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ABSTRACT 

In today’s world machine learning is the most important and powerful technology.It is a tool which convert the 

information into knowledge using various algorithms.It will find the model, patterns etc.It can predict the future 

things using the data for decision making. Intoday’s era proportion of diseases highly increasing due to 

pollution, living of standards and many more reasons.Its data is also available so from that data machine 

learning techniques predict the no of diseases provided the symptoms or characteristics into dataset.It is very 

useful techniques for doctors for decision making and also useful for patients.ML promises upgraded accuracy 

and diagnosis of diseases.This paper studies the analysis of different machine learning algorithm for prediction 

of heart disease,thyroid, diabetes and breast cancer diseases.It carries prognosis of diseases and decision-

making system consequently. 

Keywords: Machine learning, prediction, diseases, techniques 

 

I. INTRODUCTION 

Machine learning is a methodology for devolving computational, mathematical, statically patterns from data. 

Nowadays it is used in various sectors like healthcare, agriculture, business etc. Machine learning algorithms are 

organized into taxonomy, based on the desired outcome of the algorithm. Common algorithm types include:  

1.1Supervised learning   

Where the algorithm generates a function that maps inputs to desired outputs. One standard formulation of the 

supervised learning task is the classification problem: the learner is required to learn (to approximate the 

behaviour of) a function which maps a vector into one of several classes by looking at several input-output 

examples of the function[1]. 

1.2Unsupervised learning   

Which models a set of inputs: labelled examples are not available[1]. 

1.3Semi-supervised learning  

Which combines both labelled and unlabelled examples to generate an appropriate function or classifier[1]. 

1.4Reinforcement learning  

 Where the algorithm learns a policy of how to act given an observation of the world. Every action has some 

impact in the environment, and the environment provides feedback that guides the learning algorithm[1]. 
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1.5Transduction  

Similar to supervised learning, but does not explicitly construct a function: instead, tries to predict new outputs 

based on training inputs, training outputs, and new inputs[1]. 

1.6Learning to learn  

Where the algorithm learns its own inductive bias based on previous experience[1] 

Following figure shows types of machine learning according to taxonomy. 

 

 

                    Fig.1.Types of Machine Learning 

Machine learning algorithms can also be classified according to the type of computation they can perform on a 

given dataset. Common types of computation include[1]:  

 Classification: learn to put instances into pre-defined classes 

 Association: learn relationships between the attributes 

 Clustering: discover classes of instances that belong together  

 Numeric prediction: learn to predict a numeric quantityinstead of a class 

Today, in medical sciences disease diagnostic test is a serious task. It is very important to understand the exact 

diagnosis of patients by clinical examination and assessment. For effective diagnosis and cost-effective 

management, decision support systems that are based upon computer may play a vital role. Health care field 

generates big data about clinical assessment, report regarding patient, cure, follow-ups, medication etc. It is 

complex to arrange in a suitable way. Quality of the data organization has been affected due to inappropriate 

management of the data. Enhancement in the amount of data needs some proper means to extract and process 

data effectively and efficiently[2].The aim of machine learning research in healthcare is not, of course, to 

replace human doctors or nurses, but rather to supplement and provide support where humans struggle. By 

doing precisely what human can’t, namely processing huge amounts of data quickly, machine learning methods 

can both improve the quality and consistency of care on a large scale. Additionally, machine learning has 

promise in aiding more basic research in healthcarerelated fields, such as automated drug discovery, genomics, 

and computational biology[3].Machine learning helps computers to learn and act accordingly. It helps the 
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computer to learn the complex model and predict the data and also has the ability to calculate complex 

mathematics on big data. The machine learning based heart disease predicting systems will be precise and will 

reduce the risk. The value of machine learning technology is recognized well in health care industry which has 

large pool of data. It helps medical experts to predict the disease and lead to improvise the treatment. Machine 

learning predictive models such as decision tree, k-nearest neighbour, logistic regression, random forest, support 

vector machine are utilized to predict whether a person is having disease or not[4]. 

 

II.PREDICTION OF DIFFERENT DISEASES USING DIFFERENT ALGORITHMS 

There are many researchers used many algorithms for prediction of diseases.this paper study different diseases 

heart, breast cancer,thyroid,diabetesdiseases and analysis of the different paper. Following table shows the 

diseases and algorithm used for prediction. 

TABLE I 

Sr.No Name of disease ML algorithms 

1 Thyroid disease Decision tree,SVM, naïve Bayes 

2 Breast cancer disease Random forest, SVM, KNN, NB, 

GA, DT 

3 Heart disease Hybrid ML like SVM,RF, DT, 

KNN 

4 Diabetes disease SVM,Naïve Bayes,RF 

 

1.1Thyroid Disease 

Barik et.al.,[5] presented thyroid disease classification using differential evolution with SVM. The results show 

that the proposed Evolutionary Multivariate Bayesian Prediction classifier model achieves remarkable 

dimensionality reduction from among the 7200 medical datasets obtained from the UCI repository with 21 

attributes (Continuous -15; Discrete - 6). 21 epochs (runs) are carried out for the data and after stabilization, the 

data are classified as Hyper, Hypo and Normal classes. The results are evaluated based on ten evaluation metrics 

and the accuracy of classification is 97.97%. 

Ionińă et.al.,[6] discussed data mining techniques for prediction of thyroid disease analysed and compared four 

classification models: Naive Bayes, Decision Tree, Multilayer Perceptron and Radial Basis Function Network. 

The results indicate a significant accuracy for all the classification models mentioned above, the best 

classification rate being that of the Decision Tree model (accuracy 96.91%). The data set used to build and to 

validate the classifier was provided by UCI machine learning repository and by a website with Romanian data. 

The framework for building and testing the classification models was KNIME Analytics Platform and Weka, 

two data mining software. 

Raghuraman et.al.,[7] presented thyroid disorder blood discovery and prediction using machine learning 

algorithms.an experiment carried out by SVM,decision tree and naïve Bayes algorithms.The dataset contains the 

record of 3500+ patients of almost all age groups. It is observed that the Decision Trees accuracy (97.69%) 

outperformed the SVM accuracy of the network to diagnose the thyroid disease. 

         From above literature decision tree have high accuracy than other classifiers for prediction of thyroid 

disease. 
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1.2Breast Cancer Disease 

Asri et.al.,[8]worked on prediction and diagnosis of breast cancer risk using machine learning.They have used 

DT,SVM,KNN and Naïve Bayes classifier and Wisconsin Breast Cancer (original) datasets is used as data for 

ML. Experiment conducted on WEKA Tools.SVM gives highest accuracy (97.13%) with lower error rate. 

Kumar et al.,[9] discussed an efficient prediction of breast cancer data using data mining technique. For thus 

study they used WBC dataset. Comparing six classification technologies in WEKAsoftware. According to 

accuracy the most accurate result found by SVM classifier (accuracy 97.59%) with low error rate2.41%. 

Ganggayah et.al.,[10]presented analysis of prognostic factors of breast cancer survival using machine learning 

techniques. prediction models were built using decision tree, random forest, neural networks, extreme boost, 

logistic regression, and support vector machine Model evaluation using random forest algorithm yielded slightly 

better accuracy (82.7%) when compared to other algorithms. The important variables identified in this study 

were cancer stage classification, tumour size, number of total axillary lymph nodes removed, number of positive 

lymph nodes, types of primary treatment, and methods of diagnosis. 

A. LG and E. AT[11] used three machine learning algorithms for predicting breast cancer recurrence. They 

implemented machine learning techniques, i.e., Decision Tree (C4.5), Support Vector Machine (SVM), and 

Artificial Neural Network (ANN) to develop the predictive models. The patients were registered in the Iranian 

Center for Breast Cancer (ICBC) program from 1997 to 2008. The dataset contained 1189 records.The SVM 

classification model predicts breast cancer recurrence with least error rate and highest accuracy (95.7%). The 

predicted accuracy of the DT model is the lowest of all. The results are achieved using 10-fold cross-validation 

for measuring the unbiased prediction accuracy of each model. 

             From above literature SVM is the best classifier with high accuracy for predicting breast cancer. 

1.3HeartDisease 

Lakshmanarao et al.,[12] has built a prediction model for heart disease using ML technique. They used Decision 

tree, Support Vector Machine, K Nearest Neighbour and Random Forest algorithms are used in the prediction of 

heart disease and hybrid of these algorithms provides 94 % accuracy.This method proved the accuracy of 

highest prediction rate. 

Lutimathet al.,[13]they built up a productive strategy to procure the clinical and ECG information, in order to 

group the information in unsupervised way utilizing k-means clustering technique to precisely analyze the heart 

and anticipate irregularities assuming any. The general procedure can be ordered into three stages. At last they 

utilizedthis two information’s i.e. ECG and clinical information for grouping by k-means approach for ordering 

the coronary illness and to anticipate variations from the norm in the heart or it's working by contrasting the 

class and the real class. They at that point locate the most imperative highlights of the dataset utilizing molecule 

swarm enhancement and bolster vector machines coupled together and after that apply a similar calculation on 

the decreased dataset.  They looked at theoutcomes acquired from the original dataset with the reduced dataset. 

Mohan et al.,[14] proposed a novel method that aims at finding significant features by applying machine 

learning techniques resulting in improving the accuracy in the prediction of cardiovascular disease. The 

prediction model is introduced with different combinations of features and several known classification 

techniques. They produced an enhanced performance level with an accuracy level of 88.7% through the 

prediction model for heart disease with the hybrid random forest with a linear model (HRFLM). 
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 From above literature, hybrid machine learning is very useful for prediction of heart diseases. 

1.4. Diabetes Disease 

Fiarni et al.,[15] constructed prediction model of diabetes complication disease using data mining algorithm in 

Indonesia.In this research, the diabetes risk factor narrowed into seven features, which are Age, Gender, BMI, 

Family history of diabetes, Blood pressure, duration of diabetes suffers and Blood glucose level. Naïve Bayes 

and C4.5 decision tree-based classification techniques and k means clustering techniques were used to analysed 

the dataset.accuracy of the proposed model is 68%, with the higest accuracy on Retinophaty prediction model. 

The model generates rule from diabetic medical data into four groups, which are nephropathy, retinopathy, 

neuropathy and mixed complications 

Sisodia et al.,[16] designed a model for prediction of diabetes using classification algorithms.Three machine 

learning classification algorithms namely Decision Tree, SVM and Naive Bayes are used in this experiment to 

detect diabetes at an early stage. Experiments are performed on Pima Indians Diabetes Database (PIDD). 

Results obtained show Naive Bayes outperforms with the highest accuracy of 76.30% comparatively other 

algorithms.The performances of all the three algorithms are evaluated on various measures like Precision, 

Accuracy, F-Measure, and Recall. 

K. and Chitra[17]used SVM for classification of diabetes disease.The Pima Indian diabetic database at the UCI 

machine learning laboratory has become a standard for testing data mining algorithms to see their prediction 

accuracy in diabetes data classification. The proposed method uses Support Vector Machine (SVM), a machine 

learning method as the classifier for diagnosis of diabetes. The machine learning method focus on classifying 

diabetes disease from high dimensional medical dataset. The experimental results obtained show that support 

vector machine can be successfully used for diagnosing diabetes disease.accuracy of SVM is 78%. 

For prediction of diabetes literature said that SVM is best classifier as a prediction model. 

