohyama A (2010) Effect of geometrical parameters 
in micro-grooved crosshatch pattern under lubricated sliding friction. Tribol Int 43(8):1508– 
1517 

86. Li WL, Weng CI, Lue JI (1996) Surface roughness effects in journal bearings with non-
Newtonian lubricants. Tribol Trans 39(4):819–826 

87. Kumada Y, Hashizume K, Kimura Y (1996) Performance of plain bearings with circumfer-
ential microgrooves. Tribol Trans 39(1):81–86 

88. De Kraker A, van Ostayen RA, Van Beek A, Rixen DJ (2007) A multiscale method modeling 
surface texture effects 

89. Mufti RA, Priest M (2009) Theoretical and experimental evaluation of engine bearing 
performance. Proc Inst Mech Eng, Part J: J Eng Tribol 223(4):629–644 

90. Solghar AA, Nassab SG (2011) Thermohydrodynamic behaviors of finite journal bearings 
with cavitation. Mech Ind 12(1):5–15 

91. Malanoski SB, Pan CHT (1965) The static and dynamic characteristics of the spiral-grooved 
thrust bearing 

92. James DD, Potter AF (1967) Numerical analysis of the gas-lubricated spiral-groove thrust 
bearing-compressor 

93. Fogg A (1946) Fluid film lubrication of parallel thrust surfaces. Proc Inst Mech Eng 155(1):49– 
67 

94. Bonneau D, Huitric J, Tournerie B (1993) Finite element analysis of grooved gas thrust 
bearings and grooved gas face seals 

95. Etsion I, Halperin G, Brizmer V, Kligerman Y (2004) Experimental investigation of laser 
surface textured parallel thrust bearings. Tribol Lett 17(2):295–300 

96. Rho BH, Kim KW (2003) Acoustical properties of hydrodynamic journal bearings. Tribol Int 
36(1):61–66 

97. Choy FK, Braun AM, Hu Y (1992) Nonlinear transient and frequency response analysis of a 
hydrodynamic journal bearing 

98. Singh P, Sharma N (2014) Optimum design of journal bearing through surface texturing—a 
review. Int J Res Advent Technol 2(1) 

99. Rasep Z, Yazid MM, Samion S (2021) Lubrication of textured journal bearing by using 
vegetable oil: a review of approaches, challenges, and opportunities. Renew Sustain Energy 
Rev 146:111191, 37 

100. Sharma S, Jamwal G, Kumar Awasthi R (2021) The effect of V-shape protruded and dimple 
textured on the load-carrying capacity and coefficient of friction of hydrodynamic journal 
bearing. Proc Inst Mech Eng, Part J: J Eng Tribol 235(5):997–1011 

101. Kumar P, Tiwari R (2020) Development of a novel approach for quantitative estimation of 
rotor unbalance and misalignment in a rotor system levitated by active magnetic bearings. 
Iran J Sci Technol-Trans Mech Eng 45:769–786 

102. Kumar P, Tiwari R (2020) Dynamic analysis and identification of unbalance and misalignment 
in a rigid rotor with two offset discs levitated by active magnetic bearings: a novel trial 
misalignment approach. Propul Power Res 10:58–82 

103. Kumar P, Tiwari R (2021) Finite element modelling, analysis and identification using novel 
trial misalignment approach in an unbalanced and misaligned flexible rotor system levitated 
by active magnetic bearings. Mech Syst Signal Process 152:107454 

104. Tiwari R, Kumar P (2022) An innovative virtual trial misalignment approach for identifi-
cation of unbalance, sensor and active magnetic bearing misalignment along with its stiff-
ness parameters in a magnetically levitated flexible rotor system. Mech Syst Signal Process 
167:108540



Computational Analysis of Axisymmetric 
Supersonic Jet Impingement on Flat 
and Incline Plate 

Thanggoulen Hmangte and Dushyant Singh 

1 Introduction 

Supersonic-impinging jets have been the subject of various investigations, most of 
which were motivated by practical applications. For instance, during a rocket launch, 
multistage separation, lunar and planetary landing, and take-off, vertical take-off 
and landing (VTOL), short take-off and landing (STOL), etc. The supersonic jet is 
accompanied by a very complex flow field such as shock-shock interactions, shock-
boundary interaction, highly non-uniform downstream flow from the nozzle exit, and 
a recirculation region just under the main plate shock. The flow structure depends 
on the nozzle exit Mach number, pressure ratios, and nozzle exit to impingement 
distance. Though understanding and analyzing the physics behind a supersonic jet 
is extremely difficult as the nature of the flow changes continuously by changing 
any one of the abovementioned parameters, the application it has in many fields 
prompts one to learn more about supersonic jet impingement. Jiang et al. [1] provide 
a thorough analysis of jet impingement. 

2 Literature Review and Objective 

Perpendicular impingement has been the focus of the majority of earlier studies on 
supersonic jet impingement on a flat plate. A few well-known examples are the exper-
imental research carried out by Henderson [2], Carling and Hunt [3], and Kalghatgi 
and Hunt [4]. These experiments helped to establish the existence of stagnation
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bubbles, the near wall jet, and the concept of jet structure as significant phenomena. 
A recirculation region also known as a stagnation bubble, which forms close to 
the plate surface, affects the stability of the jet as well as the peak pressure on the 
surface of deflectors. Lamont and Hunt’s experiment [5] with under-expanded jets 
impinging on an inclined flat plate was the first significant contribution to the in-
depth study of jet impingement on an inclined plate. The geometrical parameters 
considered have a plate angle of θ = 30–90°, nozzle exit to an impinging distance 
of z

/
dnz

/
dn = 0.5–4, and pressure ratios, P.R of 1.2 and 2, respectively. They 

measured the pressure variations on the surface plate using pressure taps. By the 
shadowgraph technique, they were able to observe the flow fields as well. The results 
showed that plate angles significantly affect the distributions of pressure on the plate 
surface. Recent developments in high-performance computing have made it possible 
to numerically simulate these complex impinging flow fields. Using the PSP/TSP 
technique, Nakai et al. [6] studied jet impingement in an experimental condition, 
and the outcomes were consistent with the findings of the study conducted numeri-
cally. The study showed that provided the impinging distance, the orientation of plate 
angle, pressure ratios of the nozzle, and free jet shock length various types of flow 
can be simulated without the experimental work. The same author [7] illustrates the 
advantages and limitations of the suggested classification. Asymmetric stagnation 
bubble generation, the size and position of the maximum wall pressure, the impact 
of plate inclination, and other aspects are all studied numerically by Kim and Chang 
[8]. For moderate plate inclinations, a fairly reasonable prediction of the impinging 
jet is made by comparison with the available experimental results [5]. Goto et al. 
[9] studied the mechanism of maximum peak pressure. Wu et al. [10], numerically 
analyzed various types of shock formation during impingement of supersonic jet on 
a plate. The results of the simulation indicate the site of the peak pressure on the plate 
along with shadowgraph images which were in good agreement with the available 
experimental data. By using a commercial CFD tool to solve a 3-D RANS equation, 
Dharavath and Chakraborty [11] were able to simulate the experiment carried out 
by Nakai et al. [6] for various plate angles. Experimental results and computed pres-
sure on the plate and numerical Schlieren pictures agree quite well. The jet structure 
is accurately predicted by each turbulence model employed in the study. The find-
ings showed that RANS simulation can visualize the flow pattern and capture finer 
aspects of the jet structure. Singhal et al. [12] numerically study the effect of deflector 
plates with and without water-cooled conditions. The deflector has an angle of θ = 
35° inclination and is 18 m from the nozzle. The water-cooled situation was studied 
using the discrete phase model, which predicts lower temperatures that can be further 
lowered by increasing the number of holes in the deflector that the coolant can pass 
through. Oh et al. [13] investigation of the Korea Space Launch Vehicle-first-stage 
II rocket engine used five distinct single-sided flame deflectors. The nozzle exit has 
Mach number 3.25, z

/
dnz

/
dn = 6.3 and the deflector has a 30° inclination. Model 5 

which has a straight outlet and open top is the optimal design as it allows a larger gas 
emission area. Zhou et al. [14] simulate an X − 1 launch vehicle with a single-sided 
flame deflector having impinging angle ranges from θ = 20–30° along with an uplift 
angle of θ = 5°. The diameter of nozzle exit is 1.2 m and the impingement point
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is 8.4 m away from the nozzle exit. The optimal deflector design for a four-nozzle 
rocket engine having an angle of θ = 25° impinging angle and appropriate uplift 
angle is required as it reduces the recirculation of the exhaust gases. 

In the present study, assessment of computational results for supersonic jet 
impingement on a flat plate using various turbulence models viz., the standard 
k − ε, RNG  k − ε, realizable k − ε, SST k − ω, and BSL k − ω was carried 
out. Lamont and Hunt’s [5] experimental condition was simulated using ANSYS— 
FLUENT. To choose an appropriate turbulence model, the numerically computed 
results are compared with the experimental data. 

3 Numerical Model 

In the present investigation, an incompressible, steady, and three-dimensional turbu-
lent flow is assumed. For the simulation, commercial ANSYS FLUENT (20) [15] 
software was used to solve the continuity, momentum, and energy equations. It uses 
a finite volume approach to solve the 3-D Reynolds Averaged Navier Stokes (RANS) 
problem on a structured grid. 

The following are the suitable governing equations for the turbulent flow of 
incompressible gas as provided in [16]: 
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in which ui is the component of average velocity, T is temperature, p is the pressure, 
ρρ is density, μμ is the viscosity. Fluctuation quantities ρu′

i u
′
j ρu

′
iu

′
j is Reynolds-

stress tensor, u′
i u

′
i and T

′ T ′ represent velocity fluctuation in the i-direction and 
temperature fluctuation, respectively. To quantify the turbulent or Reynolds stress, 
turbulence closure is necessary because the above equations are not a closed set. Each 
turbulence model utilized in the current investigation has the same comprehensive 
description as [17–21]. 

4 Boundary Condition 

See Figs. 1 and 2.
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Fig. 1 Domain of the present numerical study a Perpendicular plate and b Incline flat plate Source 
Author 

(a () b)  

y 

x 

Fig. 2 a Structure grid used in the present study and b Enlarged view Source Author 

The pressure inlet boundary condition is assigned to the inlet, and the outlet 
boundary is treated as the pressure outlet with a different pressure gauge for different 
pressure ratios, and the target plate is treated as an adiabatic wall. Table 1 gives the 
operating conditions in the current study.
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Table 1 Operating 
parameters for present 
numerical study 

Parameters Range 
(Pa) 

Operating pressure 
(Pa) 

P.R 

Pin 80,000 4000 1.2 

Pin 81,000 3000 2 

Source Author 

5 Results and Discussion 

5.1 Grid Independency Test 

The representative results for the grid independence research performed for the case, 
θ = 90°, M = 2.2, and z

/
dnz

/
dn = 1, are shown in Fig. 3a (for P.R  = 1.2). The 

findings demonstrate that when the grid size is changed from 32,468 to 1,17,468 
cells and 2,18,355 cells, respectively, there are no changes in the P/PC profile along 
the deflector. Therefore, 1,17,468 cells size was taken into account for the above 
case. To accurately understand viscous sublayer flow characteristics, the mesh has 
been highly refined to ensure that y + is close to unity. Since the same grid cannot 
be utilized in these circumstances, similar grid independence tests have been carried 
out for many geometries, including θ = 70 and 45°, which have P.R = 1.2 M = 2.2 
and z

/
dnz

/
dn = 3, respectively. Figure 3b depicts grid independence despite an 

increase in grid cells from 1,16,523 to 4,19,286 cells. Additionally, by increasing the 
grid from 1,87,350 to 3,33,067 cells for Fig. 3c (for  θ = 45°), grid independence is 
seen for z

/
dnz

/
dn = 3. In Fig. 3b and c only two grid sizes were tested viz. coarse 

and fine mesh and in both cases essential flow features were captured accurately. 
For this reason, testing of another (medium) grid size was not carried out to save 
computational time.

5.2 Validation and Turbulence Model Selection 

This study takes into account five different types of turbulence models for the 
impingement of supersonic jets on flat plate deflector surfaces. The systematic assess-
ment of two-equation turbulence model selection has received relatively little atten-
tion. Therefore, a detailed examination of supersonic jet impingement on deflector 
surfaces parallel and inclined to the nozzle exit plane is simulated using various 
turbulence models. To select the relevant models for parametric research, the numer-
ical results of these models should also be evaluated with the existing experimental 
data [5]. Using the standard (Std.) k − ε, RNG  k − ε, realizable k − ε, SST k − 
ω, and BSL k − ω, the performance of an impact of a supersonic jet on a deflector 
surface was compared in this work.
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Fig. 3 Grid independence study for M = 2.2 and P.R = 1.2 at the nozzle exit for 
a θ = 90◦ 

, z
/
dn = 1θ = 90◦ 

, z
/
dn = 1 b θ = 70◦ 

, z
/
dn = 3θ = 70◦ 

, z
/
dn = 3 

c θ = 45◦ 
, z

/
dn = 3θ = 45◦ 

, z
/
dn = 3 Source Author

The research findings that Lamont and Hunt [5] reported were used to assess 
the impingement flow fields. They took measurements of the static pressure ratio 
distribution of the jet on the deflector surfaces at various separations from the nozzle, 
i.e., z

/
dnz

/
dn = 1 and 3. The static pressure ratio was measured at the center line 

of the deflector plane. In their experimental research, the flow has a P.R of 1.2, 2, and 
a Mach number of 2.2 at the nozzle exit. As a result, a numerical study was done for 
verification while retaining the experimental setting at the nozzle’s exit.
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The pressure ratio distribution generated along the s/rn at non-dimensional 
distances of z

/
dnz

/
dn = 1 and 3 for various deflector orientations, such as 

θ = 90, 70, and 45°, is analyzed with various two-equation turbulence models, 
as illustrated in Fig. 4. The five distinct two-equation turbulence models’ predictions 
of the pressure ratio distribution at z

/
dnz

/
dn = 1 for  θ = 90°, P.R = 1 and 2 in  

Fig. 4a, b, are in good agreement with the experimental results and so is for, θ = 
70° at z

/
dnz

/
dn = 1 in Fig.  4d, which can be inferred that the numerical simulation 

captured all the essential flow features viz., Mach disk formation, plate shock and 
also recirculation region. But as the non-dimensional distance increases to z

/
dnz

/
dn 

= 3, as seen in Fig. 4c, d, the turbulence model is unable to accurately estimate the 
pressure ratio distribution. The similarity between the two cases of z

/
dnz

/
dn = 1 

and 3 can be shown in Fig. 4f, g for θ = 45°, where the entire two-equation turbulence 
model fails to adequately predict the experimental findings. A numerical simulation’s 
findings for the case of parallel flat plate deflectors show a lesser value of pressure 
ratio distribution on the center line of the deflector. From Fig. 4 it can be seen that 
by decreasing the angle of plate orientation, the pressure ratio on the plate increases. 
Also, the recirculation region, which was observed in the case of θ = 90° for both 
the case of P.R = 1.2 and 2, disappear in the case of plate angle θ = 45 and 75°. 
The pressure ratio distribution inside the region of jet impingement by all studied 
turbulence models in numerical studies is in good agreement with the measured data 
except for the RNG k − ε findings as shown in Fig. 4e. The SST k − ω turbulence 
model, out of all the others, consistently matches the experimental findings in all the 
cases. The conclusions drawn from the current numerical study show that the SST 
k − ω turbulence model is best suited for the simulation of supersonic jet 
impingement.