 

III.CONCLUSION 

Machine learning technique is very useful in mathematical, statistical and computational data.A machine 

learning technique plays a very important role in healthcare. due to this we can predict the diseases in short 

time.ML algorithms a very useful and shows its accuracy also. According to accuracy of ML SVM algorithms is 

very useful for prediction of diseases.In thyroid disease prediction decision tree show high accuracy.SVM also 

show high accuracy in breast cancer disease. In heart disease hybrid technique shoe best accuracy and in 

diabetes SVM perform very good accuracy.So above technique is very useful for taking quick decision and for 

predicting any disease. 
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Abstract

Manufacturing is the process of transforming raw materials into a finished product. During this transformation, energy, cutting
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a b s t r a c t

A knee joint sustains entire body load and there is surface contact between femur-patella and femur-tibia
bounded with quadriceps muscles. An injury in knee joint may occur due to osteoarthritis disease which
causes wearing between surfaces and also due to accident which causes muscle breakage, patella failure,
tibiofemoral failure. The methodology involves an analytical approach using applied mechanics, biomed-
ical and mechanical experimentation and validation with finite element analysis. The paper discusses a
study on different methodologies used for replacement in tibiofemoral and patellofemoral component
of knee joint. The methodologies are mainly playing an important role in various movements such as
walking, running, jumping, climbing at various flexion, extension and squat position. A computer aided
design tool is used and discussed to prepare exact shape of knee implant model for smooth performance
at all conditions.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 3rd International Con-
ference on Advances in Mechanical Engineering and Nanotechnology.

1. Introduction

Biomechanics means the study, using mechanical methods, of
the structure, function and movement of the human body parts,
from organisms, cells, and cells at all stages. Biomechanics is a bio-
physics industry. The articulation of the knee is flipped to the thigh
bone. Muscles of Quadriceps under the knee are bound. It is the
important and crucial joint in the physical body. The knee may
be a modified hinge joint, which allows flexion and extension also
as slight internal and external rotation. The knee is susceptible to
injury and to the event of osteoarthritis. Knee joint have two com-
pounds named as tibiofemoral and patellofemoral components. It
plays an important role in movement associated with carrying
the weight in horizontal (running and walking) and vertical (jump-
ing) directions. At birth, the kneecap is formed simply by cartilage,
which is classified between 3 and 5 years [1,2].

Different forces acting on the knee and excessive ligament pres-
sure due to overload are exerted at several actions, which affects
knee function due to injuries such as ligament rupture. The two
different forces which act on the knee joint are static and dynamic
forces. Static strength is used if the body rests or not in movement,
while the Dynamic force is moving or accelerating when the body

is moving. The knee joint can be examined with the help of the
ANSYS software and other forces may be applied to the knee by
produces a two and three-dimensional model for the CAD soft-
ware. The sustainability of the knee bones helps to know this [3,4].

1.1. Knee joint

The knee joint is nothing but a synovial joint. It allows for flex-
ion and extension (and a small degree of medial and lateral rota-
tion). It is the most complex joint in a human body. The knee
provides mobility and support during various activities. It also sup-
ports during weight bearing and provides mobility during non-
weight bearing. Involved with almost and functional activity of
the lower extremity. It is formed by joining between the patella,
femur and tibia as shown in Fig. 1. The thigh bone (Femur) the shin
bone (Tibia) and the kneecap (Patella) articulate through tibiofe-
moral and patellofemoral joints as shown in Fig. 2. These bones
are covered with an extremely hard and smooth articular cartilage
designed to reduce frictional forces. The patella is located in a tinc-
ture called the intercondylar groove.

The knee is tibiofemoral and patellofemoral with two articula-
tions. The surfaces of the joints are covered with cartilage hyaline.
In one joint cavity they are enclosed. The tibiofemoral joint is a
synovial articulation that connects the remote femur to the tibia.
It is the main component that can carry weight in the knee joint.
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The frontal aspect of distal femur with patella is patellofemoral.
Patellofemoral joint can be inserted directly over the knee by insert
the tendon of the femoris quadriceps (knee extender), which
increases muscle effectiveness.

1.2. Biomechanical role in knee joint

The knee joint enables the movement to accommodate 12 dif-
ferent terrains, with (a) minimum muscle energy needs and (b)
stability. Forces produced during the daily activity are transmitted,
absorbed and distributed. It is a joint hinge in which the bones are
only flexed or extended along one axis as shown in Fig. 3. The
degree of knee freedom is 6 where three are rotating and three
are translative. The functional range of motion at the knee is given
in table 1.

An insight details has been carried out for medical and mechan-
ical treatment over knee joint in context to the present work is pre-
sented in classified manner (Fig. 4). The purpose of this study is to
show and summarize the important aspects of knee joint failure or
replacement categorized as biomedical research, an application of
mechanics approach, mechanical experimentation and computer
aided engineering. The time frame for this literature review is con-
sidered up to 2020.

The researchers or medical officers worked over the replace-
ment in knee joint based on the injury occurred in tibiofemoral
or patellofemoral joint. Most existing TKA implants have been

developed to suit the Western Population knee anatomy. Studies
show that the knee morphology between the Asian and Western
people is markedly different. Many researchers have done case
studies for investigation of injuries and also designed various
implants with the help of modern software and machineries. A
detail survey regarding replacement in knee joint which includes
tibiofemoral and patellofemoral joint is discussed here.

Several case studies were carried out for the study of Indian
arthritic knee anthropometry through three-dimensional knee
modeling and morphologically tested against commercial TKA
implants. Mediolateral width (ML), anteroposterior width (AP),
and the tibia and femur aspect ratio were included. Indian women
had lower tibia and femur dimensions than the Indian men and
both of them had lower aspects ratio to the West. The morpholog-
ical flaw between implants and Indian arthritic knees has been
shown by our research. This may cause Western implants to be
inconvenient in Indian patients implanting [8].

Nomenclature

Symbol Description Unit

BW Body Weight kg
k3 Dimensionless, intersected femur length

function
–

k1 Dimensionless, intersected tibia length
function

–

kp Dimensionless length of patellar tendon –
kt Dimensionless thickness of shin –
kf Dimensionless thickness of thigh –

Nomenclature (continued)

Symbol Description Unit

Fpt Patellar tendon force N
Fpf Patellofemoral force N
Fq Quadriceps force N
a Angle between axis of tibia and femur Degree
b Angle between the axis of tibia and the

patellar tendon
Degree

c Angle between the axis of tibia and the
line of action of BW

Degree

d Angle between the axis of femur and the
line of action of BW

Degree

Fig. 1. Muscles and bones in knee joint [5]. Fig. 2. Tibiofemoral and patellofemoral joint [6].
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The author presents an insight survey about various method-
ologies used for the analysis over knee joint and also to prepare
its implant. The motivation of the paper is the dynamic analysis
carried out by the researcher on knee joint at various condition
to obtain the exact results for its damage so that implant can be
prepare with that shape and strength which will work like an orig-
inal knee joint. The methodologies used for dynamic analysis are
very important and discussed in the next section.

2. Medical research

The typical knee replacement is inserted at the femoral ends
with metal femoral element and the tibia is inserted with a metal
tibial part and plastic insert. The cyclic loads caused by fatigue fail-
ure in the knee joint prosthesis and sliding between insert and
femoral component improve the wear process in plastic insert dur-
ing the walking process. Modified Archard’s laws are utilized to
estimate wear, taking into consideration cross-shear wear motions.
These findings are used to measure the life cycle of the prothesis.
The approach to fatigue phenomena is based on the Finite Element
Method (FEM), which provides knee prosthesis life expectancy
with a diverse combination of materials and the combined effects
of wear and fatigue that gives knee prosthesis life expectancy [9].

Anoop Jhurani et al. [10] carried experiment on patient of osteo-
porosis. They replaced the patella of patient and keep them in
observation for any future problem. They got a result 6.2 mm
patellar buttons option is useful for restoring preoperative thick-

Fig. 4. Methodology for literature review.

Table 1
. Functional range of motion (ROM) at the knee [2].

Action Knee flexion

Normal gait/level surfaces 60�
Stair climbing 80�
Sitting/rising from most chairs 90�
Sitting/rising from toilet seat 115�
Advanced function >115�

Fig. 3. Plane of action in knee joint [7].
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ness in patients with a patellar thickness less than 20 mm. Its use
did not lead to plastic fracture, button wear or failure.

Followed by total knee arthroplasty (TKA) in Balgrist University
Hospital in July 2016 to March 2017, the effect of preoperative
physiotherapy is assessed on the functional, subjective and socio-
economic parameters with 20 patients scheduled for use of TKA.
The IG has performed five to nine PT sessions including neuromus-
cular proprioceptive facilitation, endurance training and personally
specified interventions three to four weeks before the surgery. The
process was finished. Overall CG cost was 21.4 per 100, more anal-
gesics were taken and pain levels preoperatively exceeded IG [11],
respectively.

Valgus stress angle (SA), varus SA and varus valgus SA (VVD
were compared when predicted the degree of varus medial release
during total knee arthroplasty (TKA). Around 108 TKAs (78
patients) were divided into three medial releases retrospectively
by the degree of primary arthritis with a varus knee deformation
(group A, mild release; group B, moderate release; and group C,
severe release). There was a marked disparity between the angles
of valgus in groups A and B and A to group C, but not in group B
to group C. The VVD was not substantially different in all inter-
group measurements, but expected media communications were
more beneficial [12]. A clinical image of a meta-diaphysical junc-
tion intraoperative measurement that shows the level up until
midpoint is shown in Fig. 5.

No drain has gained popularity, despite the long history of drai-
nage usage in total arthroplasty (TKA). The aim was to investigate
if the drainage is linked to the duration of hospital stay. A total of
166 unilateral TKAs were conducted retrospectively in 135
patients with osteoarthritis. Hospital stays were smaller than
drains (25.2 ± 3.7 days) in no drains (21.7 ± 4.8 days). Long hospital
stays have linked another generation, drainage and comorbidity
cases. TKA without drain, as shown in the report, is medically
and economically effective [13].

Villonodular pigmented synovitis (PVNS) is a rare, locally
aggressive benign condition. It can damage the soft tissue and bone
surrounding, causing the joint and limb to lose functionality. The
knee is the most affected joint (range between 28% and 70%), but
it is not common to see an involvement of the bone [14].

The efficacy and safety of early operations of the patients with
arthroscopic knee surgery, oral meloxicam and post-operative
treatment, VAS, global patient assessment (PGA) and rescue con-
sumption, pain score and severity, Analgesia (pethidine) and
adverse effects were evaluated during preoperative operations.
The IKDC, the Knee Range of Motion Score (ROM) at Baseline,
and the Lysholm score were assessed 3 months after AKS [15].

3. Biomechanics of knee joint

The common disease of osteoarthritis (OA) affects the human
knee joint, in particular, joints and meniscus. The diagnosis of
early OA is essential since it enables the procedure in due course.
Tibiofemoral, patellofemoral and menisci biomechanical joint
have been performed. This interaction was considered by implant
manufacturers with the aim of designing and developing a broad
spectrum of TKR implant replacement solutions. For runner
patella resurfacing, knee arthroplasty is normally performed over-
all. Restricted effect on the role of the patient at primary TKA
would be postpatellar thickness. Analysis was carried out using
an effect on PFJ reaction and stress on the knee joint bending
angle and extension time. In the negotiations on the PFP it is
measured the effect of knee extension and biomechanical joint
load [1,16–18].

After knee surgery, the biomechanical knee model is studied.
The wide spectrum of diseases is covered by patellofemoral joint
(PFJ) disorder. Pathologies may cause trauma, dislocation, impro-
per use or persistent maltracking. The PFJ was used for MRI, CT
scans and X-rays. The alignment of the knee was tested. In order
to help explain the interplay between natural joints and artificial
recovery exo-skeleton architecture and control systems, a knee-
joint model has been introduced. The anatomically based knee
model remedies many traditional theories that approximate the
human knee in a configuration with the exoskeleton as a technical
pin-j joint. The authors propose to combine finite element analysis
based on an approach run, a hop, a bound and a jump where charg-
ing data from an MDA were collected in the knee joint region and
then applied for loading a FE modal [19–22].