6 Conclusion 

The impingement of an axisymmetric under-expanded supersonic jet was numer-
ically simulated using ANSYS FLUENT (20). The formation of the recirculation 
region was captured along with the Mach disk in the case of a parallel plate deflector. 
The numerical simulation crisply captured all the essential flow features. Along with 
evaluating several turbulence models, the impact of pressure ratio distribution on the 
deflector surface is investigated. The SST k − ω models offer consistency in all of 
the investigated cases, although all turbulence models predicted the pressure ratio 
distribution on the deflector plate.
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Fig. 4 Various turbulence models for the distribution of surface center-line pressure ratios on 
a deflector plate a θ = 90
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Mathematical Model of Pressurized Solid 
Oxide Fuel Cell-Based Trigeneration 
System 

Suman Pramanik and Aritra Ganguly 

1 Introduction 

The fossil fuel sources are depleting rapidly. At the same time, the combustion of 
fossil fuels is responsible for environmental degradation. So, developing eco-friendly 
energy systems is the need of the hour. Fuel cells are one of the viable options 
for energy. Fuel cells have high energy conversion efficiency and less pollutant 
generation [1, 2]. 

In recent years, Solid Oxide Fuel Cells (SOFCs) have emerged as a suitable 
alternative for efficient cogeneration of heat and power with reduced emission. High 
working temperature results in optimized kinetics and higher efficiencies than other 
fuel cell types. SOFC performs at high temperatures (500–1000°C). Thus, it typically 
works in concert with a gas turbine or some other bottoming cycle as it produces 
large waste heat. SOFC thus works with the ORC, Kalina cycle, Transcritical CO2, 
and Brayton cycle for better energy conversion performance [2]. Several research 
works are available in the literature related to SOFC systems for various applications. 

Yu et al. [3] investigated an integrated SOFC using an absorption chiller system. 
Sghaier et al. [4] studied the thermo-economic and environmental impacts of a 
gas turbine-integrated internal reforming SOFC. Costamagna et al. [5] studied the 
internal reforming fuel cells. Yari et al. [6] did a comparative study of two SOFC 
based cogeneration systems fed by municipal waste. They provided a new foundation 
for decision-making and technical advancement from an energy perspective. Exergy 
efficiency, energy output, and the system’s exergy loss rate were taken into consider-
ation while evaluating energetic performance. Colpan et al. [7] analyzed a Rankine 
cycle, SOFC, and gasification system thermodynamically for a 100 kW hybrid plant. 
Shirazi et al. [8] carried out thermo-economic and environmental analyses of an
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internal reforming SOFC integrated with a GT. Eveloy et al. [9] performed an anal-
ysis of a SOFC integrated with a GT and an ORC for power generation. Bang-Møller 
et al. [10] performed an exergy analysis and optimization of biomass gasification 
coupled with SOFC. 

This brief review shows that several research works are available on SOFC-
based systems for various individual applications like power, heating, cooling, etc. 
However, little research work is there related to SOFC-based trigeneration systems. 
Also, a mathematical model based on the first and second laws of thermodynamics 
for the SOFC-based trigeneration system is scarcely available in the literature. This 
is the motivation behind the present work. 

2 Proposed Scheme 

2.1 System Description 

The proposed system is composed of a topping and bottoming cycle, as shown in 
Fig. 1. In the topping cycle, air at state point 1 is compressed in an air compressor 
(AC), and the same is preheated in an air preheater (PH1) by the gas turbine’s 
exhaust. The fuel (Natural Gas) is initially pressurized in a separate compressor 
and is preheated in the fuel preheater (PH2). The water (at state point 8) is then 
pressurized using a water pump (WP) and preheated in the preheater (PH3) by the 
exhaust of the fuel preheater (PH2). Next, the fuel (at state point 6) and the super-
heated steam (at state point 9) are mixed in the mixer (M) to produce hydrogen 
that finally enters the anode of SOFC, while air (at state point 3) enters the cathode 
of SOFC. Then, there is an electrochemical reaction at the Three-Phase Boundary 
(TPB) in the SOFC, and electricity is generated. The exhaust gases (at state points 
11 and 12) from the SOFC enter an afterburner (AB). After burning, the gases first 
expand to the gas turbine (GT) to have electrical power output. Subsequently, the 
gases move through preheaters to warm up the fuel, air, and water at the SOFC inlet. 
Then, the exhaust gases, respectively (at state point 17), enter Heat Recovery Vapor 
Generator 1 operating the Transcritical Carbon dioxide cycle. Later on, the exhaust 
gases enter the HRVG2 of the Organic Rankine cycle before getting released into 
the atmosphere. Transcritical Carbon dioxide Cycle (TRCC) and Organic Rankine 
Cycle (ORC) have six major components, as shown in the figure. The exhaust gas (at 
state point 26) evaporates carbon dioxide in HRVG1. Heat is released in the regener-
ator (RE1). The turbine exhaust in the TRCC exchanges heat with water. Similarly, 
heat exchange takes place in ORC. In condenser 1 and condenser 2, working fluid 
(Carbon dioxide at state point 23) and (Propane at state point 29) are condensed, 
respectively. LNG can recover its cold energy by consuming heat. After that, it is 
pressurized using a pump before entering HRVG1 and HRVG2 to recover heat. LNG 
is compressed using pump 3, and the same is delivered to the condenser to condense 
the fluid of TRCC and ORC. After heat exchange in the heat exchanger during refrig-
eration storage (HE2), Natural Gas in vapor form (at state point 37) is delivered to
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Fig. 1 Schematic diagram of the integrated trigeneration system 

the terminal for Natural Gas receipt. In the TRCC and ORC cycle, the turbine is 
coupled to the generator unit, which further generates electricity due to the relative 
motion of the shaft (state points 20A and 27A). 

3 Modeling 

3.1 Assumption 

The modeling is done with the following assumptions [11]: 

1. The system is assumed to operate at steady-state conditions. 
2. Pressure drop at each of the points in the system is neglected. 
3. Unreacted fuels exiting SOFC burn entirely in the afterburner. 

3.2 Thermodynamic Model Development 

Topping Cycle 

SOFC Model 

The processes that take place in the SOFC’s anode and cathode can be expressed as 
[12]:
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CH4 + H2O = CO + 3H2 (Reforming) (1) 

CO + H2O = CO2 + H (Shifting) (2) 

H2 + 
1 

2 
O2 = H2O (Electrochemical) (3) 

One of the vital components of SOFC is the utilization factor, which can be 
expressed as [12]: 

U f = zr 
3xr + yr 

(4) 

where, accordingly, xr , yr , and zr are the molar conversion rates Eqs. (1), (2), and 
(3). 

Assuming that the reforming and shifting reactions have reached thermodynamic 
equilibrium, the corresponding equilibrium constants may be defined as [11]: 

Kpr =
PCO · P3 

H2 

PCH4 · PH2O 
(5) 

Kps = 
PCO2 · PH2 

PCO · PH2O 
(6) 

where Kpr and Kps are the equilibrium constants for reforming and shifting, 
respectively. 

The SOFC temperature directly correlates with the equilibrium constants Kpr and 
Kps, which can be represented as: 

log kp = AT4 + BT3 + CT2 + DT + E (7)  

The SOFC voltage output can be expressed as [11]: 

V = Vn − Vloss (8) 

where the voltage loss and the Nernst voltage, respectively, are Vn and V loss. 
The Nernst voltage can be represented by [11]: 

Vn = − ΔGo 

ne 
+ 

RT 

ne F 
ln

(
PH 2√PO2 

PH2O

)
(9) 

The total of the ohmic overvoltage (V ohm), the concentration overvoltage (V conc), 
and the activation overvoltage (V act) is the voltage loss (V loss), which can be expressed 
as [12]:
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Vloss = Vohm + Vact + Vconc (10) 

The activation loss can be expressed as [11]: 

Vact = 
RT 

ane F 
sin−1 h

(
j 

2 jo, a

)
+ 

RT 

ane F 
sin−1 h

(
j 

2 jo, c

)
(11) 

Ionic and electronic resistance in the respective fuel cell components causes the 
ohmic overvoltage, which can be given by [12]: 

Vohm = Rc + ρc Lc + ρa La + ρe Le + ρintL int (12) 

In Eq. (12), L is the fuel cell component’s thickness, Rc is the resistivity contact, 
and ρ is the electrical resistivity of a cell component. 

The concentration overvoltage can be determined by [11]: 

Vconc = 
RT 

ane F 
ln

(
1 − 

j 

jas

)

+ 
RT 

ane F 
ln

(
1 + 

pan H2 

pan H2O jas

)

+ 
RT 

ane F 
ln

(
1 − 

j 

jcs

)
(13) 

where the anodic and cathodic limiting power densities, respectively, are jas and jcs. 
The current and current density (I, j) can be written as [11] 

I = j · Aa (14) 

j = 
ne · F · zr 
Ncell · Aa 

(15) 

The SOFC’s power output can be estimated as [11] 

WSOFC = i · Aact · Vcell · Ncell (16) 

Bottoming Cycle 

The energy and mass conservation concepts are used to examine the bottoming 
cycle’s performance. The same can be described as [13]: 

Q +
Σ

m inhin = W +
Σ

mouthout (17)

Σ
m in =

Σ
mout (18)
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Exergy Analysis 

Exergy, which reflects the quality of energy, is the highest useful energy obtained 
when the system reaches equilibrium. [12]. Exergy analysis can determine which 
components have a high exergy loss, quantify the irreversibility of performance 
decline, and provide improved guidance. The proposed system’s exergy balance at 
a steady state can be given by [11].

(Σ
Eph, ch

)
in 

+
Σ

EXQ =
(Σ

EXph, ch
)
out 

+ Wu + I (19) 

In Eq. (20), EXQ is the system’s input heat exergy, while I is exergy destruction. 
Input exergy can be expressed as: 

EXQ = Q
(
1 − 

TL 
TH

)
(20) 

The system exergy is composed of the physical and chemical exergy, which can 
be represented as: 

Eph, ch = EXph + EXch (21) 

The physical and chemical exergy can be given by [11]. 

Eph = m[(hin − hout − To(sin − sout))] (22) 

EXch = 
nΣ
i 

niex
ch, 0 
i + RTo 

nΣ
i 

n ln xi (23) 

4 Results and Discussion 

4.1 Model Validation 

Based on the mathematical model discussed in the previous section, a computer 
code has been developed using EES version 11.165. The program considers the 
optimum SOFC inlet temperature, operating pressure, number of cells, and various 
other parameters as inputs. It predicts the voltage output and the output power for a 
pressure of 6 bar. The input parameters are given in Table 1.

Figure 2 depicts the variation of SOFC net voltage and activation voltage with 
SOFC temperature for the present and the reference models [11]. It is observed 
that there is an increase in the voltage with the SOFC temperature. It is found that
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Table 1 Input parameters for 
the model validation Parameters Value Unit 

PSOFC (operating pressure) 600 kPa 

T in (SOFC inlet temperature) 500 °C

ΔT rack (stack temperature) 200 °C 

Ncell (number of cell) 10,000 – 

Aa (active surface area) 100 cm2 

Uf (fuel utilization factor) 82 % 

La (thickness of the anode) 5 ∗ 10−2 cm 

Lc (thickness of the cathode) 5 ∗ 10−3 cm 

Lint (thickness of the interconnect) 0.4 cm 

Le (thickness of the anode electrolyte) 1 ∗ 10−3 cm 

J (current density) 0.5 A/cm2

the change in activation voltage with SOFC temperature is marginal, while the net 
voltage varies considerably with SOFC temperature. This is because Nernst voltage 
(VN ) varies substantially with temperature, thus, significantly affecting the net SOFC 
output voltage. It may be noted that the differences in the results obtained from the 
two models are marginal, with a mean square error of only 2.380e-6. The present 
model predicts a marginally higher voltage value than the voltage indicated by the 
reference model [11]. 

Figure 3 depicts the effect of SOFC temperature on the ohmic and concentration 
voltage for the present model and the reference model [11]. It is seen that the ohmic 
voltage of the system all through decreases when SOFC inlet temperature increases
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Fig. 2 Effect of the SOFC inlet temperature on the SOFC voltage output 



282 S. Pramanik and A. Ganguly

380 400 420 440 460 480 500 520 540 560 
0.00 

0.02 

0.04 

0.06 

0.08 

0.10 

0.12 

0.14 

0.16 

0.18 

0.20 

0.22

 (Present work Ohmic voltage)
 (Present work Concentration voltage)
 (Wang et al Ohmic voltage)
 (Wang et al Concentration voltage) 

SOFC inlet temperature ( OC) 

O
hm

ic
 v

ol
ta

ge
(V

) 

0.00 

0.02 

0.04 

0.06 

0.08 

0.10 

0.12 

0.14 

0.16 

0.18 

0.20 

0.22 

0.24

 C
on

ce
nt

ra
tio

n 
vo

lta
ge

(V
) 

Fig. 3 Effects of the SOFC inlet temperature on ohmic voltage and concentration voltage 

for both models. At the same time, SOFC concentration voltage increases with the 
increase in the inlet temperature. It is observed that the maximum and minimum 
values of the concentration voltage and ohmic voltage are 0.02871 and 0.03531 V, 
respectively, corresponding to a SOFC temperature of 550°C. 

4.2 Parametric Analysis 

Once validated against the reference model [11], in the present sub-section, the 
thermal model has been used to ascertain the effect of certain parameters on 
the performance of the proposed system. 

Figure 4 shows the variation of system efficiency with SOFC inlet temperature. 
As the temperature rises, the electrical, thermal, and exergy efficiency augments 
initially. However, as the temperature crosses beyond 474°C, the efficiency growth 
rate reduces. Beyond 500°C, there is a marginal reduction in the efficiency values.

The component-wise rate of exergy loss within the system under the operating 
conditions is shown in Fig. 5. It is quite evident that the major exergy loss component 
in the system is condenser 1 with an exergy destruction ratio of 15.29.
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5 Conclusion 

Here a SOFC-based trigeneration system scheme is proposed. A mathematical model 
is developed. The model predicted results are validated against a reference available 
in the literature. The study reveals the following: 

1. The maximum value of SOFC efficiency, system electrical, thermal, and exergetic 
efficiency are 47, 54, 57, and 52%, respectively, corresponding to a temperature 
of 500°C. 

2. From the ratio of the exergy destruction of the proposed system components, it 
is evident that the maximum exergy destruction occurs for condenser 1 (15.29%) 
followed by condenser 2 (14.99%). 
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Review of Polymers and Coagulants Used 
for Flocculation of Drilling Fluid 

Kunal Kishor Chandan and Vikash Kumar Singh Chauhan 

1 Introduction 

The drilling fluids are essential for the drilling operations. Drilling fluid is introduced 
in the down hole tubes for the drilling of petroleum. This fluid then returns to the 
surface via the annular casing of the system. This returned fluid gets contaminated 
with pollutants (drilling cuttings and chemicals from the earth’s crust) during the 
operation and is returned to a pit near the drill site. Such drilling fluid wastes generated 
by petroleum industries are highly undesirable and unsafe and need to be treated 
before their final discharge into the atmosphere. Common types of drilling fluids 
used for the drilling process are based on (1) water, (2) oil, (3) artificial chemicals, 
and (4) pneumatic or air-based drilling fluids. Among the above, drilling fluid based 
on water substrate is quite common in drilling operations in petroleum fields. As 
reported in the literature, about 80% of drilling of petroleum is carried out with 
drilling fluids based on water as they are more economical than oil- or artificial-
based drilling fluids [1]. The control of the above physical properties of drilling 
fluids is very important for maintaining efficient drilling operations [2]. Typically, 
the fine particles of solids present in the fluid play a major role in modifying the 
physical properties such as density, viscosity, and filtration loss. These properties 
directly affect the drilling rate, dilatation rate, torque, and drag. Drilling fluids based 
on water is very sensible in both physical and chemical properties. 

During the drilling of petroleum wells, drilling fluids and drill cuttings are gener-
ated as waste products [3]. Besides produced water, the oilfield drilling fluids’ waste 
contains a large volume of waste [4] containing minerals, clay, sulfur, heavy metals 
and other solids’ contaminants which create a significant effect on the groundwater 
and agricultural land area and pollute the environmental system [5]. The effect of 
these pollutants can cause the poisoning of drinking water which affects the physical
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and mental health of living things and cause tremendous damage to the ecosystem. 
Waste minimization, treatment, and safe disposal are the three-prong approaches to 
controlling and managing drilling fluid wastes [3]. The separation of solid particles 
from a liquid by agglomeration and flocculation processes is widely used to mini-
mize drilling fluid wastes. The agglomeration and flocculation can be used near the 
rig site for enhancing the efficiency of the total solid removal. The above processes 
can also be used at disposal sites and waste treatment plants. 

2 Agglomeration and Flocculation 

This instability causes the particles to come together and form larger clusters, leading 
to a noticeable separation between the solid and liquid phases, which is known as 
flocculation [6–9]. The mechanism of flocculation includes the formation of the 
electrical double layer in the solution possessing various ions. This double layer is 
composed of the stern layer (inner) and Gouy-Chapman layer (outer) [10]. Charged 
particles in a solution tend to attract oppositely charged ions in the dispersion or 
move toward a higher concentration of oppositely charged zone. The plot of charge 
magnitude versus the interparticle distance is depicted in Fig. 2. It is evident from the 
plot that the trend follows an exponential decay, and thus, a shear layer will emerge. 
This further develops a potential gap between the layers known as zeta potential [6, 
11, 12].

Fig. 1 Schematic diagram showing flocculation and deflocculation of fine articles by addition of 
polymers [9] 
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Fig. 2 Schematic representation of the double-layer structure at the solid/electrolyte interface [8] 

3 Flocculation Mechanisms 

When the electrostatic repulsive force overcomes van der Waal’s force in a colloidal 
solution, natural flocculation takes place. There are chances of flocs breakdown due 
to weak bonding forces, and hence, such agitation results in very limited flocculation 
[13]. When the oppositely charged ions are added to the particles in the solution, the 
reduction in charge enables agglomeration and then flocculation to take place. It has 
been found that NaCl, CaCl2, and Al2(SO4)3 produce Na+, Ca++, and Al+++ ions in 
their aqueous solutions with Al+++ ions being the most effective. Agglomeration or 
flocculation takes place when the suspended particles carry no charge with respect 
to the suspending medium [9]. This mechanism is generally called the “Bridging 
Mechanism” of polymer in flocculation (Fig. 1). For an effective flocculation to take 
place, the polymer adsorbed on the surface should be able to extend from one particle 
to other particles. Re-stabilization of the colloidal particles takes place if the polymer 
solution added becomes excessive (Fig. 2) [14]. When the particles with a fairly low 
density of immobile surface charge are treated with a polyelectrolyte of fairly high 
charge density, each surface site becomes different to be neutralized by a segment of 
the polymer chain [15–17].
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4 Factors Affecting Flocculation Studies 

The flocculation is affected by the size of the particles, the charge on the particles, 
solid concentration or pulp density, the pH of the system, the effect of the polymer’s 
molecular weight, structure and charge density, the effect of flocculants dosage, and 
mixing conditions. The nature and the magnitude of the suspended charged particles 
determine the amount and type of flocculants needed to satisfy the charge demand 
of the particles for an effective flocculation process. The size of particles plays 
important role in settling and dewatering [9]. It has been observed that the optimum 
polymer/solid ratio depends directly on proportionality to the overall active surface 
area of the particles. An increase in particle size decreases the flocculation demand 
[12]. It is found that the rate of formation of the aggregates is proportional to the 
second power of the concentration of the particles. The time of agglomeration is 
inversely proportional to the initial concentration of the particles. The stability of 
the floc during agitation is higher at higher pulp density [13]. The degree and nature 
of the ionization of a polymer are controlled by the pH of the system. The change 
in orientation of the polymer chain results in varying the pH of the system. At low 
pH (<3) system, the ionization of the polymer does not take place, but at higher pH 
(>7) system, the decoiling of the polymer takes place due to ionization, and thus, 
enhancement of flocculation efficiency is noticed [15–18]. Polymer molecular weight 
affects the flocculation via bridging and electrostatic path mechanism [19–22]. It has 
been observed that flocculation efficiency decreases due to repulsive forces between 
polymer molecules and particle surfaces present in the system [13]. The flocculation 
efficiency is affected by the dosing and mixing conditions of the flocculants [19, 23]. 
As the polymer dosage is increased, the destabilization of the colloidal system takes 
place. Further, an increase in the dosage of the polymer results in the second phase 
of destabilization [24, 25]. 

5 Flocculating Materials 

Two types of flocculating agents are generally used for wastewater treatment: 
inorganic and organic. Apart from these two, a novel class of graft copolymers is 
developed for flocculants applications. The graft copolymer is prepared using both 
natural and artificial (synthetic) polymers [26–35]. Inorganic flocculating materials 
are mainly metal ion coagulants [9]. These flocculating agents are mainly based on 
Fe/Al hydrolysable salt. Ferric salts are more commonly in use as a coagulating agent, 
e.g., ferric sulfate, ferric chloride, and ferrous sulfate. These compounds perform 
extremely well in acidic conditions for agglomeration application. For better results, 
these compounds may be used with alum [6]. The organic flocculating materials used 
for flocculants applications are mostly linear polymers of hydrophilic nature having
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very high molecular weight [36]. The effectiveness of natural polymeric flocculants 
such as starch, amylose, amylopectin, gelatine, and alginate is well known. The latest 
developments in polymeric flocculants are artificial polymers. The most widely used 
artificial polymer flocculants are non-ionic polyacrylamides and their derivatives [9]. 

6 Artificially Grafted Copolymers 

Polyacrylamide-based artificial polymers are well known for their application as 
efficient flocculating agents with the disadvantage of shear degradability. On the 
other hand, natural polymers are mainly based on polysaccharides’ substrate. Natural 
polymers are relatively inexpensive, shear stable, and easily available from farm-
produced waste materials. [35–48]. The graft copolymerization method is used to 
incorporate new properties in natural and artificial polymers. Graft copolymerization 
results in negligible loss to the natural properties of the substrate (Fig. 3). 

A graft copolymer consists of a polymeric backbone with a lateral covalently 
linked side chain of a different polymer [40]. Recent advancements have been made 
to graft acrylamide into the natural polysaccharides like xanthan gum, guar gum/ 
hydroxypropyl guar gum, starch, carboxymethyl cellulose (CMC), amylopectin, 
amylose, sodium alginate, etc. [26–35].

Fig. 3 Singh’s easy approachability model [49] 
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7 Flocculation Methods 

There are two major flocculation test methods practiced in the industry: 

7.1 Jar Test 

The jar test consists of six jars of similar volume and concentration of feed (Fig. 4). 
Each jar is attached with a series of stirrers synchronized with an electric drive 
through gears or belts. The jars can be stirred at once at a predetermined speed. 
Dosing of flocculants or salts is introduced directly in the jar, and the stirring pace 
is controlled by a speed selector [23]. The flocculants are added from the top as per 
requirement and mixed rapidly for two minutes at a predetermined speed. Thereafter, 
the mixture is stirred at a relatively lower speed for approx. 15 min. This process 
completes as the flocs are formed in the solution when left for settling for around 
30 min. The supernatant fluid is taken out of the flocs for turbidity analysis. Based on 
this analysis, the optimum amount of the flocculants dose is predicted for the liquid 
[24]. 

The turbidity value is defined as particulate matter suspended in the suspension 
through optical measurement based on interference analysis of light going through 
the medium. It does not predict the number of particles in the solution; rather it 
just provides a relative value. In a turbidimeter, the comparison is made between a 
standard solution and the test sample based on the amount of light passing through

Fig. 4 Jar test apparatus [49] 
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Fig. 5 Digital turbidity meter [49] 

the medium (Fig. 5) [23]. Turbidimetry and nephelometry are popular methods for 
turbidity measurement. 

7.2 Cylinder Test (Settling Tests) 

The turbidity measurements are followed by observing the time of settling of the 
mud line in the suspension. This is achieved by recording the time rate of fall in the 
measuring cylinder. In the settling test, the particles flocculate in a standard-size jar 
with graduated measuring arrangements as shown in Fig. 6. Now, the  motion of the  
mud line in liquid is recorded as dependent on time breaks was recorded using a 
stopwatch. 1 wt. % slurry sample is placed in the cylinder and specified dosages of 
the polymer were added. Further, the cylinder is inverted at least five times [50–52]. 
These trials were repeated with fresh samples every time to prepare a plot of height 
and the settling periods through which the settling rate is calculated.

8 Applications of Flocculation in Oil and Gas Fields 

The oilfield waste drilling fluid consists of various fine solid particles and liquid addi-
tives which are toxic chemical substances. These waste materials negatively affect 
biodiversity by polluting the land surface and groundwater. It also affects agricul-
tural land areas as well as pollutes the environmental system [53]. This waste must
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Fig. 6 Settling tests of 
water-based drilling fluid 
[49]

be disposed of after proper treatment. The treatment methods include sedimentation 
(gravity separation), vacuum separation, and impact and baffle methods. The treat-
ment of drilling waste poses the most important challenge to the oil and gas drilling 
industry in modern times [54]. Therefore, the separation of drill cutting or solids 
material from the waste drilling mud is very difficult through conventional methods. 
Flocculation and agglomeration are the most common types of waste management 
techniques used by modern petroleum-producing companies. Other methods of waste 
management include proper disposal, solid control, waste minimization, and recy-
cling. There are various effective drilling waste management approaches for waste 
minimization, solid control, and mud system monitoring [18, 55]. Ayotamuno et al. 
[56] had shown that powdered/activated carbon (PAC) can be used as an adsorbent 
in a batch adsorption process improving the flocculation of the effluent. A repre-
sentative sample of waste drilling fluid was collected from oil wells in Nigeria. The 
crude dense liquid-type oil-based drill cuttings’ sample initially had shown a Cr6+ 

concentration of 52.6 mg/liter. This sample was first flocculated with the conju-
gating agents of aluminum sulfate and sodium chloride. This resulted in around a 
4% reduction of Cr6+ concentration. Further, a 45% reduction was observed when 
the flocculated material was treated with PAC. They showed that a large amount 
of chromium was removed from the waste drilling fluid after the flocculation of 
the effluent. Wang et al. [57] used the starch, acrylamide (AM), 2-trimethyl ammo-
nium ethyl methacrylate chloride (DMC) and potassium persulfate as raw material 
to prepare a starch substrate-based cationic copolymer flocculants. The starch-based
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Floc Formation 

a b  

Fig. 7 a Drilling waste sample before flocculation b Drilling waste sample after flocculation [58] 

cationic copolymer has shown better flocculation performance compared to commer-
cially available coagulants in the market for thick drilling fluid waste. A composite 
of organic and inorganic compounds was used as a flocculants for solid/liquid sepa-
ration of discarded drilling fluid [20]. This showed an improved capacity of floccula-
tion over other options at similar quantities. A double-step flocculation method was 
developed for treating oil/sand tailings with polymers chitosan and Magafloc-1011. 
These double-step methods dramatically reduce the particles in the wastewater by 
significantly improving the supernatant’s turbidity. This further reduces the partic-
ulate concentration of the supernatant while maintaining a lower settling time [57]. 
Grafted copolymers based on polysaccharides are resulted to be efficient flocculant 
aids for reducing solid particulates in effluxes’ drilling fluid having quantities of 
oceanic salt (0.1 M) under alkaline conditions [49, 58] (Fig. 7) 

9 Conclusion 

Agglomeration and flocculation are chemical processes, which are utilized for the 
treatment of waste. Various types of flocculants used during flocculation are inorganic 
and organic materials including natural and artificial graft copolymers. Recently, 
various types of synthesized graft copolymers have been developed. A flocculation 
test has been carried out using these graft copolymers. The graft copolymers are 
found to be shear stable, biodegradable, and efficient flocculants. It has seen found 
that the flocculation quality of graft copolymers is better than commercially available 
natural and artificial flocculants. It is also observed after mixing suitable coagulants 
in oilfield fluid wastes, polysaccharide-grafted copolymers can be utilized as an aid 
for flocculants of flocculation of contaminants/pollutants present in the waste drilling 
fluid.
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Condition Monitoring of Mechanical 
and Electrical Faults in Stationary 
and Rotating Equipments: A Review 