The axial tibiofemoral contact forces for the squatting of two
high range of movements (high flexion). Knee kinematics and
kinetics are valuable in identifying and developing or improving
treatment options to identify possible causes of joint diseases.
Two different options have been used to treat patellofemoral
arthritis: one is non-operative therapy and the other is non-
arthroplasty [4,23–25]. The stress reaction of the patella joint asso-
ciated with three kinematic patellar: shift, spin and tilt in femoral
conditions of retroversion is observed. On 12 models, four different
loads were applied: 600, 657, 706 and 753 N. A combination of
design variables has been identified which led to the least cine-
matic deviation from the design goal. The creation of customized
surface-guided candidates was considered by six major design
variables. In a key component study considering the input
variables designs and the effects of a deep squatting virtual simu-
lation, the contribution of these variables has been evaluated. The

Fig. 5. Clinical image of a meta-diaphysical junction intraoperative measurement that shows the level up until midpoint (Reprinted with permission from Ref. [12] Copyright
2019 Korean Knee Society).
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effect of a concept parameter implant is accessed on the kinematic
actions [26–29].

When the patella changes its location, the forces acting on the
patella, tibia and femur change with the angle of bending. In recog-
nition of various angular motions the three major forces acting on
the knee joints, i.e. quadriceps strength and patella tendon
strength and patellar femoral forces, are derived from the follow-
ing equations [30], while Fekete et al., [2] and Mason et al., [25]
present free body diagram of knee joint in Fig. 6. In two different
cases, i.e. for different weights at different bending angles, the
forces acting on a patella are explained in Fig. 7.

Patellar tendon force;
f pt
BW

¼ k1:sinc
kp:sinbþ kt:cosb

ð1Þ

Quadriceps force;
f q
BW

¼ k3sinða� cÞ
kf

ð2Þ

Patellofemoral force;
f pf
BW

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2q þ f 2pt � 2f q:f ptcosðbþ dþ cÞ

q

BW
ð3Þ

4. Mechanical experimental investigation

The study on the 3D femoral model of the bone has been done
using different scanning systems that assist the doctor while the
total knee replacement (TKR) is being tested on the femur bone.
Predictions of fatigue life of knee component substances have been
modeled on the Morrow approach. The use of biomaterial in hip
and knee implants ensures that beneficial mechanical features
are maximized and material degradation (e.g. corrosion and degra-
dation) are minimized and that the implant can be integrated with
the musculoskeletal system for longer. Various materials have
been tested, such as stainless steel, titanium alloys, etc [31–33].

In both simple geometry pin-on-plate studies and total hip joint
substitution, carbon-re-enforced PEEK has demonstrated good
wear characteristics in the experimental simulation of wear. The
study examined PEEK’s and CFR-wear PEEK’s performance in a
low knee replacement configuration. Optimizing the design will

aid in the production of a perfect implant. SDO helps to reduce
implant weight and to reduce problems related to stress protection
[34,35].

The forces on the human knee joint were experimentally mea-
sured. For both the healthy knee and all commercially available
total knee replacements today, knee movement is well understood.
The sensitivity of TKR was measured and correct ligament balance
was also investigated. A new in vitro technique for testing the kine-
matics and laxity of TKR implants has been created to simulate
wear in the laboratory. The wear rate in vitro is considered a cru-
cial phase in the production of joint substitution prior to clinical
research and can be verified by contrasting functional and patellar
surface injury modes with medical outcomes. This technique has
demonstrated a reproducible and repeatable reproduction of the
prescribed in-vitro movies. A cohort of TKA patients was observed
for a minimum of 12 months [36–39].

The study of biomechanics is how the body works to enhance
walking and running conditions. The various phases of the gait
cycle and the mechanics of your body need to be understandable.
The following breaks down the various cycle phases and the way
your body functions. Each phase has its own mechanical properties

Fig. 6. Free body diagram of patellofemoral joint and joint flexion moment by Fekete et al., [2] and Mason et al., (Reprinted with permission from Ref. [25] Copyright 2008
Elsevier Ltd.)

Fig. 7. Force acting on patella for two different cases at various flexion angle [30].

M.A. Kumbhalkar, K.S. Rambhad and N. Jee Kanu Materials Today: Proceedings 47 (2021) 2957–2965

2961



and different factors are determined by each phase as shown in
Fig. 8. Running mechanics are: heel contact to middle position, heel
off, dog off, Initial swing, terminal swing and post-trauma. To make
a steady foot to push the ground the Windlass Mechanism is acti-
vated. The hamstring and adductors work to stabilize the forward
beam. The hamstrings, quads, glutes and TA move between a stabi-
lizing and a concentrated function to help shock. The TA con-
tributes to maintaining the foot and helps to avoid land catching
[40]. An experimental dynamic force measured using vibration
analyzer on knee joint is shown in Fig. 9.

5. Modeling and analysis of knee joint

The periprosthetic bone strain distributions in some of the typ-
ical cases of total knee replacement (TKR) are studied with regard
to the selection of material, design and alignments of tibial compo-
nents to ex- amine. Two designs and material properties (sacrifice
cruciate and retention) have been considered [42].

SMA is an intelligent material with new functionalities includ-
ing high strength, high fatigue strength, high wear resistance and
biocompatible properties. The SMA is a smart material. The author
analyzed the replacement and drawbacks of Polymethylmethacry-
late (PMMA). CT data are loaded into DeVide for the purpose of
acquiring a 3D Computer aided design (CAD) model of Digital
imaging and communications in medicine (DICOM) (DICOM). The
knee articular geometry differs greatly between individuals with
effects on damage and pathology risk [43–45].

CT scans were used to create a general lower-finish bone model
and to develop a 3D CAD knee joint model that has been supple-
mented with muscles and ligaments. The tibiofemoral motion of
different post-cam designs in the course of high knee flexion was
studied with a dynamical knee design. Two posterior stabilized
knee models were designed with postcam contact surfaces on a
flat-on-flat and curved contact surfaces. The study focused on
examining differences in the knee joints through three-
dimensional, dynamic simulations of the residual legs and intact

legs during a continuous stage walk. There were 14 rigid body
and 23� freedom segments of the model [22,46,47].

Analysis of knee anterior cruciate ligament (KAL) sensitivity,
muscle, and contact forces plus asymptomatic gait dissipation sta-
bility is studied. At larger bending angles (all periods) and a smaller
inner moment (only at 75 per cent), ACL force decreased signifi-
cantly but increased at bending moment. Knee joint has the most
complex design in human bodies, which in different moving condi-
tions acquires critical loads. Sensitivity analysis of the knee joint
response to gait kinetics variations is essential to improved com-
prise and prevention-treatment strategies. The stress is evaluated
in several load cases and three highly loaded stages (25, 50 and
75%) for each of six knee joint corner moments [48,49].

The study under cyclic loading of the normal knee helps us to
learn more about the assembly. Analysis of fatigue can help us to
understand the cause of several knee disorders. Digital Imaging
and Medical communication (DICOM), acquired from a CT scan,
creates the 3D knee model. It would allow us to develop better
ways of dealing with patients’ problems [50,51].

The aim to present a graphical modeling approach for human
anatomic structures such as femur and tibia. It also involves the
analysis of finite elements in prosthetic implants for stress, dis-
placement and deformations as shown in Fig. 10. This report
focuses on condylar knees, namely the constrained Condylar type,
of intercondylar stability. Specific software was proposed to inter-
face with a CNC machine, and these knees could be designed and
produced economically. The model was designed to parameterize
only the knee dimensions A-P and M-L for a custom case. The soft-
ware was developed and interfaced with customized CNC machi-
nes to make custom knees simple, effective and cheap. The Full-
body movement capture recorded for multiple trial levels and
step-downs was followed by a forward dynamic simulation that
incorporated position, velocity, and contact force-feedback control
(FFC) [3,22,52,53]. Fig. 11 shows the CAD model of knee implant
with anterior-posterior motion of the low point femoral compared
to the dual-radius design tibial insert.

Fig. 8. Different phases of gait cycle in running [40] and walking (Reprinted with permission from Ref. [41] Copyright 2019 Mariem Abid et al., Hindawi Ltd.)

Fig. 9. Dynamic patellofemoral force during (b) running and (a) walking.
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6. Results and discussions

It is discussed as follows based on an insight study for analysis
of the actual and artificial knee joint.

� In patients with a patellar thickness of less than 20 mm, a patel-
lar button option was used to re-establish pre-operative thick-
ness. The use of plastic fractures, wear of buttons or failures
did not lead to any potential complications with the use of a
thinner plastic implant.

� The biomechanical formulation of the patellar knee joint is done
to find forces acting on the patella using a diagram. In different
flexion angles i.e. 60�and 90�, different weight individuals are
calculated for the patellar tendon force, quadriceps force and
patollofemoral forces.

� Patellofemoral and tibiofemoral joint dynamic forces can be
experimentally validated with the help of the use of a dynamic
analyzer or a sensor for walking, running and jumping, and
forces that act in better in running condition than any other
condition have been observed.

� The KKS experimentally measured low point condylar movies
for the traditional Sigma knee system showed a sudden anterior
glide of 300 to 400 of flexion; the media condyle with minimal
motion from the settled position in early bending shifted from

the distal one to the posterior radii on an average articulation.
Meanwhile, when articulated with the rear radius of the lateral
condyle showing continual postural movement in early flexion,
the A–P position was approximately static. The mean of condy-
lar kinematics experimentally measured was good for the
model-predicted films for the same implant, whereby the
root-medium-square (RMS) differences were 1.3-mm and 0.8-
mm respectively for medium and side condyles.

7. Concluding remark

A knee joint acquires entire load of body and behave differently
at various condition like walking, running, climbing, jumping etc.
An injured knee joint due to osteoarthrosis or due to accident can-
not work properly at every condition and hence need to replace
with exact dimension. This paper aims primarily to study an over-
view of the knee joint replacement by examining all aspects. A
joint knee model should be thoroughly checked to gain strength
in different conditions at least. A medical research can demon-
strate the dimensional parameter of the patient by surgery and
measurement which will be useful to prepare an exact model for
replacement. The dimension of knee joint may vary as per the
health or age of patient. Hence medical officer can play a vital role
in manufacturing of exact knee joint model. Study of biomechanics

Fig. 10. Representation of finite element model (left) and comparison of flexion angle with experimental result (right) (Reprinted with permission from Ref. [22] Copyright
2014 Elsevier Ltd.)