Prabhat Kumar 

1 Introduction 

The rotor-bearing system is extensively associated with several types of mechanical 
faults, which include unbalance, misalignment, crack [1], internal damping, rotor-
to-stator rub, mechanical looseness, etc. [2]. These faults may exist in the system 
during its operation or from starting of the manufacturing process or installation 
period. Other than mechanical faults, there are various electrical faults that appear in 
the static and dynamic electric equipments such as transformers, generators, induc-
tion motors, and electric pumps. The insulation fault, capacitor breakdown, winding 
issue, phase unbalance fault, power system fault (i.e., open-circuit and short-circuit 
faults, symmetrical and unsymmetrical faults) come under the category of electrical 
faults. The stationary and rotating machines may also fail owing to deficient working 
environment and heavy duty cycles. Failure of machines causes a great loss to factory 
owners and clients due to less and ineffective production. Moreover, a sudden break 
of any machine components may also result in hazardous accidents to industry’s 
workers. Therefore, researchers have been proposing different kinds of fault detec-
tion and diagnosis techniques to overcome multiple issues by timely detecting the 
category, magnitude as well as location of the malfunctions. Mouzakitis [3] has 
classified and briefly explained the fault diagnosis techniques on the basis of model-
based, hardware-based, and history-based. The flow chart for the classification is 
shown in Fig. 1. He has also given an overview on strength and weakness of model-
based, hardware-based as well as history-based techniques. Model-based techniques 
can impart the most accurate results depending upon the complexity in mathematical 
models and consideration of noise signal and modeling errors [4–6].
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Fig. 1 Classification of fault diagnosis techniques [3] 

2 Review on Mechanical Faults 

The unbalance in rotor, crack, coupling and bearing misalignment, internal damping, 
rotor-to-stator rub as well as mechanical looseness comes under the listing of mechan-
ical faults in rotating systems. Unbalance is one of the faults which always exist in 
the rotating components as it is extremely difficult to have a perfectly balanced 
system. There is a complete chance of dislocation of geometric center from the 
center of rotation. Unbalance force is mathematically calculated as product of mass 
of the component, eccentricity, and square of rotational speed. Therefore, the unbal-
ance force is higher in magnitude at high speed of the rotor [7]. A very long back, 
Bishop and Gladwell [8] have proposed a high-speed balancing technique for an 
unbalanced flexible rotor. They developed equations of motion using the concept of 
Macaulay’s method and some boundary conditions. Further, the flexible rotor was 
balanced without using the trial weights for the two cases, in which the first was 
the unconstrained shaft and the second was the shaft having two supports at both 
ends through hydrodynamic bearings [9]. A transfer matrix method was utilized by 
Shih and Lee [10] to estimate distributed unbalances in flexible shaft and discrete 
unbalances in rigid discs. A quite simple model consisting of a shaft with disc at
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Shaft 

Bearing 1 Bearing 2 

Disc 

Fig. 2 Rotor system utilized by Shih and Lee [10] for numerical illustration 

the middle and supported on flexible bearings (refer Fig. 2) was employed for the 
numerical illustration purpose. They claimed that the proposed technique can be used 
in future for acquiring better balancing in real systems. In the year 2000, Edwards 
et al. [11] developed a technique to estimate unbalance in the rotor from a single 
run-down. The rotor system was comprised a shaft with two flexible supports and 
rigid foundation. 

Zhou and Shi [13] presented a detail survey on active rotor balancing and vibration 
control in a rotating system. The vibration control technique utilized the application 
of a lateral control force to the simple rotor with middle disc. However, they did 
not include the gyroscopic couple moment. The supported bearings were modeled as 
isotropic linear spring as well as damper. A low-order system was used to approximate 
the higher order system, so that the signal-to-noise ratio of the vibration measure-
ment would be lower. For future work, they suggested to establish an active vibration 
control technique for the cost-effective maintenance and installation of the rotating 
components. A linear and nonlinear regression methods were also developed for 
estimating unbalance in a separator model. It was observed that the estimation accu-
racy was higher for the case of nonlinear regression [14]. Further, Liu et al. [12] 
have given a review on different types of artificial intelligence techniques for fault 
diagnosis in rotating machines. They have also provided advantages and limitations 
of the techniques. A Venn diagram (as shown in Fig. 3) was proposed to explain the 
relationship among distinct artificial intelligence disciplines. Menshikov applied an 
inverse problem concept to identify unbalance characteristics in a rotor [15]. The rotor 
was considered to be deformable and having two flexible supports. He performed 
experiments and used the rotor vibrational responses in two mutual perpendicular 
directions for the identification purpose. Three years back only, a numerical (based 
on finite element method) and experimental study was executed on sudden unbalance 
in a rotor and transient response arising due to that. The conclusion was made that 
the magnitude of sudden unbalance should not be too small relative to the initial
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unbalance, so that the dynamical deflection fluctuation can be distinguished clearly. 
Moreover, it was also suggested to execute the dynamic analysis and experiments on 
a complicated rotor with multiple discs instead of a simple rotor. Nayek et al. [16] 
explored a mathematical model-based estimation of unbalance parameters in a rotor 
system suspended on two active magnetic bearings. They have done simulation with 
various types of polluted noise coming from the bearings. The method was found 
to be even robust against the maximum percentage of electronic noise in the elec-
tronic instrument. The experimental validation of the proposed technique would be an 
interesting future work. In the recent published literature [17], a novel optimization-
based scheme was presented for evaluating (both numerically and experimentally) 
the unbalance characteristics in a rotor system with one disc and two discs. The 
control application for reduction of unwanted unbalanced fault vibration can be a 
great work for the upcoming days [18]. Misalignment is also very serious malfunc-
tion, so researchers have done a lot of hard work to investigate the dynamic nature 
and identification of misalignment fault. Misalignment can be in the coupled shaft 
at the coupling position or between the rotor and the supported bearings (conven-
tional bearings, foil bearings, Active magnetic bearings, etc.). Various papers [19–25] 
have been published in these misalignment areas. The experimental work needs to 
be performed for the analysis and identification of the magnetically levitated rotor 
under the effect of supported AMBs misalignment. Papers are also available in the 
field of analyzation and estimation of crack [26], bow [27–30], internal damping [31– 
34], rotor-to-stator rub [35–38], and mechanical looseness [39–42] characteristics in 
faulty rotor systems. 

Artificial 
Intelligence 

Machine Learning 
(Logistic Regression, etc.) 

Representation learning 
(autoencoders and so on) 

Deep Learning 
(MLP, CNN, etc.) 

Fig. 3 Venn diagram for relations among artificial intelligence techniques [12]
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3 Review on Electrical Faults 

In this section, a summary of papers is discussed, which is related to condition 
monitoring of rotating electrical equipments. A brief survey was presented on moni-
toring of electrical failures such as core insulation failure; stator winding or insula-
tion failure; rotor winding or insulation failure; brushgear failure; slip ring failure; 
commutator failure; electrical trip [44, 45]. The root causes for these failures are 
error in design, manufacturing error, machine installation issue, overspeed, overload, 
undesirable heating in windings, extreme steady and transient dielectric stresses, etc. 
At the last, it was suggested to focus on the development of more advanced tech-
niques for health monitoring of electrical machines. Mehrjou et al. [46] discussed 
different methods such as acoustic emission, air gap torque, stator current-based for 
fault detections in squirrel cage induction machine. They have also discussed elec-
tromagnetic field monitoring, detection based on observation of voltage induced in 
the stator after induction motor disconnection, and signal processing techniques in 
time domain, frequency domain as well as time–frequency domain. In future, it is 
required to design a cost-effective technique for the development of accurate and 
efficient algorithm to detect faults in sensors and actuators. Literature is found in 
the field of examining fault characteristics in aerospace systems utilizing model-
based techniques [47]. They have discussed mainly three kind of faults, i.e., sensors’ 
fault, process fault, and actuators’ fault in aircrafts. Spyropoulos and Mitronikas [48] 
described various faults in electrical propulsion system for commercial as well as 
cargo ships. The propulsion system includes prime mover, generator, converter, and 
motor. The faults existed in the machines were stator faults, broken rotor bar, static 
and dynamic air gap irregularities, failures in gearbox, short circuits in the rotor field 
windings, defective permanent magnet in motors. They have also provided charac-
teristic frequencies of the current spectrum for every fault to illustrate their presence 
and severity. Later, Sharma et al. [43] described the different condition monitoring 
techniques in induction motor. They have given classification of probable faults in 
induction machines, which include internal and external faults as depicted in Fig. 4.

Goel et al. [50] presented a methodical survey on several health monitoring 
schemes for faults in electrical machines through variant temperature, vibro-acoustic 
signal, ultrasound technique, infrared thermography, and lubrication oil analysis. 
They have discussed different electric components and types of failure in them. For 
example, a transformer can fail due to loose connection, insulation defect, lack of 
oil, and dampness. Similarly, the electric pumps and hydro-turbines can have failure 
as a result of cavitation and erosion. However, there is a substantial research oppor-
tunity in the field of progression in sensing, signal processing as well as artificial 
intelligence methods. Afterward, a review on existing health monitoring schemes 
and industrial automation for plant-wide condition monitoring of rotating electrical 
machines was also presented by Kande et al. [49]. The technology trends, plant life 
cycle as well as monitoring system evolution was also described by them which 
included different sections, i.e., planning, commissioning, engineering, operations,
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Fig. 4 Different types of faults in induction machine [43]

and maintenance. A flow diagram (refer in Fig. 5) was given, which described the 
condition-based plant maintenance process.

Dineva et al. [51] utilized multi-label classification method for multiple faults’ 
identification and health monitoring of systems. They have performed experiments 
on a test rig consisting of three kinds of motors, viz. brushless motor, permanent 
magnet synchronous motor, double-fed asynchronous motor, coupling and inverter-
driven cage induction machine, etc. The time-domain and frequency-domain elec-
trical signals were analyzed to explore the issues of simultaneous presence of noisy 
unbalance as well as misalignment faults. In the recent publication [52], a detailed 
review was made which explored various research done in the field of multiplica-
tive faults, compound faults and their identification techniques. For future work, they 
have given suggestion to perform research on feature extraction techniques for motor 
fault based on acoustic signals and electrical signature analysis.
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Fig. 5 Flow diagram describing the condition-based plant maintenance [49]

4 Concluding Remarks and Future Directions of Research 

In this review paper, a survey on different types of condition monitoring and mechan-
ical as well as electrical faults in rotating and stationary system has been presented by 
going through various research and review articles. There are some of the following 
works which have not been done yet and there is great chance of doing them in future: 

1. The rotor balancing techniques can be performed in real and complex systems 
in applications based industries. 

2. An active vibration control technique can be established for the cost-effective 
maintenance and installation of the rotating components. 

3. Experimental work can be performed in the field of dynamic analysis and 
identification of crack and AMBs’ misalignment in a practical rotor system. 

4. More numerical and experimental investigations can also be done in the area of 
rotor-to-stator rub and mechanical looseness faults. 

5. There is a substantial research opportunity in the field of progression in sensing, 
signal processing as well as artificial intelligence methods in detection and 
diagnosis of electrical faults. 

6. Research can be executed further on feature extraction techniques for motor fault 
based on acoustic signals and electrical signature analysis.
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Autonomous Robotic Underwater 
Welding—A Review 

Milan Kumar Maity, Saurav Suman, and Pankaj Biswas 

1 Introduction 

Welding is a century-old technique for joining metals; evidence of welding was also 
found in the Bronze Age. And the advancement of welding throughout the century has 
made it an efficient and affordable method of combining metals. Practically, in every 
manufacturing industry and for structural applications, either on land or in water, 
welding methods have grown importance [9]. Underwater welding (UWW) is a type 
of welding carried out in an aqueous environment. Even though there are various 
methods available for welding in the atmosphere, many of them cannot be used in 
marine and offshore applications because the presence of water poses a serious threat. 
Underwater welding is classified into two main types—dry underwater welding and 
wet underwater welding. The cost and time required for repairing in dry welding 
conditions are twice as compared to wet welding conditions [7]. Therefore, it is 
crucial to develop on-site repair methods to bring the damaged offshore equipment 
back to full functionality. 

The underwater welding technique is widely considered to be the most important 
technique for repairing submerged heavy structures, which are either required to 
be welded in an aquatic environment or damaged equipment that cannot be moved 
into a dry dockyard. It is also used to maintain and repair underwater oil trans-
mission pipelines, offshore oil platforms, ship components, port construction, and 
nuclear power plant structures. As marine equipment’s is highly prone to develop 
surface damage, including water corrosion, abrasion, and surface fatigue cracks due 
to unpredicted failures.
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Different types of underwater welding have been developed, and their applica-
tions, advantages, and limitations have been discussed by many authors from coun-
tries like India, USA, Germany, Japan, and China for the past forty years [7, 13, 23]. 
The main challenges that are found in underwater welding are the higher pressure 
created by the water head under which the welding occurs, the cooling effects of 
water on weld metal which could alter its metallurgical properties, the potential for 
hydrogen and oxygen arc mixtures to form in pockets which might cause an explo-
sion, and common risk of divers having electric shock and diffusion of nitrogen in 
their blood in the dangerous amount [13]. Thus, robotic help to human cognition is 
necessary to function effectively in such a demanding environment with all human 
limitations. The effective use of robots in manufacturing and space industries is a 
crucial illustration of why underwater welding can only be done with robotic help. 

In the modern era, the teleportation of unmanned production and drilling 
platforms, Autonomous Underwater Vehicle (AUV), Remotely Operated Vehicles 
(ROVs), Robotic underwater inspection and welding and underwater manipulators 
have all made it easier for offshore rigs to move from shallow depth to ultra-depth 
water. The majority of robotics technologies in use today in marine and offshore appli-
cations primarily focus on inspecting, maintaining, and repairing (IMR) plant facil-
ities more frequently and accurately. Using fully autonomous robots is still a far-off 
option when taking into account the risks associated with these operations, especially 
before obtaining very high reliability. As a result, semi-autonomous robots are a great 
alternative for this industry as a solution for the foreseeable future, where activities 
are carried out by robots, but cognitive judgements are still made by skilled opera-
tors [20]. Recent developments in robotic underwater welding are discussed in this 
paper. Also, a thorough survey of current, commercial, and prototype manipulators 
used for the underwater environment, including essential information such as design 
elements, sensors, their merits and capabilities and making detailed assessments, are 
discussed in the following sections. 

2 Evolution of Robots in Underwater Applications 

The ocean, which makes up roughly two-thirds of the planet, significantly impacts 
how long humans will continue to exist. In the world, 37% of people reside within 
100 km of the ocean [6]. The oceans play a significant part in our daily lives since they 
have long served as a means of transporting products and providing food resources. 
We typically pay more attention to the land and the atmosphere than the water. Thus, 
the vast ocean’s living and non-living resources have yet to be fully explored by us. For 
example, after the discovery of petroleum oil in 1859, first offshore drilling was done 
in 1897 to extract crude oil from shallow seawater after 38 years [28]. Underwater 
robots can effectively use ocean resources for human well-being, safeguard them 
from contamination, and aid us in understanding marine and other environmental 
challenges. However, due to health, safety, and environment (HSE) concern, human 
travel into the deep ocean is still challenging.
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Perhaps Aristotle first came up with the concept of an underwater machine; he 
made the skape Andros (boat-man) that allowed Alexander the Great of Macedon 
(356–323 b.c.) to stay underwater for at least twelve hours during the Trio war in 325 
b.c. It may sound unrealistic, as Archimedes’s law had yet to be formulated (around 
250 b.c.) [2]. The majority of early scientific work done for the underwater machine 
was manned underwater submersibles, but these manned robots made by companies 
like Rockwell, General Dynamics and Westinghouse eventually saturated. 

Dimitri Rebikoff developed the first tethered Remotely Operated Vehicle (ROV) 
in 1953, known as PODDLE. An ROV is an underwater vehicle that is tethered via 
an umbilical cable to an operator who may be on a ship, on land or in a subma-
rine. Later in the 1980s, many commercial ROVs came into the offshore industry to 
take over manned submersible jobs. However, because of high operational cost, its 
effectiveness decreases with depth, difficulties in handling long umbilical cables and 
operators fatigue, usage of ROVs is now restricted to some specific applications like 
site survey, drilling assistance, inspection, maintenance, and repair (IMR) [19, 26]. 
A list of ROVs used for scientific exploration is given in Table 1 and Fig. 1 [1]. 

As a result of the restrictions placed on ROVs, Untethered Underwater Vehicles 
(UUV) or Autonomous Underwater Vehicles (AUV) began to appear in industries in 
the 1970s with the help of advanced computer processors because of the semicon-
ductor revolution. AUVs are entirely autonomous and rely on their onboard intelli-
gence and power source because underwater communication bandwidth is minimal. 
Currently, AUVs are used for under-ice surveying, underwater archaeology, oceano-
graphic sampling, and scientific surveying. Additionally, AUVs are currently used 
in military applications like mine detection and landing site surveys, while more

Table 1 ROVs used for scientific exploration [5] 

Manufacturer Vehicle Depth (m) 

Japan Marine Science and Technology Centre (JMSTEC) Dolphin-3 K 3300 

Hyperdolphin 4500 

Kaiko Mk-IV 4500 

Kaiko 7000II 7000 

Kaiko 11,000 

Woods Hole Oceanographic Institution (WHOI) Jason 6500 

(a) (b) (c) 

Fig. 1 Some commercial ROVs—a Kaiko 7000II, b Kaiko, c Jason [22, 33] 
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challenging applications like long-term deep-sea surveillance are being developed 
by engineers [1]. Currently, about 100 experimental AUVs are available made by 
research institutions and military organizations. Recently, commercial companies 
from several countries are offering commercial AUVs for well-defined, specific tasks 
[26]. ROVs have some rotating parts, such as propellers, thrusters, and turbines, which 
help to generate the necessary thrust and maneuverability to navigate and operate 
in underwater environment. Active Magnetic Bearings (AMBs) are used in these 
rotating parts now a days rather than conventional mechanical bearings [10, 24]. 

3 Underwater Mechanical Manipulators 

A robotic arm, also known as a manipulator, is an instrument used to carry out 
undersea intervention (interaction with the environment) operations like inspection, 
maintenance, and repair (IMR). Unmanned underwater vehicles (UUV) like ROVs 
are coupled with one or two arms; this combined setup is also known as Underwater 
Vehicle Manipulator System (UVMS) [2]. Whereas the majority of AUVs don’t have 
manipulators, so they are restricted to applications like surveys [26]. As the manipu-
lators are attached to constantly moving vehicles, and thus it becomes very difficult to 
accurately operate the underwater manipulators. Most of the manipulators coupled 
with UUVs available in the market are anthropomorphic (i.e. made to look like a 
human arm). These robotic arms consist of a series of rigid links connected by revo-
lute joints (binary joint or more) with stepper motors to get desired angular displace-
ment, and at the end-effector, some interchangeable tools and grippers are attached. 
Also, to observe the surroundings of UUVs, one or more numbers of spotlights and 
cameras are installed either on the vehicle or on the manipulator [21]. 

Subsea activities like marine civil construction industries, marine renewable 
energy (MRE) sector and marine military and civil applications are the core applica-
tion areas of underwater manipulators. Underwater manipulators are designed for a 
variety of applications like inspection of submerged pipes, underwater welding, mine 
disposal, subsea bed cleaning, valve controlling, cable laying, rope cutting, biological 
and geological sample collection, lifting heavy objects, and so on [2, 21]. Manip-
ulators are equipped with actuators, grippers, vacuum cups, cameras, and different 
sensors to execute these kinds of jobs. Fifty different kinds of manipulators made by 
different manufacturers are listed in [21]. 

Manipulators are designed according to their size, type of actuator (electric or 
hydraulic), a number of kinematic links, wrist torque, lifting capacity, gripping force, 
maximum working depth, power source, material, sensors, and control system [21]. 
Most of the manipulators are made of titanium alloys (Ti 6–4), stainless steel alloys, 
and anodized aluminium alloys as they are corrosion-resistant materials and have high 
strength to weight ratio. The weight of the manipulator is more significant as it helps 
the base vehicle to stay underwater. Earlier in the 1990s, seawater-driven actuators 
are used for underwater manipulators as they have low viscosity, no environmental 
impact, and high-power density. But, this type of actuator is extenuated because of
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corrosion, sealing problem, and a very low range of working temperature. Nowadays, 
most of the manipulators are driven by either hydraulic power or electric power, as 
they have certain advantages and limitations, one over the other [5]. Apart from 
these, manipulators with control systems like rate control (used for the hydraulic 
manipulators which don’t have position sensors), position control (by sensors like 
digital optical encoder, potentiometers), force feedback sensors (to simplify subsea 
operations), gripper control, manipulator motion control (like decentralized control 
with feedback mechanisms, centralized control, and neural and fuzzy control) are 
briefly discussed by [21]. 

Extreme climatic conditions always leave submerged welded structures suscep-
tible to a variety of defects, including fatigue and corrosion. Multiple non-destructive 
testing (NDT) sensors are installed on ROVs to monitor those underwater and floating 
structures, pipes, and tanks continuously. Underwater inspection mechanisms fall 
primarily into three basic categories: close visual inspection by CCTV, general visual 
inspection, and NDT-based inspections [8]. But inspection operation faces various 
difficulties because of the environment, so researchers have made multiple NDT 
sensors for inspection, like AC current field measurement (ACFM) system, to mark 
out underwater weld cracks [19]. And it is sometimes necessary to weld in order to 
repair the damaged underwater structures but doing so underwater becomes the most 
difficult operations for human divers. As a solution, researchers have made ROVs 
coupled with a robotic arm for holding welding tools to the required weld zone, 
along with various sensors for constant monitoring. UUVMs used in marine indus-
tries generally have two manipulators, one to anchor the UUVM onto the underwater 
structure for stability, the other for testing and maintenance. Some commercially 
available underwater manipulators are listed in Table 2 and Fig. 2. 

Table 2 Commercially available underwater manipulators [21] 

Manufacturer Manipulators Specifications 

TechnipFMC [30] Titan 4 4–7 functions, Position/ Rate control, Hydraulic 
powered, 4000–7000 m sea water (msw) Depth rating, 
can lift 68–250 kg at full reach 

Atlas 7P and 7R 

Conan 7P 

RigMaster 

Orion 7P, 7R or 
4R 

ROV Innovations 
[32] 

Arm 5E, micro 
and mini 

5–7 functions, up to 6000 m depth resistance, 
maximum reach up to 1790 mm, 

Arm 7E, mini Lift up to 40 kg at full extension 

Hydro-Lek [29] HLK-4000, 4200, 
43,000 

4 to 6 functions, dry weight from 8 to 28 kg, up to 
6000 m depth resistance, maximum reach up to 
1428 mmHLK-5600, 5680, 

5300,
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(a) (b) (c) 

Fig. 2 Commercial subsea manipulators a Titan 4, b Arm 7E mini, c HLK 5600 [29, 30, 32] 

4 Underwater Robotic Welding 

When a Remotely Operated Underwater Vehicle (ROV) is outfitted with a welding 
manipulator to perform welding activities at depths underwater, the technique is 
known as Underwater Robotic Welding. Different types of conventional underwater 
welding like SMAW, FCAW, TIG welding, and some advanced underwater welding 
like friction welding (FRW), laser welding are discussed in [13].  The main risk  
that is associated with manual underwater welding is to the diver of electric shock. 
Therefore, precautions like electrical insulation of equipment’s, limiting the open 
circuit voltage must be taken. As a result, researchers are now focusing more on 
robotic underwater welding rather than manual. Another advantage of using under-
water robotic welding is that it allows for the repair and maintenance of underwater 
structures without the need for divers, which can be dangerous and time-consuming. 
Additionally, it can also be used to construct new underwater structures, such as 
offshore wind turbines. Some robotic underwater welding done by some researchers 
and industries are discussed in Table 3. 

Table 3 Chronological synopsis of underwater robotic welding 

Year Welding method Findings 

1989 [3] Hyperbaric MAG 
welding 

Subsea hyperbaric condition emulated in a pressurized 
chamber. Two 5-axis and 6-axis robots used to conduct MAG 
welding in He, O2, H2 atmosphere between a range of 
operating pressures of 1 to 110 bar. The tests showed good 
welds were produced that adhere to the standards 

1992 [18] Hyperbaric orbital 
Gas Tungsten Arc 
Welding (GTAW) 
and Gas Metal Arc 
Welding (GMAW) 

Orbital GTAW module used for hot passes and GMAW 
module used for high deposition of filler layer. The welding 
system tested under 500 msw hyperbaric condition. A 
driverless repair station (underwater habitat) conceptualized. 
Various subsystems, operational procedures discussed to 
actualize the welding module

(continued)
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Table 3 (continued)

Year Welding method Findings

2001 [15] Friction Hydro 
Pillar Processing 
(FHPP) 

European Commission funded project—Affordable 
Underwater Robotic Welding Repair System (ROBHAZ) 
(1997–2000). Specially designed multipurpose mobile 
friction welding head (HMS 3000) mounted on a 6-axis robot 
(TRICEPT) tested in dry and wet condition. Tool changing 
system for different machining operations used to 
successfully achieve the objectives 

2001 [16] Hyperbaric Plasma 
Transferred Arc 
(PTA) welding and 
local dry PTA 
welding using 
Water Exclusion 
Device (WED) 

Hyperbaric PTA welding done using PTA torch mounted on a 
3-axis manipulator to simulate the hyperbaric welding 
condition at 30 m depth. Multi-axis UW manipulator attached 
with newly developed WED and torch to conduct local dry 
welding developed, that can be used in underwater Boiling 
Water Reactor (BWR) repairing sector 

2004 [14] YAG-laser welding Remote UW YAG-laser repair-welding robot developed. 
L-type laser welding torch used to supply laser beam and 
shielding gas coaxially. UW fillet weld of 2 mm throat 
thickness done. Liquid penetrant, macroscopic, tensile, and 
bend test conducted on weld bead to check the properties 

2014 [12] NA 3D model of and UW welding robot having 8 thrusters 
designed that would be used in Spent Fuel Pool (SFP). Robot 
dynamic model and fuzzy PID controller simulated in 
MATLAB. Later Physical model made by Harbin Institute of 
Technology, China in 2016 

2015 [4] Hyperbaric MIG 
welding 

Statoil developed the welding machine for repairing large 
diameter subsea pipelines (>30 inch) up to 1300 m depth. The 
welding system has three modules—Remote welding habitat, 
welding Power and Control (POCO) and remote welding tool. 
Sleeve joining of pipes can only be done 

2016 [17] Laser Welding A remotely operated underwater laser welding vehicle with 
two-link robotic arm is designed to repair pipelines and ships 
outer surface 

2016 [27] Local dry arc 
welding 

ROV based local dry arc welding robot patent filed by Harbin 
Engineering University, China. Welding arm is installed on 
ROV. Sonar imaging sensor, light, camera system, pipeline 
fixing claw are attached with the ROV 

2017 [25] Local dry arc 
welding 

Specially designed welding torch mounted on LBBBD robot 
for automatic seam tracking and welding. Pulsed current 
power supply and wire feeding mechanism are also developed 
for the torch to get stable arc 

2018 [11] Ultrasonic assisted 
underwater wet 
welding process 
(U-FCAW) 

Tethered underwater welding robot developed to weld walls 
of SFP with high accuracy. The robot consists of mobile 
system, UW welding system and control system. 3-DOF 
mobile platform used to weld the crack with an accuracy up 
to 0.1 mm 

2021
-2024 [31] 

Robotic Friction 
Stir Welding 
(FSW) 

RESUGRAM project is now in progress to develop an FSW 
robot that can be used in underwater as well as under-oil to 
join steel. This AI-enabled robot will be able to conduct 
inspection and perform FSW in restricted spaces
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5 Conclusion 

Using the advanced underwater engineering technologies, it is possible to robotically 
weld underwater up to depth of 2000 m in coming 30 years. As due to diver safety, 
manual underwater welding is only permitted up to the depth of 180 m. MIG welding 
and laser welding are getting popularized now a days which can be done with the 
help of a robotic manipulator controlled from a remote location. These two robotic 
welding processes have various advantages over the other depending upon the type of 
robot, depth of water, and field of application. Like robotic laser welding mainly used 
in nuclear power plants and local dry arc welding is used in subsea pipe repairing, 
ship, vessel, and underwater structure surface crack welding. However, there are 
still challenges that need to be addressed to further improve and expand its use. This 
review paper provides an overview of the current state of the art in underwater robotic 
welding and its applications, and highlights the potential for future developments in 
this field. 

6 Future Scope for Research 

The future of underwater robotic welding is promising, with increasing demand 
for advanced and efficient welding solutions in various industries. As technology 
continues to advance, it is likely that underwater robotic welding will become more 
widely used and its applications will expand. Some areas where the future scope of 
underwater robotic welding may be promising include:

. Development of new and advanced welding techniques.

. Improving safety and efficiency.

. Improved cost-effectiveness.

. Inspection of weld bead.