Fig. 11. CADmodel of knee implant with anterior-posterior motion of the low point femoral compared to the dual-radius design tibial insert (Reprinted with permission from
Ref. [54] Copyright 2013 Elsevier Ltd.)
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has elaborated the force distribution over knee joint i.e., on tibiofe-
moral and patellofemoral joint. Mainly the forces acting on joint
are patellar tendon force, quadriceps force and patellofemoral
force. The force distribution over joint will vary with respect to
the flexion angle and weight of the body. It has been observed that
the patellofemoral and quadricep force is maximum at maximum
flexion angle i.e., at 110�. Joint measures should also be imple-
mented to validate numerical solutions. Recent testing work can
provide data to validate kinematic/kinetic models. However, there
are few experimental data needed for the validation of the com-
mon model. An experimentation to find dynamic forces on knee
joint is very much helpful to identify the reason of damage in knee
joint. Knee damage of an athletics is very common as the force act-
ing during jumping and running is more as compared to steady
condition or during walking. The study explained that the replace-
ment in knee joint can work like original knee joint if the dimen-
sion of artificial tibia, femur and patella will match exactly with
original joint. To understand an irregular gastronomy, a FE model
is needed to assess touch pressure in the knee. Finite element anal-
ysis is a new technology for transmitting tension according to the
complex experimental strengths. For comparison of stress distribu-
tion over the initial knee joint and implant common FE instru-
ments are used. The comparison gives the idea to generate the
appropriate shape and scale of the knee implant in relation to its
CAD model used for FE research. For perfect involvement during
arthroplasty, several researchers focus on the reduction in thick-
ness of patella, tibia and femur implant. It is observed from the
insight survey is that the biomechanics approach for replacement
of knee joint helps many patients to work as a normal life with
their routine activities and observe negligible pain in the joint.
The future scope of the partial or total knee arthroplasty is an iden-
tification of composite material for an implant as favorable to
human body to remove any other complications like infection,
blood clotting etc. after surgery.
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1. Abstract 
Molasses based alcohol distilleries in India are one of the most 
polluting industries; In addition, they are high consumers of raw 
water. Growing scarcity of high-quality freshwater as well as 
stringent regulatory standards is compelling these units to explore 
appropriate water management options. This report provides an 
overview of the water use and effluent treatment status in Indian 
distilleries and the challenges faced by sector. Practices adopted by 
progressive Indian distilleries to minimize freshwater use are illus-
trated through case studies. Further, the R and D focus pertaining 
to waste water treatment and disposal is also summarized.

2. Introduction
Industrial waste is defined as waste generated or manufactured by 
industrial processes. Type of industrial waste include dirt and grav-
el, masnory and concrete, scraplumber, scrap metal, oil, solvents, 
chemicals, even vegetable matter from industries. Industrial waste 
may be sold, liquid or gaseous. It may be hazardous or non-haz-
ardous. Distillery waste water is of the industrial waste which is 
hazardous in nature. It is most polluted waste product originated 
from molasses-based industries, sugar mills, fermentation indus-
tries. The distillery waste water is known as spent wash [1]. It has 
dark brown colour [2]. This is due to presence of high molecular 
weighted organic compounds [3]. Molasses from sugarcane indus-
try is commonly used as raw material in production of ethanol, due 
to easy availability and low cost [4]. India is second largest pro-
ducer of ethanol in Asia [2]. In year 1999 India had 285 distilleries 

producing 2.7 ×109 liters of alcohol. While producing 2.7 ×109L 
of alcohol, 4×1010 L of waste water had been produced (record of 
year 1999). As per record India has 319 distilleries with capacity 
of 3.25 billion liters of alcohol. The number has been grown upto 
4×1010 L waste water to produce 3.25 × 109 L of alcohol (2004) [1]. 
As per Ministry of Environment and Forest (MOEF), government 
of India, alcohol distilleries are listed at the top of "Red Catego-
ry” industries generate large amount of dark brown coloured water 
(Spent wash) with high BOD and COD. Because of using large 
quantity of water in distillery, it is essential to treat and reuse their 
waste water possess a serious pollution threat; thus, it is mandatory 
for distilleries to take appropriate measures [5]. Corporate Respon-
sibility for Environment Protection (CREP) which stipulated that 
distillery should achieve zero discharge in inland surface water-
courses by end of 2005(CPCB) [5]. Distillery effluent has adverse 
effect on environment. Through this study we will come across to 
know various methods and techniques to handle this loss. Prop-
er associated with disposal methods adopted by Centarl Pollution 
Control Board (CPCB).

3. Characteristics of Distillery Spentwash
 Distillery waste is the industrial hazardous waste. Distillery waste 
water is is one of the most polluted waste products to dispose be-
cause of the low PH, high temperature. Dark brown colour, high 
ash content and high percentage of dissolved organic and inor-
ganic matter with high Biochemical Oxygen Demand (BOD) and 
Chemical Oxygen Demand (COD) values. Distillery waste water 
is also known as spent wash. 
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Table 1: Typical characteristics of spentwash

Parameters Spentwash 

Colour  Dark Brown 

PH 4 – 4.5

Alkanity (mg/L) 3,500

Total Solids 10,00,000

BOD 45,000 – 60,000

Odour   Unpleasent Burnt Sugar 

COD 80,000 – 1,20,000

4. Effect of Distillery Effluent
The watse distillery water discharged from factories can pollute 
lakes and rivers with substances like chemicals and dyes. This wa-
ter pollution can kill the wild life and harm the overall ecosystem. 
And the effects of polluted water have left several plants and an-
imal species endangered. Its direct disposal into environment is 
hazardous and has high potential of pollution [2]. The highly co-
loured components of the effluent can block out sunlight in the wa-
ter bodies which in turn decrease both photosynthetic activity and 
dissolved oxygen concentration affecting aquatic life [6]. Distill-
ery effluent disposed onland is equally hazardous to the vegetation 
[5]. Raw distillery effluent is highly toxic effect on the growth and 
germination of seed even at low concentration [7]. It also affects 
the ground water quality if it is disposed without proper moni-
toring. The molasses effluent that is disposed in canals or rivers 
produces obnoxious smell [8]. The unpleasant odor of the effluent 
is due to presence of putriciable organics like skatole, indole and 
other sulphur compounds [9]. These compounds have antioxidant 
properties, which render them toxic to many microorganisms such 
as those typically present in wastewater treatment process [10].

5. Treatment 
Waste water treatment methods aim at the removal of unwanted 
compound in waste water for safe discharge into environment [2]. 
This waste water is globally treated with various treatments. This 
can be achieved by using physical, chemical and biological treat-
ments.

5. 1. Physico - Chemical Treatment Technology for Distillery 
Waste Water

Removal of melanoidin from distillery effluent has been attempt-
ed, but with a limited success so far [11, 12]. Physiochemical 
treatment process such as adsorption, oxidation process, coagu-
lation and flocculation are used for removal of melanoidins. This 
method has disadvantage. This method is high-cost technology. 
Physico-chemical treatment method is effective in both color and 
COD removal. Nevertheless, the drawbacks associated with these 
methods are excess use of chemicals, sludge generation with sub-
sequent disposal problem, high operational cost and sensitivity to 
variable water input [13].

5.1.1. Adsorption

Activated carbon is a well-known adsorbent due to its extended 
surface area, microporous structure, high adsorption capacity and 
high degree of reactively. This helps to remove colour and spe-
cific organic pollutants [2]. Adsorption by commercially available 
powered activated carbons resulted in only 18% color removal, 
combined treatment using coagulation – flocculation with polye-
lectolyte followed by adsorption resulted in almost complete dec-
olourization [14].

5.1.2 Coagulation and Flocculation

 In this method coagulants are used to remove the disturbed con-
tents [2]. Almost complete color removal (98%) of biologically 
treated distillery effluent has been reported with conventional co-
agulants such as ferrous sulfate, ferric sulfate and alum under al-
kaline conditions [15]. Coagulation studies on distillery effluent 
after aerobic – anaerobic treatment have also been conducted using 
bleaching powder followed by aluminum sulfate [16].

5.1.3 Oxidation

A combination of wet air and adsorption has been successfully 
used to demonstrate the removal of sulfates from distillery waste-
water [2]. Wet air oxidation has been recommended as a part of 
a combined process scheme for treating an-aerobically digested 
spent wash [17].

Physico - chemical treatment methods are effective in both colour 
and COD removal. Considering the advantages and disadvantages 
of technologies, no single method can be used for removal of mo-
lasses waste water. 

5. 2. Biological / Microbial Treatment 

This treatment is proceeded with use of microorganisms because 
of their inherent capacity of metabolize a variety. Anaerobic treat-
ment, activated sludge process, phytoremediation [2]. Pure bacte-
rial culture for microbial treatment has been reported frequently 
in past and recent years. Under aerobic condition Bacillus sp. has 
been decolorize molasses wastewater up to 35.5% within 20 days 
at 55°C [1].

5.2.1 Anaerobic Treatment

The high organic content of molasses wastewater makes anaero-
bic treatment attractive in comparison to direct aerobic treatment. 
Molasses wastewater treatment using anaerobic process is a very 
re-emerging technology which presents interesting advantages as 
compared to classic aerobic treatment. In the process methane and 
carbon dioxide are generated [18]. This procedure produces very 
little sludge, requires less energy and can be successfully operat-
ed at a high loading rate; also, the biogas thus generated can be 
utilized for energy demands of the unit [19]. Further, low nutrient 
requirement and stabilized sludge production are other associated 
benefits [20].
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5.2.2 Aerobic Treatment

Anaerobically treated distillery wastewater still contains high con-
centration of organic pollutants and then cannot be discharged di-
rectly. The partially treated spent wash has high BOD, COD and 
suspended solids. Therefore, aerobic treatment of sugarcane mo-
lasses wastewater has been mainly attempted for decolorization 
of the major colorant, melanoidins, and for reduction of COD and 
BOD [2]. 

5.2.3 Fungal Treatment

In recent years, several basidiomycetes and ascomycetes type fun-
gi have been used in the decolorization of natural and synthetic 
melanoidin in connection with colour reduction of wastewaters 
from distilleries. The fungus has capability to purify the effluent 
by consumption of organic substances, thus reducing its COD and 
BOD, and at the same time to obtain some valuable product, such 
as fungal biomass for protein – rich animal feed or some specific 
fungal metabolite [1].

5.3. Potential Enzymatic Treatment

Although the enzymatic system is related with decolrization of 
melanodins is yet to be completely understood, and it seems great-
ly connected with fungal ligninoltic mechanisms. Decolourization 
by microbial methods includes the enzymatic breakdown of mela-
noidin and flocculation by microbially secreted substances [21].

5.4. Microbial Consortium Treatment

 During last two decades, several attempts have been made to in-
vestigate the possibility of using cell immobilization in the tech-
nology of aerobic wastewater treatment [22–23]. A decolouriza-
tion of 69% was obtained using 10% (w/v) soil and 12.5% (w/v) 
MSW after 7 days incubation. 

Decolourization molasses spentwash in absence of any additional 
carbon or nitrogen source as inoculum. Proper treatments can re-
duce the effect of the distillery waste water. Production of alcohol 
and ethenol can possible through molasses-based distillery waste 
water.

Figure 1: Distillery Spent wash process chart

6. Advantage
Using proper treatment modes, the danger from this waste water 
can be lowered to an extent. Biogas can be produced through this 
industrial waste. 

Molasses based distillery waste water can produce alcohol and 
ethanol. Treatments can reduce the characteristics of the waste wa-
ter, that it can be disposed directly. 

Biological treatments are affordable to carry out operations for the 
waste water and reuse it.

7. Conclusion 
The distillery waste water has many adverse effects on surround-
ing environment. By proper treatments and methods this can be 
control to a certain limit. This waste water contains low PH, high 
acidity which can be removed by number of biologica and physical 
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treatment technology. There are several initiatives being followed 
by Indian distilleries to minimize their water consumption and use 
it get energy in the form of biogas after digestion process.
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ABSTRACT 

This research work reveals the effect of biodiesel unsaturation on its fuel properties and thereby on combustion, 

performance and emissions characteristics. It was found that the instaurations of biodiesel has a substantial effect on its 

fuel properties. Important fuel properties such as heating value, and cetane number decreases with increase in 

unsaturation and density, iodine value increases with increase in unsaturation. The combustion characteristics such as 

ignition delay and premixed combustion duration increases with increase in unsaturation. But the peak heat release rate 

and peak cylinder pressure decreases with increase in unsaturation. The thermal efficiency and smoke emissions 

decrease with increase in unsaturation and oxides of nitrogen, unburnt hydrocarbon and carbon monoxide increases 

with increase in unsaturation. 
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INTRODUCTION 

Transport sector is the major consumer of diesel accounting for 70% of the total Diesel sales. The share of Diesel 

consumption by cars, utility vehicles and 3-wheeler sector is highest 28.48%.The agriculture sector is a major 

consumer of Diesel with about 13% of the total consumption accounted for by it. Diesel consumption by other 

segments is 17 percent. This comprises of industry 9.02% mobile towers (1.54%) and others (6.45%) comprising of 

gensets for non-industrial purposes, civil construction, etc. 