. Development of new nozzle for local dry welding. 
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Estimation of Life and Wear Rate 
of Tibial Insert for Total Knee 
Arthroplasty (TKA) Using Finite 
Element Method Approach 

Ajeesh M. Kurup and Rajesh Kumar Bhushan 

1 Introduction 

Total knee arthroplasty (TKA) is a surgical method of replacing load-bearing surfaces 
present in the knee joint to heal pain bearing section and inability areas of the joint. 
Knee replacement is a surgical technique that has been carried out mostly during 
cases like osteoarthritis. The condition of infected knee joint components in patients 
is described in various medical literature [1]. Generally, important reasons for knee 
prosthesis damage are fatigue fractures of metal components and wear of ultra-high-
molecular-weight polyethylene (UHMWPE) components [2, 3]. In-vitro simulations 
can be a very effective tool for estimating the behavior of newly designed prostheses 
and materials during the time of wear. Pre-clinical analysis of components is neces-
sary to know the probability of failure and wear rate with time [4]. In real life, it 
is difficult to get the same flexibility and dynamic movement of knee joints after 
implantation. 

Although the success of TKR is very well, in some patients, there is still some 
pain that remains during motion. This might be due to some surgical errors, which 
can further lead to a different biomechanical behavior than what the prosthesis was 
designed for. [5, 6]. Because of wear and fracture of the tibial insert material, it is 
obvious that the stability of the knee joint is of limited time. If total knee replacement 
is done on an elderly patient whose life expectancy is shorter than the life span of that 
prosthesis, then total knee replacement is a better solution for them but if TKR is done 
for a youngster then after some time when the prosthesis material starts degrading 
due to wear then further surgery is required. Therefore it is necessary to estimate the 
life of knee joint prosthesis, and reasons for the wear rate and the suitable material 
for a prosthesis with less wear and tear properties.
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Table 1 Material properties used for analysis [7, 8] 

Material Density 
(g/cm3) 

Young’s 
modulus(Pa) 

Poisson’s 
ratio 

Yield 
strength(Pa) 

Ultimate 
strength(Pa) 

UHMWPE 0.94 6.73E + 08 0.31 2.10E + 07 4.90E + 07 
UHMWPE(cross-linked, 
moderated and stabilized) 

0.93 4.63E + 08 0.46 2.20E + 07 5.20E + 07 

Ti6Al4V 4.43 1.10E + 11 0.342 8.85E + 07 9.60E + 08 
CoCrMo 8.30 2.30E + 11 0.3 6.15E + 07 9.80E + 07 

2 Materials and Method 

2.1 Materials 

Here we have chosen bio-materials; ultra-high-molecular-weight polyethylene 
(UHMWPE) and highly cross-linked, stabilized UHMWPE for tibial insert and 
Ti6Al4V and CoCrMo alloy for femoral component for our analysis (Table 1). 

2.2 Method 

The prosthesis geometry has a significant influence on its performance, so we 
modeled the prosthesis according to standard procedure. A knee prosthesis comprises 
a femoral component, tibial component and insert. Insert lies between the femoral 
component and the tibial component. 3D solid models of knee joint prosthetics were 
modeled by using average human data (weight 70 kg). 3D models are modeled 
in CATIA V5R20 after referring to the design standards prescribed by Mallesh and 
Sanjay, 2012. [9]. Here, we have taken design variables such as femoral distal sagittal 
radii of curvature of the condyle (FDSR), femoral posterior sagittal radii of curvature 
of the condyle (FPSR) and distance from the most distal point on condyles to midline 
in the frontal plane (W) as 40 mm, 15 mm, 15 mm, respectively (Figs. 1 and 2).

2.3 Design Modification and Convergence Test 

In finite element meshing, for femur part 10-node quadratic tetrahedron element, 
and for tibia part 8-node linear brick, reduced integration, hourglass control element 
type is chosen. Femur and tibia part consist of 8179 elements, 14,746 nodes and 
8449 elements, 10,144 nodes, respectively. Fine meshing is necessary for accurate
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(a)                                                                          (b)     

Fig. 1 a Assembly of the femur and tibial instances after meshing, b Loading and boundary 
conditions in the simulation model 

(a)                                 (b)                                     (c)                                  (d) 

Fig. 2 Inputs variables applied on the femoral part a Axial loading (N) applied on the knee and 
b Flexion angle applied on the femoral part and Input variables on tibial insert part c AP loading 
(in the y-direction) (in mm) d IE rotation on the tibia (Degree) [10]

results of contact pressure so element size was reduced from 3 to 1 mm in steps of 
0.1 mm. These steps are very important to know; whether results are correct or not. 
If variation in results are more than 5% then the obtained results are considered as 
incorrect. So mesh size of 0.5 mm was taken from this convergence test.
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Table 2 Contact pressure at ISO loadings 

ISO Gait loading (N) 800 1200 2600 800 2450 

Contact pressure (MPa) 17.38 24.09 40.91 17.38 39.74 

2.4 Wear Calculation 

The wear rate calculations are based on a modified form of classic Archard’s law. 
This model was proposed from the classic Archard model, which model was not 
considering the frictional effect on the wear rate. It is a simple abrasive wear model, 
and the equation is [11]; 

H = K × Cp × S × (
1 + 3 × µ2

)0.5 
(2.1) 

where, K = wear coefficient (mm3/Nmm), S = sliding distance or slip (mm), H = 
linear wear (mm), Cp = contact pressure (MPa), µ = coefficient of friction. 

Here, wear coefficient K is given by 

K = (a + b × CSR) 1 c (2.2) 

where a = 8.5173e-65, b = 9.3562e-60 and c = -6.7454, CSR = cross-shear ratio. 

cross shear ratio = work in × direction 
work in both direction 

3 Results 

3.1 Contact Pressure (Cp) 

To calculate the wear rate in prosthesis, analysis of contact pressure is required, so 
through finite element analysis we have to find out the contact pressure (cp). The 
contact pressure induced on tibia insert due to various load is given in Table 2. 

3.2 Wear Depth (H) 

We have calculated the wear rate in prosthesis by using modified wear Archard’s 
equation given in 2.1 and contact pressure given in Table 2. The wear rate is given 
in Tables 3 and 4.
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Table 3 Wear rate by modified Archard law for UHMWPE 

Duration (million 
cycle) 

1 1.5 2 2.5 3 3.5 4 4.5 5 

Wear rate (mm) 0.0289 0.0450 0.0637 0.0848 0.1083 0.1336 0.1597 0.1875 0.2173 

Table 4 Wear rate by modified Archard law for UHMWPE (moderate and stabilized) 

Duration (million 
cycle) 

1 1.5 2 2.5 3 3.5 4 4.5 5 

Wear rate (mm) 0.0200 0.0306 0.0494 0.0634 0.0789 0.0950 0.1121 0.1304 0.1501 

4 Discussion 

The simulations under the ISO loading conditions is very useful to predict the 
behavior of new prosthesis designs and materials during the time of wear and the 
selection of material for the insert plays a significant role in reducing the wear rate. 
Here, by numerical analysis the contact pressure is obtained on the tibial part which 
is shown in Fig. 3 that shows the pressure distribution on meniscus, and by Fig. 3 
we can conclude that the contact pressure is more toward the lateral meniscus than 
the medial meniscus. Modified Archard’s law shows the friction effect on wear rate 
of tibial insert because during motion or movement between two bodies, there is 
always a frictional term that opposes the movement in between the bodies. As per 
the Figs. 4 and 5, the wear rate on both materials shows by the modified Archard 
law theory. Here Figs. 6 and 7 show the comparison of wear rate between the two 
bio-materials. The wear rate on UHMWPE (moderate and stabilized) material shows 
the different patterns here, during the first one million cycle wear rate follows the 
curve shape path, from one million cycles to two million cycles it follows another 
curve path. Further, from two million cycles to five million cycles, the path of the 
wear rate is increased. Similarly, UHMWPE material also follows the curve path 
up to the first one million cycles. Further, from one million cycles to five million 
cycles, it follows the almost linear curve that has a steeper curve compared with the 
UHMWPE (moderate and stabilized). After two million cycles, both materials show 
divergence slope of wear rate. In these studies, the figure shows the wear rate on 
UHMWPE has more compared with UHMWPE (moderate and stabilized) material.
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(a) (b) 

(c) (d) 

Fig. 3 Contact pressure obtained with different gait loading, a 800 loading, b 1200 loading, c 1800 
loading d 2450 loading 

Fig. 4 Wear rate for 
UHMWPE
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Fig. 5 Wear rate for UHMWPE (modified and stabilized) 

Fig. 6 Wear rate with time
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Fig. 7 Wear rate (depth) for both material by modified Archard law 

5 Conclusion 

The linear wear rate on UHMWPE materials has calculated with the modified wear 
methods. Wear analysis through modified Archard law needs wear factor or wear 
coefficient for calculation of wear rate and volume; as per pin on the plane test, basic 
way to analyze the wear factor is by simulation in ABAQUS/Explicit v6.14 and find 
out the cross-shear ratio that is the function of wear factor. From this, wear factor 
for conventional UHMWPE and cross-linked (moderated and stabilized) UHMWPE 
have been analyzed on our prosthetic model and wear rates are calculated. Wear 
rates of UHMWPE (moderate and stabilized) by modified Archard wear method is 
0.1501 mm/5million cycles and for UHMWPE materials also calculated wear rate 
by modified Archard law is 0.2173 mm/5 million cycles are observed. After all the 
analysis, we concluded that UHMWPE materials experience total damage rate that 
occurs on tibial insert is more compared with UHMWPE material that moderated by 
sterilization process and by cross-linking and stabilization; material properties are 
improved, hence it decreases the rate of total damage rate on tibial insert.
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Numerical Analysis on the Performance 
of Nitrogen Pulsating Heat Pipe 

K. Satyanarayana, N. V. S. M. Reddy, P. Rosang, and S. Venugopal 

1 Introduction 

Conduction cooling cryocoolers are used in many industrial applications to keep 
equipment at a constant temperature such as MRI scanning systems and semicon-
ductor cooling in transportation. To ensure the continuous cooling effect of equipment 
(accessories electronic modules), electronic devices are kept in close contact with the 
cryocooler. The vibrations produced by cryocoolers harm performance and shorten 
the life of electronic devices. A passive heat exchanging device known as a pulsating 
heat pipe (PHP) is required to operate as a heat exchanger between the device hotspot 
and cryocoolers. A PHP is a continuous and long capillary tube bent into turns to 
form a meandering tube, which is invented by Akachi [1] in 1990. PHP is mainly 
consisting of evaporator, adiabatic, and condenser sections. Choosing of working 
fluid is crucial to use the PHP in cryogenic applications which work at a definite 
range of temperatures [2]. Experimental investigations are carried out by researchers 
to understand the performance of PHP in different working fluids, such as nitrogen 
[3] and neon [4]. 

Computational Fluid Dynamics (CFD) simulations have gained a significant focus 
in examining PHP performance. Lin et al. [5] used a 2D simulation using water 
as the working fluid to investigate the flow and thermal performance of PHP and 
discovered that the oscillation phenomena are mostly caused by pressure differences. 
Pouryussefi et al. [6] carried out a two-turn water-based PHP numerical simulation. 
They investigated the chaotic flow of fluid within the PHP using a nonlinear analysis 
of adiabatic wall temperature. Wang J et al. [7] conducted a CFD analysis at a low 
heat flux boundary condition. They discovered that hydrophilic surfaces had higher 
heat resistance than hydrophobic ones. Xie et al. [8] performed a 2D numerical study
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to analyse the multisource heating impact in PHP with the various flow geometries. 
They discovered that right-angled elbow PHP performed better thermally than tradi-
tional PHP. Satyanarayana et al. [9, 10] described a similar type of work in which 
they did a 2D numerical analysis using ANSYS FLUENT software to enhance the 
unidirectional flow by introducing an extra branch (AB) in the PHP. Their findings 
show that the AB in the evaporator section improves starting time, flow velocity. 
Furthermore, the results showed that PHP with AB improves heat transport in low-
tilt angles. To cool the superconductor magnet at various temperatures, Sagar et al. 
[11] used a 2D numerical simulation on a six-turn PHP with nitrogen as the working 
fluid (115, 105, 95, and 85 K). They used an adiabatic time series analysis to identify 
the dominating frequency and discovered a dominant between 0.25 and 1.85 Hz. 

According to the preceding literature, most CFD analysis is available for water-
based PHP operating at room temperature. There has been very little work docu-
mented on cryogenic PHP functioning at low temperatures. The working fluid used 
in cryogenic PHPs has different properties from those used in room temperature 
PHPs, particularly the contact angle, latent heat of evaporation, viscosity, surface 
tension, and so on. As a result, the available computational and experimental data 
at ambient temperature cannot predict the performance and fluid flow within the 
cryogenic PHP. Therefore, a numerical analysis was carried to better understand the 
thermal behaviour and fluid flow of PHP at cryogenic temperatures using nitrogen 
as the working fluid. 

2 Physical Model 

The fluid domain and geometric specifications of the PHP are shown in Fig. 1a. 
Nitrogen is employed as the working fluid, and a filling ratio of 60% is used in 
the bottom heating mode. The diameter of the PHP is calculated using the Bond 
number. At the current operating temperature and fluid properties, the diameter (D) 
of the channel is set at 1 mm to ensure adequate distribution of liquid slugs and 
vapour plugs. The PHP has a height of 400 mm, with the condenser, evaporator, 
and adiabatic lengths of Lc = 150, Le = 100, and La = 150 mm, respectively. The 
simulations were carried out with a wall temperature of 76 K in the condenser and 
115 K in the evaporator and with a constant wall heat flux in the adiabatic region. 
The quadrilateral mesh of size 0.16 mm was employed in the simulation as shown 
in Fig. 1b. The entire computational domain is split into two sections, the bottom 
one representing the liquid nitrogen phase and the top one representing the vapour 
phase. As shown in Fig. 1c, the bottom area is patched with 1 and the upper section 
with 0 to distribute the liquid and vapour phases (filling ratio of 60%). To capture the 
small movement of two-phase fluid, 0.0001 is considered as a time step by satisfying 
the Courant number 0.25. For all parameters, the residual is set to 0.00001. The 
simulations are carried out in the ANSYS FLUENT 17.0 software package using the 
CFD approach, and the VOF model is employed to represent the two-phase fluid flow 
inside the PHP. The initial flow velocity is set to zero. Transient time conditions are
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Fig. 1 a Physical model, b 0.16 mm mesh size, and c 60% filling ratio 

used to capture fluid flow with respect to the flow time. For pressure velocity coupling, 
the SIMPLE algorithm is used. Under discretisation, the geo-reconstruction scheme 
is used for volume fraction and first-order discretization for energy and momentum 
equations. 