Blends Preparation 

The biodiesel blended with diesel by volume as B05 (5% Waste Vegetable Oil and 95% of diesel fuel),B10 (10% 

Waste Vegetable Oil and 95% of diesel fuel),B15 (15% Waste Vegetable Oil and 95% of diesel fuel),B20 (20% 

Waste Vegetable Oil and 95% of diesel fuel),B25 (25% Waste Vegetable Oil and 95% of diesel fuel),B30 (30% 

Waste Vegetable Oil and 95% of diesel fuel) and B00 (0% Waste Vegetable Oil and 100% of diesel fuel) or pure 

Diesel fuel 

METHODOLOGY 

Why Waste Vegetable Oil 

Due to pressure on edible oil like groundnut, rapeseed, mustard and soybean etc. Non-edible oil like Waste 

vegetable oil is evaluated as diesel fuel extender. Waste Vegetable oil is easily available at restaurant and that is 

waste so that no need of that oil to the restaurant. So that oil is waste, due to that waste vegetable oil cost also very 
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less. So it helps to minimize cost of fuel. [2] 

Material & Method 

WVO is collected from various restaurants from baramati, Maharashtra. That oil is collected in barrel and that is mixture of 

various used edible oil. But due to use of edible oil it becomes non-edible. [1] 

Transesterification Reaction 

Chemical reaction of WCO termed as transesterification. [7] 

CH2OCOR”’      CH2OH  R”’COOR 

Catalyst 

CH2OCOR” +   3ROH    CH2OH     + R”COOR 

  

CH2OCOR’      CH2OH  R’COOR 

Oil or Fat  Alcohol    Glycerol  Biodiesel  

Filter: Solid particles are removed during filtering. 

Engine Analysis Setup 

 

Figure 1: Model of Single Cylinder, Four Stroke, VCR Diesel 

Engine 
 

The setup enables study of VCR engine performance parameters and Emission Parameters. Labview based Engine 

Performance Analysis software package “Engine soft” is provided for on line engine performance evaluation.  

PERFORMANCE PARAMETERS WITH RESULT AND DISCUSSIONS 

Brake Power (KW) 

Table 1: Brake Power 

Load In Kg B00% B6% B12% B18% B24% B30% B36% 

0 0.07 0.11 0.07 0.09 0.12 0.10 0.09 

3 0.85 0.89 0.89 0.83 0.89 0.86 0.90 

6 1.72 1.71 1.69 1.68 1.71 1.71 1.70 

9 2.55 2.52 2.49 2.54 2.50 2.59 2.61 

12 3.37 3.30 3.31 3.33 3.38 3.36 3.41 
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Brake power is the power output of the drive shaft of an engine without the

transmission, friction, etc. Above figure show thatBrake power of B25 blend was almost same with increasing load as 

compare to diesel fuel as base line of fuel. [11]So for brake power of an diesel engine B25 blend is more suitable blend 

compare to other fuel.  

Integrated Power (KW) 

Load 

(Kg) 

Blend 

B00% 

0 1.47 

3 2.07 

6 2.77 

9 3.45 

12 4.16 

 

 

Integrated power is defined as the total 

Above figure show thatintegrated power of B25 blend was highest with increasing load as compare to diesel fuel as base 

line of fuel. So for Integrated power of 

satisfied for brake and integrated power. It 

Friction Power (KW) 
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Figure 1: Load VS BP (KW) 

output of the drive shaft of an engine without the

. Above figure show thatBrake power of B25 blend was almost same with increasing load as 

compare to diesel fuel as base line of fuel. [11]So for brake power of an diesel engine B25 blend is more suitable blend 

Table 2: Integrated Power 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30

1.43 1.39 1.36 1.51 1.43

2.00 2.17 1.98 2.17 2.00

2.77 2.85 2.76 2.83 2.78

3.48 3.49 3.48 3.51 3.55

4.11 4.19 4.14 4.24 4.25

Figure 2: Load vs IP (KW) 

Integrated power is defined as the total power of the engine. It is the sum of the brake

power of B25 blend was highest with increasing load as compare to diesel fuel as base 

a diesel engine B25 blend is more suitable blend compare to other. Same blend was 

for brake and integrated power. It shows that brake power is directly proportional to integrated power. [5]

Table 3: Friction Power 
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output of the drive shaft of an engine without the powerloss caused by gear 

. Above figure show thatBrake power of B25 blend was almost same with increasing load as 

compare to diesel fuel as base line of fuel. [11]So for brake power of an diesel engine B25 blend is more suitable blend 

Blend 

B30% 

Blend 

B36% 

1.43 1.36 

2.00 2.09 

2.78 2.88 

3.55 3.61 

4.25 4.27 

 

of the engine. It is the sum of the brake power and friction power. 

power of B25 blend was highest with increasing load as compare to diesel fuel as base 

diesel engine B25 blend is more suitable blend compare to other. Same blend was 

that brake power is directly proportional to integrated power. [5] 
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Load (Kg) 
Blend 

B00%

0 1.41

3 1.22

6 1.05

9 0.90

12 0.79

 

 

Engine having some friction in gears, chain drives and shafts, matting 

the power. Figure show that increasing biofuel which increases friction power. Here B05 blend shows lower friction 

power. B25 blend was more brake power but it had also high friction power. From above calculation clearly

vegetable oil develops more power as compare to diesel fuel. [5]

Efficiency (Brake Thermal %) 

Load (Kg) 
Blend 

B00%

0 1.48

3 16.24

6 24.64

9 27.72

12 29.05

 

 

The specific fuel consumption for different blends of fuel and that of pure diesel at different load was represented 

in graph. The brake thermal efficiency of B15 blend was almost same at certain load and after it increase as compare to 
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Blend 

B00% 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

1.41 1.32 1.33 1.27 1.39 1.34

1.22 1.11 1.28 1.15 1.28 1.15

1.05 1.06 1.16 1.08 1.13 1.07

0.90 0.97 0.99 0.94 1.00 0.96

0.79 0.8 0.88 0.81 0.86 0.88

Figure 3: Load vs IP Load vs FP (KW). 

in gears, chain drives and shafts, matting parts. It consumes some

power. Figure show that increasing biofuel which increases friction power. Here B05 blend shows lower friction 

power. B25 blend was more brake power but it had also high friction power. From above calculation clearly

vegetable oil develops more power as compare to diesel fuel. [5] 

Table 4: Brake Thermal Efficiency 

Blend 

B00% 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30% 

1.48 2.64 1.65 2.17 2.99 2.39 

16.24 16.97 15.35 15.84 15.38 16.40 

24.64 24.54 22.44 24.12 22.64 24.57 

27.72 27.12 26.85 27.31 26.96 27.86 

29.05 29.97 30.03 30.19 29.09 28.99 

Figure 4: Load vs IP Load vs BThE (%) 

The specific fuel consumption for different blends of fuel and that of pure diesel at different load was represented 

in graph. The brake thermal efficiency of B15 blend was almost same at certain load and after it increase as compare to 

Gaikwad Pradeep Uttam, G.Senthilkumar & Supriya Bobade 
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Blend 

B30% 

Blend 

B36% 

1.34 1.27 

1.15 1.19 

1.07 1.17 

0.96 1.00 

0.88 0.86 

 

parts. It consumes some energy from 

power. Figure show that increasing biofuel which increases friction power. Here B05 blend shows lower friction 

power. B25 blend was more brake power but it had also high friction power. From above calculation clearly show waste 

 

Blend 

B36% 

2.26 

15.52 

22.56 

26.47 

27.98 

 

The specific fuel consumption for different blends of fuel and that of pure diesel at different load was represented 

in graph. The brake thermal efficiency of B15 blend was almost same at certain load and after it increase as compare to 
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convectional diesel fuel. The reason behind that better combustion due to inherent oxygen and higher cetane number. But 

beyond B15 was brake thermal efficiency was slightly lower to that of diesel which may due to lower calorific value and 

higher viscosity. Because higher viscosity the atomization of fuel is not good as it will be lower viscosity at same level of 

pressure developed by injector pump. [5]

Brake Specific Fuel Combustion (Kg/KWh)

 

Load (Kg) 
Blend 

B00%

0 5.89 

3 0.54 

6 0.35 

9 0.32 

12 0.30 

 

Figure

 

Brake specific fuel consumption

burns fuel and produces rotational, or shaft power. It is typically used for comparing the efficiency of internal combustion 

engines with a shaft output. It is the rate of

was lower fuel consumption compare to all other blend and conventional diesel. As consider power of engine B25 blend is 

also suitable for lower brake specific fuel consumption. 

Mechanical Efficiency (%) 

Table 6: Mechanical Efficiency 

Load (Kg) 
Blend 

B00% 

0 4.66 

3 41.07 

6 62.01 

9 73.80 

12 80.94 
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fuel. The reason behind that better combustion due to inherent oxygen and higher cetane number. But 

beyond B15 was brake thermal efficiency was slightly lower to that of diesel which may due to lower calorific value and 

scosity the atomization of fuel is not good as it will be lower viscosity at same level of 

pressure developed by injector pump. [5] 

(Kg/KWh) 

Table 5: Brake Specific Fuel Combustion 

Blend 

B00% 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

 3.31 5.31 4.01 2.91 3.65 

 0.51 0.57 0.55 0.57 0.53 

 0.36 0.39 0.36 0.39 0.36 

 0.32 0.33 0.32 0.32 0.31 

 0.29 0.29 0.29 0.30 0.30 

Figure 5: Load vs IPLoad vs BSFC (kg/kwh) 

specific fuel consumption (BSFC) is a measure of the fuel efficiency of any prime mover that 

and produces rotational, or shaft power. It is typically used for comparing the efficiency of internal combustion 

ines with a shaft output. It is the rate of fuel consumption divided by the power produced.

was lower fuel consumption compare to all other blend and conventional diesel. As consider power of engine B25 blend is 

also suitable for lower brake specific fuel consumption.  

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

7.52 4.80 6.50 8.06 6.77

44.42 41.11 41.84 41.14 42.73

61.75 59.3 60.89 60.25 61.61

72.29 71.48 72.90 71.35 72.91

80.43 78.96 80.36 79.62 79.19
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fuel. The reason behind that better combustion due to inherent oxygen and higher cetane number. But 

beyond B15 was brake thermal efficiency was slightly lower to that of diesel which may due to lower calorific value and 

scosity the atomization of fuel is not good as it will be lower viscosity at same level of 

Blend 

B30% 

Blend 

B36% 

 3.87 

 0.56 

 0.39 

 0.33 

 0.31 

 

efficiency of any prime mover that 

and produces rotational, or shaft power. It is typically used for comparing the efficiency of internal combustion 

produced. Figure show that B15 blend 

was lower fuel consumption compare to all other blend and conventional diesel. As consider power of engine B25 blend is 

Blend 

B30% 

Blend 

B36% 

6.77 6.72 

42.73 43.15 

61.61 59.18 

72.91 72.26 

79.19 79.82 
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Mechanical efficiency measures the effectiveness of 

to the device into an output force and movement. Figure show that with increasing biofuel which decreases Mechanical 

efficiency of engine. [11]Here B05 blend was getting more Mechanical efficiency

VOLUMETRIC EFFICIENCY (%) 

Load (Kg) 
Blend 

B00% 

0 76.06 

3 75.86 

6 75.85 

9 74.48 

12 73.46 

 

 
Figure show that all blendshave

Here B10 blend has higher volumetric efficiency. Because density of biofuel blends has higher as compare to diesel 

EMISSION PARAMETERS WITH RESULT AND DISCUSSION

Hydrocarbon (ppm) 

Load (Kg) 
Blend 

B00% 

0 2 

3 0 

6 15 
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Figure 6: Load vs IPLoad vs ME (%) 

measures the effectiveness of a machine in transforming the energy and power that is input 

to the device into an output force and movement. Figure show that with increasing biofuel which decreases Mechanical 

efficiency of engine. [11]Here B05 blend was getting more Mechanical efficiency than other fuel. 

Table 7: Volumetric Efficiency 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30% 

75.20 75.33 75.37 75.60 75.35 

75.53 75.36 75.24 75.82 75.60 

74.86 74.62 75.71 74.70 74.95 

74.04 73.74 74.50 73.98 74.35 

73.77 73.37 73.99 73.13 73.64 

Figure 7: Load vs IPLoad vs VE (%) 

blendshave almost same volumetric efficiency but slightly more as compare to diesel fuel. 

Here B10 blend has higher volumetric efficiency. Because density of biofuel blends has higher as compare to diesel 

EMISSION PARAMETERS WITH RESULT AND DISCUSSION 

Table 8: Hydrocarbon 

 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

12 3 4 2 6 

9 2 6 6 3 

10 11 13 6 9 
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machine in transforming the energy and power that is input 

to the device into an output force and movement. Figure show that with increasing biofuel which decreases Mechanical 

than other fuel.  

 

Blend 

B36% 

 75.22 

 75.20 

 74.61 

 73.64 

 72.94 

 

almost same volumetric efficiency but slightly more as compare to diesel fuel. 

Here B10 blend has higher volumetric efficiency. Because density of biofuel blends has higher as compare to diesel  

Blend 

 

Blend 

B36% 

7 

8 

19 
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9 14 

12 18 

 

 

Hydrocarbon is an organic compounds

increasing percentage of vegetable oil (biofuel) which result in decrease of HC. Because of oxygen percentage is more in 

vegetable oil which gives complete combustion and help to decreases HC. Actually oxygen percentage is more in biofuel 

like jatropha or fuel made from edible part. Figure shows all blends have lower HC percentage than diesel fuel. But B30 

has lower Hydrocarbon emission than other. 

5.2 Carbon Monoxide (%) 

Load (Kg) 
Blend 

B00% 

0 0.093 

3 0.069 

6 0.073 

9 0.061 

12 0.067 

 

 

Figure show that B15 blend was almost same CO percentages compare to diesel. But Waste vegetable 

indicates higher CO emission than diesel because may be high viscosity of bio fuel. [10]

Carbon Dioxide (%) 
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12 16 11 17 15 

28 28 25 27 28 

Graph 8: Load vs IP Load vs HC (ppm) 

organic compounds consisting entirely of hydrogen and carbon. Figure show that with 

increasing percentage of vegetable oil (biofuel) which result in decrease of HC. Because of oxygen percentage is more in 

complete combustion and help to decreases HC. Actually oxygen percentage is more in biofuel 

like jatropha or fuel made from edible part. Figure shows all blends have lower HC percentage than diesel fuel. But B30 

has lower Hydrocarbon emission than other. [3] 

Table 9: Carbon Monoxide 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

0.103 0.107 0.078 0.0104 0.093

0.077 0.066 0.084 0.099 0.081

0.062 0.060 0.064 0.068 0.07

0.058 0.063 0.062 0.055 0.071

0.064 0.064 0.075 0.085 0.074

Figure 9: Load vs IP Load vs CO (%) 

Figure show that B15 blend was almost same CO percentages compare to diesel. But Waste vegetable 

indicates higher CO emission than diesel because may be high viscosity of bio fuel. [10] 
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15 

34 

 

carbon. Figure show that with 

increasing percentage of vegetable oil (biofuel) which result in decrease of HC. Because of oxygen percentage is more in 

complete combustion and help to decreases HC. Actually oxygen percentage is more in biofuel 

like jatropha or fuel made from edible part. Figure shows all blends have lower HC percentage than diesel fuel. But B30 

Blend 

B30% 

Blend 

B36% 

0.093 0.122 

0.081 0.097 

0.072 0.077 

0.071 0.072 

0.074 0.097 

 

Figure show that B15 blend was almost same CO percentages compare to diesel. But Waste vegetable oil 
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Load (Kg) 
Blend 

B00%

0 1.74 

3 2.14 

6 3.19 

9 3.91 

12 4.99 

 

 
Figure show that CO2 emission of blended biofuel is lower than diesel. B15 has lowest CO2 emission than other. 

[4] 

Nitrogen Oxide (ppm) 

Load (Kg) 
Blend 

B00% 

0 110 

3 318 

6 983 

9 1716 

12 2528 

 

Figure 11: 

 
Figure show B30 blend has lowest NOx emission than 
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Table 10: Carbon Dioxide 

Blend 

B00% 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

 1.82 2.07 1.51 1.69 1.52 

 2.30 2.31 2.5 2.68 2.33 

 3.27 3.24 3.19 3.23 3.19 

 4.08 4.22 3.98 4.14 4.07 

 5.48 5.58 5.34 5.62 5.50 

Figure 10: Load vs IPLoad vs CO2 (%) 

Figure show that CO2 emission of blended biofuel is lower than diesel. B15 has lowest CO2 emission than other. 

Table 11: Nitrogen Oxide 

 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

96 153 76 90 60 

302 347 344 367 251 

970 975 923 911 865 

1791 1776 1712 1778 1746

2603 2540 2560 2648 2638

Figure 11: Load vs IP Load vs NOX (ppm) 

Figure show B30 blend has lowest NOx emission than Diesel fuel. The figure denotes the emission of NOx with 
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respect to load. From above figure it can be noted as the NOx emission of all fuels get increased with increase in load. The 

diesel fuel is considered as a base line fuel so that other blends emissio

such as Jatropha and Karanja biodiesel emitted highest NOx emission than diesel fuel but here reverse results were 

observed. It may be due to highest oxygen content and various mixture of material in feeds
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6 22 
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Figure show that smoke of waste vegetable oil very lower than diesel. B15 has less than half smoke than diesel 

fuel. So it is clearly show that bio fuel has very less smoke than diesel. 

CONCLUSIONS 

• Brake power is directly proportional to load.

• Blend B25 has highest power developed by Diesel Engine.

• Blend B15 has better brake thermal efficiency as 

• Blend B10 has better volumetric 

• BlendB30 has lower Hydrocarbon emission than Diesel fuel.

• Blend B15 has lowest CO2 emission than Diesel fuel.

• B30 blend has lowest NOx emission than Diesel fuel.

• 08. Waste vegetable oil has very low percentage of smoke than 

fuel. 
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respect to load. From above figure it can be noted as the NOx emission of all fuels get increased with increase in load. The 

diesel fuel is considered as a base line fuel so that other blends emission were calculated and presented. Usually plant oil 

such as Jatropha and Karanja biodiesel emitted highest NOx emission than diesel fuel but here reverse results were 

observed. It may be due to highest oxygen content and various mixture of material in feedstock oil. [3]

Table 12: Smoke 

Blend 

B6% 

Blend 

B12% 

Blend 

B18% 

Blend 

B24% 

Blend 

B30%

3.5 2.8 2.8 4.5 4.8 

5.5 5.8 5.55 15.3 14 

8.4 8 15.2 19 20.3

14.8 13 18.2 19.6 21.5

20.5 24.5 25.2 29.5 32 

Graph 12: Load vs smoke (%) 

Figure show that smoke of waste vegetable oil very lower than diesel. B15 has less than half smoke than diesel 

fuel. So it is clearly show that bio fuel has very less smoke than diesel. [4] 

power is directly proportional to load. 

Blend B25 has highest power developed by Diesel Engine. 

Blend B15 has better brake thermal efficiency as well as better brake specific fuel consumption.

Blend B10 has better volumetric efficiency than other fuel. 

BlendB30 has lower Hydrocarbon emission than Diesel fuel. 

Blend B15 has lowest CO2 emission than Diesel fuel. 

B30 blend has lowest NOx emission than Diesel fuel. 
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respect to load. From above figure it can be noted as the NOx emission of all fuels get increased with increase in load. The 

n were calculated and presented. Usually plant oil 

such as Jatropha and Karanja biodiesel emitted highest NOx emission than diesel fuel but here reverse results were 

tock oil. [3] 
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Figure show that smoke of waste vegetable oil very lower than diesel. B15 has less than half smoke than diesel 

as better brake specific fuel consumption. 
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Testing of diesel engine can carried on by adding additives with blends which may eliminate some unwanted properties of 

blends. 
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Abstract. Micromilling is one of the preferable micro-manufacturing process, as it exhibits the flexibility to
produce complex 3D micro-parts. The cutting forces generated in micro end milling can be attributed for tool
vibrationandprocess instability. If cutting forces arenot controlledbelowcritical limits, itmay lead to catastrophic
failure of tool. Cutting force has a significant role to decide the surface roughness. Therefore accurate prediction of
cutting forces and selection of suitable cutting parameters mainly feed, is important while micro end milling. In
present study, finite element method (FEM) based model has been developed by using ABAQUAS/Explicit 6.12
software. Von-Misses stresses and cutting forces are predicted while micro end milling of Ti-6Al-4V. Further,
cutting forces were measured during experimentation using dynamometer mounted on micro-milling test bed.
Cutting forces predicted by FEMmodel are in good agreement with the experimental force values. Obtained FEM
results have been used to study the size effect in micro end milling process. Moreover, the effect of uncut
chip thickness to cutting edge radius ratio (h/rc) on surface roughness (Ra) has been studied. It is found the feed
2.5mm/tooth is suitable value to produce optimum surface roughness and cutting forces.

Keywords: Cutting force / finite element method / micro-end milling / tungsten carbide / Von-Misses stress /
surface roughness / Ti-6Al-4V

1 Introduction

Micromilling process is more versatile than competing
micromachining processes such as micro EDM. Micro-
milling can produce 3D shapes on metallic alloys, ceramics
and polymers [1]. It is extensively used in micro
manufacturing of components required in electronics,
defence, telecommunications, mechatronics and biomedi-
cal sectors [2]. This process is faster as well cost effective
compared to other micro manufacturing process [3,4].
Micromilling provides higher material removal rates as well
as machining of high aspect ratio parts can be realized via
this process [5]. Size effect, minimum chip thickness and
material inhomogeneity are some of the issues in micro-
milling. The assumption made in conventional Merchant’s
theory (cutting edge is sharp and there is no workpiece-tool
contact along clearance face) are invalid in the micro
milling process. Identification of minimum chip thickness
values for different work material is additional challenge in
micromilling. Lower undeformed chip thickness may
increase cutting forces by ploughing mechanism while

higher undeformed chip thickness increases cutting forces
by increasing chip load.