3 Governing Equations 

The volume of fluid model is used to capture the interface between the two phases of 
working fluid [12, 13]. The conservation equations of mass, momentum, and energy 
used to simulate the fluid flow are given as Eqs. 1, 2, and 3 respectively. 

∂α 
∂t 

+ ∇.(→vα) = 
Sm 
ρ 

(1) 

d(ρ→v) 
dt 

+ ∇.(ρ→v→v) = ρ →g + ∇.
[
μ(∇→v)T

]
− ∇  p + Fσ (2) 

d(ρ E) 
dt 

+ ∇.
[→v(ρ E + p)

] = ∇.(keff∇T ) + Sh (3) 

where →v, ρ, and Sm are the velocity, density, and mass source terms in the conser-
vation equation, whereas α, g, and p are the volume fraction, gravity, and pressure 
in the momentum equation. Fσ term induced by surface tension forces generated by 
cohesive interactions between fluid molecules and curved interface. Where k and Sh 
are the thermal conductivity and heat source terms in the energy equation.
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4 Results 

4.1 Grid Independence Test and Validation 

A series of simulations with similar working conditions and different cell sizes (0.12, 
0.11, 0.1, 0.09, and 0.08 mm) are conducted to predict that the grid size does not 
affect the simulation results. In all simulations, the average temperature difference 
is used as a reference. The temperature difference is similar for grid sizes of 0.1, 
0.09, and 0.08. To save computational time and space, a 0.1 mm cell size is used to 
simulate the PHP. To validate the current model, a PHP of [11] is replicated with 
similar physical and boundary conditions at an evaporator temperature of 95 K and 
a 42% filling ratio. The average flow velocity of the current model with existing data 
[11] is compared, and the results show an error of less than 10%. 

4.2 Volume Fraction and Start-Up Process 

Vapour contours are examined to understand the development of two-phase fluid 
flow inside PHP. Blue colour represents the liquid nitrogen and red represents the 
vapour phase. Initially, i.e. when (t = 0), 60% of the PHP is filled with liquid and 
the remaining 40% is filled with vapour, which represents the 60% filling ratio of 
working fluid inside the PHP as depicted in Fig. 2a. As the wall temperature of the 
evaporator increases, nucleation is observed at the walls of the evaporator section. 
As time passes, the nucleation process turns to the formation of small bubbles inside 
the evaporator section. The initial nucleation process is observed at the time (t = 
0.045 S) as depicted in Fig. 2b. Further, the small bubbles start to coalesce with the 
neighbour bubbles and form a small vapour plug at time t = 0.123 S as shown in 
Fig. 2c. As time rises, the whole PHP is filled with the train of slugs and plugs Fig. 2d.

The increase in vapour plug size in the evaporator represents the transfer of latent 
heat from working fluid to increases. On contrary, in the condenser section, the 
vapour plugs lose their latent heat and liquid slugs lose the sensible heat. As the 
heat transfer increases, the pressure between the adjacent vapour plug and slug’s 
increases, resulting in the pressure difference of the evaporator, condenser section, 
and adjacent limbs of the PHP. As a consequence, the working fluid starts to oscillate 
towards the condenser section and starts circulating in the clockwise direction; such 
a process is called the start-up process. In the current simulation, it took 4.2 s to 
initiate the start-up process. 

Evaporator and condenser heat fluxes (WHF) are studied quantitatively to under-
stand the start-up process, as shown in Fig. 3. The WHF is calculated using ANSYS 
CFD-Post (post-processing). The sum of T0 and T1 represents PHP’s start-up time 
[8]. From Fig. 3, it is noticed that the time taken for the start-up process is 4.2 s.
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Fig. 2 a Initial distribution of working fluid, b nucleation process, c coalesces of vapour plugs, 
d vapour plugs and slugs in PHP

Fig. 3 Heat flux of evaporator and condenser
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Fig.4 a Average flow velocity, b PSD of flow velocity 

4.3 Flow Velocity 

A quantitative analysis is carried out to understand the flow velocity in PHP. Points 
1–8 are tracked to obtain the temporal variation of displacement of vapour plugs 
and liquid slugs in the PHP. Figure 4a depicts the average flow velocity in PHP. The 
peak working fluid velocity of 0.286 m/s is noticed inside the PHP. The average 
velocity of 0.08 m/s is maintained throughout the flow time. To understand the 
oscillation frequency of velocity in PHP, a nonlinear analysis of average flow velocity 
is conducted. The time series data of velocity at Points 1 and 4 are continuously 
monitored and analysed by Power Spectrum Density (PSD). Figure 4b shows  the  
PSD analysis of average fluid flow velocity concerning the frequency. Spikes in 
Fig. 4b represent that flow is periodic with the highest frequency at 0.2886 Hz. 

4.4 Temperature Difference 

The temperature gradient is one of the strategies to understand the PHP thermal 
performance. Lower the difference in temperature between the condenser and evap-
orator sections, the lower the thermal resistance of the PHP. Points 1–8 are contin-
uously monitored to obtain the temperature values in the evaporator and condenser 
sections. The average temperature of Points 1–2-3–4-5–6 represents the tempera-
ture of the evaporator section, whereas Points 7–8 represents the temperature of the 
condenser section. Figure 5 shows the temporal variation of the difference in temper-
ature between the condenser and evaporator sections. In the current simulation, the 
average difference in temperature is maintained as 30 K.
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Fig. 5 Difference in temperature between condenser and evaporator sections 

5 Conclusion 

To understand the performance of PHP in cryogenic cooling, a 2D numerical simula-
tion is performed using Computational Fluid Dynamics (CFD) techniques. Nitrogen 
is considered the two-phase fluid of PHP with a 60% filling ratio. The analysis is 
carried out at a cryogenic condition of 75 K and 115 K in condenser and evaporator 
sections, respectively. The VOF model is used to track the interface between the 
liquid and vapour phases of the working fluid. The primary findings of the study are 
as follows: 

• The initial nucleation process is noticed at (t = 0.04 S), and the coalescence of 
vapour bubbles with neighbouring bubbles is observed at (t = 0.123 S). At time 
t = 4.2 S, the start-up process is observed. 

• Following the plugs and slug’s distribution, the working fluid begins to circulate 
clockwise. The greatest flow velocity measured is 0.28 m/s. The periodic nature 
of flow velocity is seen at 0.2886 Hz based on the nonlinear analysis of flow 
velocity. 

• The temperature gradient is utilised to comprehend PHP’s thermal behaviour. The 
PHP maintains an average temperature differential of 30 K during the flow time.
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Vibrational Nature of an Unbalanced 
Rigid Rotor System with Three Discs 
Secured by Two Active Magnetic 
Bearings 

Prabhat Kumar, Maruvada Sanket, Suyash Srivastav, 
and Tanmay Dinesh Madav 

1 Introduction 

High-speed rotating systems are widely used in a variety of applications such as 
gas turbines, centrifugal pumps, aircraft engines [1, 2]. Conventional bearings are 
utilized in these rotating machines to stabilize the rotor by physical contact [3–6], but 
more recently, Active Magnetic Bearings (AMBs) have been developed that utilize 
electromagnetism to levitate the rotor system [7]. The advantage of this type of system 
is that it does not require any lubrication, due to which the load can be suspended 
with no friction, which can eliminate wear and avoid failure, due to which there is a 
cost down in maintenance [8–11]. The spinning machinery may go through a phase 
where the rotor starts to vibrate with a lot of amplitude and even fails while obtaining 
this high speed. This issue arises as a result of an unbalance. Nordmann and Aenis 
[12] have used AMBs with developed built-in software for the analysis of centrifugal 
pumps. De Queiroz [13] has used a method for identifying parameters responsible for 
unbalance in a Jeffcott rotor using an effective and study control mechanism. Markert 
et al. [14] developed a least-squares fitting approach-based and model-based method 
for the online detection of errors in rotor systems. For the purpose of identifying an 
unbalance defect in a two ball bearings supported rotor system, Sudhakar and Sekhar 
[10] used three distinct methodologies based on the least-squares fitting approach. 
Clark et al. [7] demonstrated the superiority of AMB technology over the widely 
utilized conventional bearings’ technology in the aerospace industry. Lal and Tiwari 
[6] created an estimation technique to evaluate the bearing and coupling dynamic 
characteristics, finding unbalances at rotor planes, and misalignment forces for a test 
setup containing a misaligned turbogenerator. Kumar and Tiwari [15–17] put out
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an advanced method to calculate the misalignment and unbalance in a stiff rotor-
AMB systems. Alves and Cavalca [18] have employed a method that utilized linear 
hydrodynamic force or nonlinear hydrodynamic force models to find rotor-bearing 
system unbalance at single rotational speed. Nayek et al. [19] computed the inertial 
characteristics of a rotor with an unbalance in AMB in a noisy environment. Yun 
et al. [20] have employed a method for determining the multiplane rotor’s imbalance 
parameters. Majumder and Tiwari [21] have used AMB and conventional bearings 
to analyze a geared rotor system. For the estimate of sensors misalignment, rotor 
unbalance, misalignment of AMBs, and their stiffness characteristics in a floating 
rotor-bearing system, a novel mathematical technique has recently been developed 
[22]. Ma et al. [23] have designed a six-pole AMB to overcome the asymmetry 
problems faced in three-pole magnetic bearings. Fuzzy active controller technique 
was utilized by them for stable levitation of the rotor in air. 

Based on studying various literatures, it has been observed that researchers are 
greatly focusing on AMB technology as a vibration controller and fault identification 
tool. Papers have been also found in the development of more effective and efficient 
six-pole actuators. However, in both transient and steady-state settings, this work 
presents the vibrational properties of an inelastic rotor system that is magnetically 
levitated and connected to three discs. 

2 Model of the Rotor-AMB System 

Figure 1 depicts the rotor system used for this study. The rotor is having supports of 
two AMBs (i.e., AMB1 and AMB2) at their end positions. Three discs are present 
in the rotor system, in which two discs, i.e., OFD1 and OFD2 are at the offset 
positions and one disc, i.e., MD is at the middle position. It should be noted that 
the motion in horizontal (z-axis) and vertical (x-axis) directions is considered to be 
the translational degrees of freedom. The gyroscopic effect resulting from offset 
discs has been considered. This was due to their tilting positions during operation. 
However, the middle disc does not induce gyroscopic moment as it does not tilt while 
in rotational motion. Discs can be visualized as flywheels, pump impellers, turbine 
blades, etc. The symbol G represents the rotor center of gravity. Here, l1, l2, and 
l3 are considered to be the distances of OFD1, OFD2, and MD from the point of 
center of gravity, respectively. The respective distance between point G and AMB1 
as well as point G and AMB2 is symbolized, respectively, by a1 and a2. The rigid 
rotor translational and angular movements in the (x–z) and (y–z) planes are shown in 
Fig. 2. This figure also depicts the displacements at different locations of the shaft, 
where AMBs and discs are located.
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Fig. 1 Two active magnetic bearings supporting a three-disc rotor system 

Fig. 2 Rigid rotor 
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3 Development of Equations of Motion 

Following Fig. 2, AMB1 and AMB2 can be used to express the translational displace-
ments (i.e., x, y) and rotational displacements (i.e., ϕy, ϕx) of the rigid shaft at the 
center of gravity, 

x = ā2x1 + ā1x2; y = ā2 y1 + ā1y2 
ϕy = (−x1 + x2)/ l; ϕx = (y1 − y2)/ l (1)
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with a1 = a1 l ; a2 = a2 l . 
The force due to unbalanced discs, i.e., OFD1, OFD2, and MD can be expressed 

as, 

fux1 = md1e1ω2 cos(ωt + β1); fuy1 = md1e1ω2 sin(ωt + β1) 
fux2 = md2e2ω2 cos(ωt + β2); fuy2 = md2e2ω2 sin(ωt + β2) 
fux3 = md3e3ω2 cos(ωt + β3); fuy3 = md3e3ω2 sin(ωt + β3) 

, (2) 

where the mass of OFD1, OFD2, and MD is represented by md1, md2, and md3, 
respectively. The eccentricities and phases of the respective discs unbalance are (e1, 
e2 and e3) and (β1, β2 and β3). Here, the symbol ω is the rotor rotational speed. 
Further, the linearized force due to AMB, f A [24], can be written as a summation of 
force component due to displacement stiffness and current stiffness parameters, as 

f A = ksux + ki ix ; ix = −
(
kPux + kI

∫
ux dt + kD u̇x

)
(3) 

with ks = 4ki2 0 
s3 0 

; ki = 4ki0 
s2 0 

; k = 1 4 μ0 N 2 Aa cos α 
2 , 

where ux is the displacement of shaft at AMB, ix is the controlling current 
from proportional–integral–derivative (PID) controller (kP is the proportional gain 
constant, kI is the integral gain constant, and kD is derivative gain constant), ks is 
force–displacement, and ki is force–current stiffness factor. The variables s0, i0, μ0, 
N, Aa, α stand in for the clearance between the rotor and stator, bias current, vacuum 
permeability, number of rotating coils, area of the magnetic pole, and angle between 
two neighboring magnetic poles, respectively. The force in the x- and y-directions 
due to the anisotropic and dissimilar characteristics of AMB1 and AMB2 can be 
represented as, 

f Ax1 = ksx1x1 + kix1ix1; f Ay1 = ksy1y1 + kiy1iy1 
f Ax2 = ksx2x2 + kix2ix2; f Ay2 = ksy2 y2 + kiy2iy2 . (4) 

Due to anisotropic nature of AMB, the displacement and current stiffness prop-
erties of AMB will be different in the x- and y-directions. Therefore, the AMB force 
in the x- and y- directions will be also different (this can be seen from Eq. (4)). For 
developing equations of motion, the moment equilibrium method has been utilized 
with consideration of moment equilibrium about AMB2 and AMB1 centers in the 
(x–z) plane and (y–z) plane. Moments are also being considered due to the unbalance 
force of OFD1, OFD2, and MD, inertia moment of the rotor, gyroscopic moment due 
to OFD1 and OFD2, moment due to AMB force. Please note that the moment due to 
AMB2 force about AMB2 center will be zero and the moment due to AMB1 force 
about AMB1 center will be zero, as the line of action of the force passes through the 
same point about which moment is taken. With this concept, the equations of motion 
in matrix form are given as
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M�
.. 
u(t) − ωG�

. 
u(t) = fu + fA (5) 

with M = 

⎡ 

⎢⎢⎣

(
ma2 2 + id

)
0 (ma1a2 − id ) 0 

0
(
ma2 2 + id

)
0 (ma1a2 − id ) 

(ma1a2 − id ) 0
(
ma2 1 + id

)
0 

0 (ma1a2 − id ) 0
(
ma2 1 + id

)

⎤ 

⎥⎥⎦;G = 

⎡ 

⎢⎢⎣ 

0 i p 0 −i p 
i p 0 −i p 0 
0 −i p 0 i p 

−i p 0 i p 0 

⎤ 

⎥⎥⎦; id = Id l2 ; iP =
( IP1+IP2+IP3 

l2
); l1 = l1 l ; l2 = l2 l ; l3 = 

l3 
l . 