Performance ofmicro endmilling is significantly affected
bythecutting forces; highcutting forces are attributed to the
tool deflection andprocess instability (tool runout, chatter).
High cutting forces are very prevalent while machining
harder materials like titanium alloys and hardened steel.
Catastrophic failure of tool may also occur if cutting forces
are not optimized, as micro tools has low stiffness. Large
negative rake angle due to tool wear and elasto-plastic
deformation of wokpiece contributes to higher cutting forces
[5–8]. Prediction of cutting forces is essential in micro end
milling to improve product quality and to reduce machining
cost. The h/rc ratio is crucial parameter in micromilling.
This factor is characteristics of a given material at specified
cutting conditions. Balazs et al. [8] presented the valuable
findingsofmicromilling in their latest reviewarticle. Inmicro
milling, the value of undeformed chip thickness is equivalent
to the cutting edge radius of tool and the grain size of
workpiece. Therefore, the lower uncut chip thickness affects
the surface quality by accelerating the ploughing mecha-
nism. It is also suggested that increased feed per tooth has
positive effect on tool condition.* e-mail: samastud@me.vjti.ac.in
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Industries are using predictive modelling of machining
process. These modelling techniques are classified as
numerical, analytical, experimental, hybrid and artificial
intelligent based models. Fundamental machining process-
es parameters like stress distribution, cutting forces, strain
and temperature can be predicted by using these modelling
techniques. Mechanistic modelling can also be used to
predict the cutting forces in micro end milling with due
consideration of tool geometry and material removal
mechanism. 2-D Finite element method based modelling
techniques are widely accepted in mechanical microcutting
due to their good computational speed [9–11]. FEM can
model a micro cutting operation to predict how all process
variables influence the desired responses. It has been
extensively used to predict the cutting forces, chip
formation and tool wear.

Thepsonthi and Ozel [12] used 3 D FE process to
simulate chip flow and tool wear while machining Ti-6Al-
4V for different cutting edge redii. The effect of tool edge
radius wear on the performance of micro-end milling
process has been studied by full-immersion, half immer-
sion, up and down milling approaches. To study the
temperature dependent softening effects the modified
Johnson-Cook (J-C) material model was used to model
the Ti-6Al-4V workpiece. Further they compared the
results obtained in 3-D FEM and 2-D FEM process by
using five degree polynomial equation with curve fitting.
The increased cutting edge radius (3mm to 6mm to 12mm)
significantly affected the milling process, in terms of
increased tool wear, higher cutting forces and cutting
temperature. Higher tool wear in up milling has been
observed as the edge radius increases compared to down
milling, in down milling tool enters in the workpiece at the
maximum chip thickness this easily shears the workpiece
and produce chip. Further less ploughing in down milling
reported by authors. The cutting forces and tool wear
obtained in 2-D FEM are in good agreement with 3-D
FEM. As per author suggestions, 2-D FEM can be used to
predict the cutting forces and tool wear instead of 3-D
FEM. As 3-D FEM takes more computational time and it
needs high configured system. Davoudinejad et al. [13]
predicted the cutting forces, chip flow and burr formation
by using 3-D FEM while micro-milling of aluminium 6061-
T6. In this study Power Law constitutive model has been
used to calculate the flow stress. Model shows the good
predictability in terms of chip shape and burr formation
while over estimation of cutting forces has been reported.
The overestimated cutting forces by FEM simulation
attributed to modeling of micro milling in ideal condition,
lack of information on the machined material constitutive
model inside the FEM and inappropriate selection of
friction coefficient. Author suggested the improvement
needed in used material model or Johnson-Cook constitu-
tive model can be used with proper material constants for
Al6061-T6.

Pratap and Patra [14] used FEM based modelling to
predict the cutting forces while micromilling oxygen free
highly conductive copper. ABAQUS/Explicit 6.12 soft-
ware has been used to predict the forces with due
consideration to thermo mechanical properties, tool edge
radius effect and failure parameters of the workpiece. It is

found that the tangential and feed force increases with
increase in chip load. Further, specific cutting forces
increases with decrease in feed. Thepsonthi and Ozel [15]
used FEM to compare the result by using two different
material assumptions namely viscoplastic and elasto-
viscoplastic while micro end milling of Ti-6Al-4V. In
elasto-viscoplastic model, serrated chip formation takes
place. It took 8.3 times more duration for the computation
compared to the viscoplastic model. However, material
assumption has not significantly affected the magnitude of
predicted cutting forces. To predict the tool wear,
viscoplastic FEM model is sufficient.

Attanasio et al. [16] used FEM to examine the results
obtained with and without tool run out while micromilling
of CuZn37 brass. It is found that the cutting forces are
significantly affected by tool run-out. Qualitative compar-
ison of predicted chip shape, chip flow is in close agreement
with the chips produced inmachining.Wang et al. [17] used
finite element simulation to predict machining forces while
working on inconel 718. It is found that theminimum uncut
chip thickness for inconel 718 is at Feed=1.5mm/tooth.
Further, they suggested to provide feed higher than critical
value. Pratap and Patra [18] analyzed cutting forces while
micro end milling Ti-6Al-4V by using FEM. Johnson-Cook
material model with material damage initiation criteria has
been used for modelling. Experimental and simulated
cutting forces are found in good agreement. The value of
Von-Misses stress and cutting temperature are higher than
macro milling, this attributed to the low feed values and
effect of tool edge radius. Jin and Altintas [19] predicted
micro-milling forces with finite element method while
processing brass 260. They initially obtained the cutting
force coefficient with FE simulations, by using different
cutting edge radii and chip loads. Further the force
coefficient was used to simulate micro milling forces.
A good predictability for normal cutting force while less
accuracy for thrust force is reported in their study.

Ti-6Al-4V is ‘workhorse’ alloy for aerospace applica-
tions [20].The demand of Ti-6Al-4V has been increasing in
automotive, power, marine, aeronautic and especially in
the medical field from last decade. This is alloy of a+b
group with good corrosion resistance, high strength to
weight ratio and better biocompatibility. Processing of this
alloy is difficult due to its lower thermal conductivity, high
friction coefficient and excessive tool wear [21,22]. Forma-
tion of built up edge is very common while machining Ti-
6Al-4V. High cutting speed while machining Ti alloy causes
increase in cutting zone temperature this leads to
accelerate diffusion wear [2,23]. Overall, it has been found
that the inappropriate selection of cutting parameters,
mainly feed significantly affects the cutting forces, surface
roughness and tool wear. It is also keenly noted that the
results obtained by 2-D FE simulation are matching at
satisfactory level with 3-D FE simulation in terms of
cutting forces and tool wear. Ti-6Al-4V has wide use to
produce micro systems and limited literature has been
found related to selection of h/rc ratio for Ti-6Al-4V.
Therefore, in present study 2-D FEM is used to predict the
Von-Misses stresses and cutting forces in micro end
milling process. Further, the size effect and the effect of
different h/rc ratio on surface roughness has also been
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studied by measuring surface roughness of machined slots.
Micro slots with 20mm length are cut in Ti-6Al-4V
material by using 800mm diameter tungsten carbide end
mill with cutting edge radius 2mm. The validity of
proposed model is checked by comparing the simulated
cutting forces with experimental values, good predictabili-
ty of the proposed model has been found. Trend suggests a
size effect at lower feed values. It is found the provided feed
/tooth slightly higher than cutting edge radius produce
better surface finish, in present work the feed 2.5mm/tooth
is identified to optimize the cutting forces and surface
roughness.

2 FEM modelling of micro end milling

A finite element method based micro end milling model for
Ti-6Al-4V has been developed by using ABAQUS/Explicit
6.12 software. In proposed model the dynamic, explicit and
adiabatic condition has been used to analyse the cutting
process. FEM has ability to predict cutting forces, chip
formation, tool temperature and stress distribution for
various cutting condition. The orthogonal micro cutting
process with tool-workpiece interaction is shown in
Figure 1.

In Figure 1, h represents the uncut chip thickness and r
is the edge radius. The point RP represents the reference
point to collect the data, tool used for modelling considered
as an isothermal rigid body. The initial temperature of tool
and workpiece material considered was 298 °K (Room
temperature) and dry cutting environment (no lubrication)
considered while modelling. In present study, tool can
move in X direction while workpiece is fixed in a fixture.
Accuracy of simulation is ensured by using mesh size
comparable to tool edge radius. The flowchart to predict
the cutting forces and Von-Misses stress in micro end
milling process by using ABAQUS shown in Figure 2.

2.1 Material behaviour modelling and properties

Johnson and Cook (J and C) constitutive model has been
used in proposed FEM simulation of orthogonal micro end
milling process. Equation 1 represent the coupled effect of
strain (term1), strain rate (term2) and temperature
(term 3) on flow stress of the material (s) [9].

s ¼ AþB eð Þn½ � 1þ C ln
e0

°e0

� �� �
1� T � T 0

Tm � T 0

� �m� �
ð1Þ

efailure ¼ d1 þ d2 exp d3
P

s jc

� �� �
1þ d4 ln

°e
°e0

� �� �

� 1þ d5
T � T 0

Tm � T 0

� �m� �
ð2Þ

In equation (1) parameters A, B and n represent the
yield strength, strain hardening constant and strain
hardening coefficient of the material respectively. C is
strengthening coefficient of strain rate e is the true strain,
e° and e°o represent equivalent and reference plastic strain

rates. T, Tm and T0 are the cutting zone, melting and
room temperatures respectively. Whereas, m is the
thermal softening index. Table 1 shows the Johnson-
Cook model parameters and mechanical properties of Ti-
6Al-4V used in FEM modelling. Equation (2) shows the
influence of strain, strain rate and temperature on the
calculation of fracture strain of the material. Failure
parameters i.e. d1-d5 represent the initial failure strain,
exponential factor, triaxiality factor, strain rate factor
and temperature factor respectively. Failure parameters
for Ti-6Al-4V are given in Table 2. In the present model, if
average plastic strain reaches the critical value, the
material considers as failed and it will be eliminated at
next solver step.

Fig. 1. Finite element model of micro end milling process.

Fig. 2. Finite element model flowchart to predict the cutting
forces.
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2.2 Material removal mechanism

In micro milling, uncut chip thickness increases from zero
to feed per flute. Tool edge radius has strong relationship
with material removal mechanism. The probability of
elastic deformation in micromachining is considerably
higher than macromachining. For the commencement of
chip, the value of feed and depth of cut should be higher
than critical chip thickness called as minimum chip
thickness [5]. If the ratio of uncut chip thickness to cutting
edge radius is less than unity, it causes ploughing (elastic
deformation of material increase cutting forces) while more
than unity values promotes the chip formation. However,
higher ratios of uncut chip thickness to cutting edge radius
can increase cutting forces by increasing chip load.
Equation (3) shows that in micro end milling, the uncut
chip thickness (h) is associated with feed per tooth (ft) and
rotation angle (’). The direction of cutting forces in micro
end milling for two fluted end mill shown in Figure 3. Fy
and Fx represent the cutting force normal to feed and along
feed direction respectively, Whereas ft is feed per tooth. dFf
and dFt represent the feed force and tangential force
respectively. Equation (3) and Figure 3 shows in micro
milling h is directly associated with ft.

hð’Þ ¼ ft Sin ð’Þ ð3Þ

2.3 FEM simulation of cutting forces

Micro end milling process simulation has been performed
for nine numbers of runs, by using tungsten carbide end
mill having diameter 800mm and cutting edge radius 2mm.
The feed rate is varied keeping all other parameters
constant. Moreover, variations in Von-Misses stress,
tangential force, feed force and specific cutting force are
analysed with respect to feed. The cutting simulation
parameters are shown in Table 3.

In FEM based simulation, yield criteria and fatigue
strength of the material are estimated by analysing Von-
Misses stresses. Figure 4 shows simulated result of Von-
Misses stress distribution for the feed 0.5mm/tooth, 3mm/
tooth, 6mm/tooth respectively.