The rotor displacement vector at AMB locations is written as

�u(t) = {
x1 y1 x2 y2

}T 
. (6) 

The unbalance force vector is expressed as 

fu = 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

md1e1ω
2 cos(ωt + β1)

(
a2 + l1

) + md2e2ω
2 cos(ωt + β2)

(
a2 − l2

)
+ md3e3ω

2 cos(ωt + β3)
(
a2 + l3

)
md1e1ω

2 sin(ωt + β1)
(
a2 + l1

) + md2e2ω
2 sin(ωt + β2)

(
a2 − l2

)
+ md3e3ω

2 sin(ωt + β3)
(
a2 + l3

)
md1e1ω

2 cos(ωt + β1)
(
a1 − l1

) + md2e2ω
2 cos(ωt + β2)

(
a1 + l2

)
+ md3e3ω

2 cos(ωt + β3)
(
a1 − l3

)
md1e1ω

2 sin(ωt + β1)
(
a1 − l1

) + md2e2ω
2 sin(ωt + β2)

(
a1 + l2

)
+ md3e3ω

2 sin(ωt + β3)
(
a1 − l3

)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭ 

. (7) 

The AMB force vector is given as 

fA =
{
f Ax1 f Ay1 f Ax2 f Ay2

}T 
. (8) 

On substituting Eq. (4) into Eq. (8), the AMB force vector and controlling current 
vector can be given as 

fA = Ks�u(t) + Ki i(t); i(t) = −
{
kP�u(t) + kI

∫
�u(t) dt + kD�

. 
u(t)

}
, 

(9) 

i(t) = {
ix1 iy1 ix2 iy2

}T 
(10)
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with Ks = 

⎡ 

⎢⎢⎣ 

ksx1 0 0 0  
0 ksy1 0 0  
0 0  ksx2 0 
0 0 0  ksy2 

⎤ 

⎥⎥⎦; Ki = 

⎡ 

⎢⎢⎣ 

kix1 0 0 0  
0 kiy1 0 0  
0 0  kix2 0 
0 0 0  kiy2 

⎤ 

⎥⎥⎦. 

4 Results and Discussion 

In this section, the equations of motion (i.e., Eq. (5)) have been solved by developing 
a SIMULINK™ model (refer Fig. 3) in MATLAB (Version R2020b) and employing 
Runge–Kutta method with step size of 0.0001 s. The values of various rotor-AMB 
parameters taken for numerical simulation are given in Table 1. The solution of the 
matrix gave the linear rotor displacement (i.e., the elements of Eq. (6)) and controlling 
current (i.e., the elements of Eq. (10)) at AMB1 and AMB2 locations. Linearity is 
existing in the system for least vibrations of the rotor [25]. Figure 4 shows the system 
responses (in the time frame) at 35 Hz frequency for the initial transient state at AMB1 
location. 

Further, Fig. 5 shows the orbital plot of the responses for the transient state at the 
AMB1 position (i.e., displacement in x versus displacement in y-direction as well as 
current in x-direction versus current in y). The rotor is given an operational speed of 
35 Hz (i.e., 220 rad/s).

Further, the responses have been also studied for steady-state behavior for the 
rotor-AMB arrangement. Figure 6 shows the time-domain map of the displacement 
at AMB1 and AMB2. It was noticed that the greatest values of x- and y-directional 
displacements at AMB1 are 1.25 × 10–4 m and 1.02 × 10–4 m, respectively. At 
AMB2, the x- and y-displacements are, respectively, 6.94 × 10–5 m and 7.19 × 
10–5 m. Likewise, Fig. 7 displays the time-domain plot for regulating current at 
AMB1 and AMB2. It is discovered that the highest x- and y-current values at AMB1 
are 0.717 A and 0.569 A, respectively. The displacements at AMB2 are 0.396 A and 
0.400 A in the x- and y-axes. The displacement and controlling current orbital plots at 
AMB1 and AMB2, separately, are depicted in Figs. 8 and 9. The orbits are observed 
to be elliptical in nature with some asymmetricity. This was due to discs’ unbalance 
force with anisotropic as well as different behaviors of both AMBs.

Fig. 3 Simulink model developed in MATLAB
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Table 1 Assumed values of 
rotor-AMB system for 
numerical simulation 

Rotor-AMB parameters Assumed values 

Mass of the complete rotor 
(m) 

5.11 kg 

Eccentricity of disc 1, disc 2, 
disc 3 (e1, e2, e3) 

80, 100, 110 µm 

Unbalance phase (β1, β2, 
β3,) 

20, 30, 35 deg 

Force–displacement stiffness 
of AMB 1 (ksx1, ksy1) 

1.7415 × 105, 1.95  × 105 N/m 

Force–displacement stiffness 
of AMB 2 (ksx2, ksy2) 

3.6571 × 105, 3.83  × 105 N/m 

Force–current stiffness of 
AMB 1 (kix1, kiy1) 

34.82, 36.20 N/A 

Force–displacement stiffness 
of AMB 2 (kix2, kiy2) 

73.14, 75.40 N/A 

PID controller parameters 
(kP, kI, kD) 

5500 A/m, 8000 A/m-s, 3 A-s/ 
m 

Fig. 4 Rotor system responses for initial transient state a, b x- and y-directional displacement at 
AMB1 location c, d x- and y-directional currents at AMB1
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Fig. 5 For the initial transient condition at AMB1, the orbital response a displacement orbit 
b current orbit

Fig. 6 a, b x- and y-displacement at AMB1 c, d x- and y-displacement at AMB2
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Fig. 7 a, b Current in x- and y-direction at AMB1 c, d current in x- and y-direction at AMB2 

Fig. 8 Steady-state orbital plots at AMB1 for a displacement b current, at 35 Hz angular frequency

5 Conclusions 

In this paper, an unbalanced rigid rotor with three discs having two AMB supports 
has been successfully modeled and the equations of motion were derived using 
moment equilibrium method. For the initial transient and steady-state circumstances, 
displacement and controlling current have been established at AMB1 and AMB2. 
The time-domain responses were of harmonic in nature due to sinusoidal nature of 
unbalance force. Moreover, the orbital plots were found to be elliptical in nature.
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Fig. 9 Steady-state orbital plots at AMB2 for a displacement b current, at 35 Hz angular frequency

Because of their anisotropic nature and differences, the displacement values and 
current values at AMB1 and AMB2 did not match. The finite element modeling and 
response analyzation of the assessed rotor-AMB system in the frequency spectrum 
and with noise effect will be a great work for the future. 
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Numerical Simulation of Sandwiched 
Composite Armor Subjected to Velocity 
Impact 

Jitendra Rajput, Rajesh Kumar Bhushan, and Azhar Jamil 

1 Introduction 

Over the past decades, body armors have become a hotspot for research because of 
increasing the global terrorism and civil conflicts, which protect the person against 
impact caused by projectile fired by arms. Traditional body armors are made of 
ceramics, transparent glasses, and metals which are heavy and rigid [1]. Several 
researchers are aimed to design high-stiffness and lightweight structures to improve 
the impact performance and minimize the damage size under velocity impact [2]. A 
sandwich panel is a composite that is fabricated by attaching a thick core between two 
thin but stiff skin. The thin skin is usually made of metal or high-strength composite 
face sheets [3]. The traditional armor uses are limited due to their shortage of flexi-
bility, and these armors can hardly protect legs or arms. So, the researchers focused 
more and more on reducing the weight of body armor and improving flexibility while 
keeping the same impact resistance [4–6]. Kevlar is an aramid fiber with having 
lightweight high-stiffness ratio which has been widely used as the base material in 
soft body armor because of its modulus, toughness, high strength, and stability [7, 
8]. To further improve the impact resistance, numerous methods have developed to 
modify aramid fabrics. Nowadays, multilayer aramid fibers were used to develop 
body armor due to their lightweight high-strength ratio [9].
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2 Problem Formulation 

Impacts are usually two types, low-velocity impact and high-velocity impact. The 
projectile’s kinetic energy is directly proportional to the mass of the projectile and 
also depends on the barrel of the gun. For low-velocity impact short barrel gun and for 
high-velocity impact long barrel gun are preferred [10]. The kinetic energy of a bullet 
is transferred to the targeted sandwiched composite plate when impact takes place 
which decreases the kinetic energy of the bullet and increases the internal energy of 
sandwiched composite plate. The generated longitudinal and transverse waves travel 
to the end of the plate [11]. For different materials, different mechanism dominates. 
So, the energy transferred to the sandwiched plate is calculated by Eq. (1) and the 
ballistic limit can be determined by Eq. (2). 

Etr = 1 
2 
m p

(
V 2 i − V 2 r

)
, (1) 

V50 =
/(

V 2 i − V 2 r

)
. (2) 

3 Finite Element Modeling 

A finite element model of the composite plate is developed to model the velocity 
impact behavior of the Kevlar-29 sandwich panel with Al6061 T6 skin. For finite 
element analysis, ANSYS AUTODYN is used which relates the stress–strain relation 
and gives optimum results. The meshed model and ACP Model are shown in Fig. 1. 
The composite plate is fixed at all side faces, and the projectile is movable toward 
the center of the plate perpendicularly.

3.1 Geometric Model 

The sandwich panel is modeled with a dimension of 100 × 100 × t mm3, where 
100 mm is the length and breadth t mm is the thickness of the sandwich composite 
plate. This thickness is varying from 1.9 mm to 3.1 mm as the number of Kevlar 
layers varies. The projectile is made in cylindrical form with a hemispherical nose. 
The diameter of cylindrical shank and nose radius is taken as 12.8 mm and 6.4 mm 
simultaneously. The stand-off distance between the striking face of the plate and the 
projectile’s front face is 13.6 mm. For simulation, all side faces of the composite 
plate kept a fixed velocity assigned to the projectile.
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      (a)                                 (b) 

Fig. 1 a Meshed model of plate and projectile. b ACP model of sandwich composite plate

3.2 Meshing 

The meshing of the composite plate is done in such a way that accurate simulation 
results can be obtained. Three sections were created on the target composite plate, 
the first impact zone is where the projectile comes in immediate contact with the 
targeted composite plate, the second one is lesser affected zone, and the third one is 
the outer portion of the composite plate which is the least affected zone. Keeping the 
mesh refined in the impact zone so that an element aspect ratio will be close to unity 
as possible. 

The element size is given as: 

Element Size = Thickness of plate 

Number of elements along the thickness 
. 

3.3 Materials Used and Properties 

See Tables 1, 2, 3, and 4. 

Table 1 Material parameters of Kevlar-29 in ANSYS [13] 

Density 
(kg/m3) 

E11, E22 
(MPa) 

E33 
(MPa) 

G12 
(MPa) 

G23G13 
(MPa) 

ν12 ν23, ν13 Compressive 
yield strength 
(MPa) 

Tensile yield 
strength 
(MPa) 

1440 18,500 6000 770 5430 0.25 0.33 185 1850
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Table 2 Material properties of Johnson Cook (JC) material model used in ANSYS simulations for 
Al 6061-T6 [12] 

Density 
(kg/m3) 

Yield 
stress, A 
(MPa) 

Hardening 
constant, B 
(MPa) 

Hardening 
exponent, n 

Temperature 
softening 
exponent, m 

Melting 
temperature, 
Tm (K) 

Reference 
temperature, 
Tr(K) 

2700 324.1 113.8 0.42 1.34 925 293.2 

Table 3 Johnson Cook (JC) damage parameters of Al 6061-T6 [12] 

Strain rate constant, 
C 

Reference strain 
rate, ε̇0 (s−1) 

Damage evolution Failure parameters 

D1 D2 D3 D4 D5 

0.002 1 16.5% of Le −0.77 1.45 -0.45 0 1.6 

Table 4 Properties of epoxy 
resin [13] Modulus of elasticity 

(GPa) 
Tensile yield strength 
(Mpa) 

Density (g/cm3) 

42 4.84 1.12 

4 Result and Discussion 

The result shown in Figs. 2 and 3 has been obtained from AUTODYN simulation. The 
model of the sandwiched composite plate has been simulated using ANSYS Explicit 
Dynamics with AUTODYN, and the modeling results were generated. The material 
of sandwiched composite plate and projectile is modeled into ANSYS Engineering 
data. Then, the meshing of the 3D model and contact condition between parts of the 
composite plate have been set up. Finally, the solver like boundary conditions and 
desired solution have been defined.

           (a)                       (b) 

Fig. 2 a Equivalent strain at velocity 100 m/s, at 0.1 ms b Equivalent stresses at velocity 100 m/s, 
at 0.1 ms
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           (a)                       (b) 

Fig. 3 a Equivalent strain at velocity 120 m/s, at 0.1 ms b Equivalent stresses at velocity 120 m/s, 
at 0.1 ms 

At some distance beyond the crack, the fibers are unbroken. They are broken in the 
high-stress region where the tip of the projectile is impacted. Kevlar fibers pull out 
of the matrix immediately behind the crack tip. It is observed that the kinetic energy 
drop of the projectile increases as the target plate thickness increases. The difference 
in kinetic energy drop in the three thicknesses of the composite plate decreases 
at higher-impact velocities. For the hemispherical nose projectile, the difference 
in energy absorption is higher at low impact velocities and reduces at higher-impact 
velocities. Hence studying the obtained result, it is clear that increasing the number 
of Kevlar layers in the sandwiched panel results in a higher reduction of kinetic 
energy. And also observed that the generated waves take more time to propagate in 
the soft sandwiched panel. As the radial part of the projectile comes in contact with 
the targeted composite plate, the nose of the projectile generates a minute fracture in 
it, and this fracture gets enlarged in the form of a star shaped crack, partly because 
the tensile strength is exceeded on the rear side of the target. 

5 Conclusion 

1. Failure mode of the composite plate by hemispherical nose projectile is shearing 
of the plate. A clear-cut plug is obtained from the front Al6061 T6 plate and 
middle Kevlar-29 plate. The plug of the Kevlar-29 plate was split into three layers. 
Failure of the rear Al6061 T6 plate is somewhat a combination of petalling and 
shearing. 

2. Ballistic limit for higher thickness is higher for hemispherical nose projectile. 
We can say that the composite plate exhibits more resistance to the hemispherical 
nose projectile as number of Kevlar layers increases. 

3. The energy absorbed by the thick plate with a thickness of 3.1 is higher. Hence, 
energy absorbed by the targeted plate increases as thickness increases.
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