From Figure 5, it is found that at the lower values
(0.5–1.5mm/tooth) cutting tool experienced more difficul-
ty for the chip formation. Moreover, the Von-Misses stress

distribution at lower feed had shown higher value
of stresses than the feed value equal to cutting edge radius
i.e. 2mm. The value of Von-Misses stress decreases as the
feed approaches the cutting edge radius. This suggest at
lower feed the phenomenon of ploughing is dominating.
The ploughing or rubbing occurring at lower feed increases
the stress values. When feed value equals to cutting edge
radius, material removed by elasto-plastic deformation.
Beyond 2mm/tooth feed, the value of stresses reduced
significantly, this attributed for elimination of elastic
deformation and removal of material entirely by plastic
deformation. Further, by increasing the feed value above
3mm/tooth stress values increases considerably, increasing
the chip load at higher feed generates higher stress value
similar to macromachining. The stress values obtained
after 4mm/tooth are higher than the stress value obtain at
low feed (0.5mm/tooth).

Tangential force (Ft) and feed force (Ff) are calculated
by using equations (4) and (5) given below. Fx and Fy are
the simulated force along X and Y direction respectively. ’
is the positioning or rotation angle of end mill flute.
Figure 6 shows the variation in tangential force and feed
force with feed. At lower feed no significant variation in
cutting force has been found, but the values of cutting
forces reducing as the provided feed value approaching the
cutting edge radius. Higher value of cutting forces for feed

Table 1. Johnson-Cook parameters and mechanical properties of Ti-6Al-4V [24].

A
(Mpa)

B
(Mpa)

n C m Density
(kg/m3)

Elastic modulus
(Mpa)

Poissons
ratio

Hardness
(HRC)

T
(room)

T
(melting)

1000 780 0.47 0.033 1.02 4430 123 0.34 32 20° 1605°

Table 2. Johnson-Cook failure parameter of Ti-6Al-4V alloy [24].

d1 d2 d3 d4 d5

−0.09 0.25 −0.5 0.014 3.87

Fig. 3. Micro end milling process with two fluted end mill.
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0.5mm/tooth � 1.5mm/tooth suggests the occurring of
ploughing at low feed values. As the provided feed
increased beyond 2mm/tooth, ploughing eliminated and
chip produced by plastic deformation. As the feed increases
3mm/tooth to 6mm/tooth the values of tangential force
increases directly with feed. The rate of change of
tangential force with feed significantly higher than feed
force. The values of feed force are increasing slightly with
feed. Increased values of tangential force with feed
attributed to increase in chip load at higher feed. The
value of feed slightly higher than cutting edge radius

producing lower value of cutting forces.

Fy ¼ Ft Sin’� Ff Cos ’ ð4Þ
Fx ¼ �Ft Cos’� Ff Sin’ ð5Þ

To study the size effect in micro end milling process,
specific cutting force was calculated by dividing the
tangential and feed force by the product of chip load
and axial depth of cut. In Figure 7 it is found the value of
specific cutting force increased with decrease in the ratio of

Table 3. Cutting parameters used for FEM simulation of micro end milling.

Cutting parameter Units Value

Spindle speed (N) RPM 60,000
Feed rate (ft) mm/tooth 0.5, 1.0, 1.5, 2.0,2.5, 3.0, 4, 5, 6
Depth of cut (d) mm 50

Fig. 4. Predicted Von-Mises stress distribution at spindle speed of 60,000 rpm, depth of cut 50mm and (a) 0.5mm/tooth, (b) 3mm/
tooth and (c) 6mm/tooth.
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undeformed chip thickness to cutting edge radius. Higher
values of specific cutting force has been observed when
ratio of undeformed chip thickness to cutting edge radius
was less than 1, this suggest the ploughing occurred at low

feed rate. This trend of specific cutting force shows
agreement with results obtained by Aramcharoen and
Mativenga [6].

3 Experimental validation

In this section, the details of workpiece material, cutting
parameters, micro milling set up and measurement of
cutting force has been presented. Simulated and experi-
mental cutting forces are compared and percentage error
calculated. Further, the surface roughness of machined
slots measured and effect of different ratio of h/rc onRa has
been presented.

3.1 Experimental details

Schematic representation of high speed micro end milling
set up is shown in Figure 8. In present study, Ti-6Al-4V
(grade 5) workpiece with dimension 60� 40� 5mm has
been used.

Axis made micro tungsten carbide end mill with
diameter 800mm and 10% of cobalt binder has been used
for cutting in dry environment. Slots of 20mm length and
800mm diameter are cut on workpiece. Kistler made
minidyne 9256C1 dynamometer has been used to measure
the cutting forces. The cutting forces while milling
measured by fixing the workpiece on the top of dynamom-
eter. Three dimensional Alicona surface profilometer has
been used to measure the surface roughness (Ra). Surface
roughness is measured at two locations on machined slot
i.e. at the starting and ending of the slot and average of that
value taken as final Ra value for the respective experiment.
Cutting parameters used to produce the slots on Ti-6Al-4V
workpiece are presented in Table 4.

The actual experimental set up used in proposed work
shown in Figure 9a while Figure 9b shows the machined
slots on Ti-6Al-4V workpiece. High speed micro milling set
up designed and developed by IIT Bombay has been used
for machining. It has maximum 140,000 rpm spindle speed
and average torque of ∼4.3 N-cm. All three stages
are mounted on granite rigid structure. The whole

Fig. 5. Variation of maximum Von-Mises stress with feed.

Fig. 6. Variation in tangential force (Ft) and feed force (Ff) with
feed (simulated results).

Fig. 7. Variation in specific cutting forces with ratio of
undeformed chip thickness to cutting edge radius.

Fig. 8. Schematic representation of high speed micro end milling
set up.
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micromachining center is placed on the vibration isolation
table. The x-y stages are actuated by ball screw mechanism
driven by a DC brushless servomotor.

3.2 Model validation

To check the predictability of proposed model, the
experimental Fy (force normal to feed) and Fx (force along
feed) are compared with simulated forces. The simulated
and experimental forces at cutting speed 60000 rpm, depth
of cut 50mm and feed 0.5, 2, 2.5 and 4mm/tooth are
compared in Figure 10.

It is found that the predicted and experimental cutting
forces are in good agreement. However, small difference
between the values of simulated and experimental forces
can be attributed to the tool wear, tool dynamics and small
defects (crystal defects and impurities) associated with
workpiece material. As in present work tool is considered as
rigid body and defects associated with material are difficult
to eliminate. Moreover, in actual machining tool wear and
tool dynamics causes variation in cutting forces.

Table 5 shows the experimental and simulated cutting
force values by considering the average of peak values of
cutting force. It also shows the error between predicted and
experimental cutting force. The maximum and minimum
error for Fy is 11.84 and 3.57% respectively. Similarly the
maximum and minimum error for Fx is 15.17 and 4.61%
respectively.

In micro milling, low values of feed deteriorate the
surface by ploughing, whereas higher value of feed may
increase the surface roughness by increasing chip load [6].
Therefore, to identify the right h/rc ratio, Ra value of
selected machined slots has been measured. Figure 11
shows the machined slot of 0.25, 1.25 and 2 h/rc ratio
respectively and Figure 12 shows the effect of different h/rc
ratio on Ra.

Figure 12 shows as the h/rc ratio approaching to the
unity, the value of surface toughness decreasing. Just
beyond the unity the obtained Ra value is significantly

Table 4. Cutting parameters used for micro end milling.

Cutting parameter Units Value

Spindle speed (N) RPM 60,000
Feed rate (ft) mm/tooth 0.5, 2, 2.5, 4
Depth of cut (d) mm 50

Fig. 9. (a) Micromilling set up and (b) machined Ti-6Al-4V alloy.

Fig. 10. Comparison of experimental and simulated cutting
force at cutting speed 60,000 rpm, depth of cut 50mmand feed 0.5,
2, 2.5, 4mm/tooth.
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lower, while at 2 h/rc ratio the higher value of surface
roughness has been observed. The Ra value obtained at
0.25 h/rc ratio is significantly affected by ploughing
mechanism, Figure 11a shows the elastically deformed
marks on the machined surface. At 1.25 h/rc ratio, the

elastic deformation of material eliminated entirely and
material removed by plastic deformation. At unity ratio,
material removed by elastic-plastic deformation this
attributed to little higher value of Ra at unity than
1.25 h/rc ratio. Figure 11b shows the machined slot at
1.25 h/rc ratio, the obtained surface has quite less
roughness value. Similarly Figure 11c shows the surface
obtained at 2 h/rc ratio, the Ra value obtained at this
ratio is significantly higher. The unsymmetrical feed
marks on the machined surface suggest the generation of
high cutting forces at higher feed/tooth. The increased
chip load at higher feed leads to high tool deflection,
chatter and tool run out. Feed/ tooth is one of the
significant parameter for surface roughness. Higher feed
value increases the tool wear which leads to rounding of
cutting edge and geometrical inaccuracies. In the present
work cutting edge radius is 2mm, therefore the provided
feed around 2.5mm/tooth (h/rc ratio is 1.25) is suitable to
produce lower surface roughness value. The obtained
results shows agreement with recommendation given byK
and Mathew’s while micromilling of Ti-6Al-4V [25]
according to them to optimize the surface roughness
the selection of feed/tooth slightly higher than cutting
edge radius is appropriate.

Table 5. Experimental and simulated cutting force value.

Cutting condition Average of peak values of
cutting force Fy (N)

Average of peak values of cutting
force Fx (N)

Cutting
speed (N)

Depth of
cut (d) (mm)

Feed rate (ft)
(mm/tooth)

Experimental Simulated Error
(%)

Experimental Simulated Error
(%)

60,000 50

0.5 1.83 1.72 6.39 1.36 1.30 4.61
2 1.70 1.52 11.84 1.67 1.45 15.17
2.5 1.52 1.43 6.29 1.44 1.36 5.88
4 3.56 3.43 3.57 1.62 1.47 10.43

Fig. 11. Machined slot for h/rc ratio (a) 0.25 (b) 1.25 (c) 2.

Fig. 12. Effect of uncut chip thickness to cutting edge radius
ratio on surface roughness (Ra).
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4 Conclusion

The ratio of uncut chip thickness to cutting edge radius is
one of the significant parameter in micro milling. The
appropriate selection of this ratio can reduce the cutting
forces, surface roughness and tool wear by avoiding
ploughing mechanism and over chip load. Limited
application of FEM has been observed to predict ratio
of uncut chip thickness to cutting edge radius in micro
milling. Therefore in present work, the model developed
by ABAQUAS/Explicit 6.12 used to predict the cutting
forces while machining Ti alloy by using Johnson-Cook
equation. The proposed model shows the effect of
different feed on Von-Misses stress, tangential force
and feed force. The effect of different h/rc ratio on surface
roughness and specific cutting force also has been studied.
On the basis of conducted study following conclusion can
be drawn.
– Lower value of Von-Misses stress generates on machined
surface and it increases toward cutting edge of the tool.
Higher force required at cutting edge to produce the chip
in cutting zone.

– As the feed value approaches the cutting edge radius
ploughing avoided and just beyond cutting edge radius
material removed completely by plastic deformation.
Tangential force increased with feed after 3mm/tooth,
this attributed to increase in chip load at higher feed. The
rate of change of tangential force considerably higher
than feed force.

– FEM simulation for Von-Misses stress and specific
cutting force shows size effect at lower feed.

– Cutting forces predicted by FEM simulation are in good
agreement with experimental forces. Forces predicted by
FEM model are 85–96% confidence level.

– To optimize the surface roughness, set the feed per tooth
value slightly higher than cutting edge radius of the tool.
At this feed elastic, elastic-plastic deformation eliminat-
ed completely and material removed by plastic deforma-
tion. In the present work, the provided feed around
2.5mm/tooth (h/rc ratio is 1.25) is found suitable to
produce optimum surface finish and cutting forces.
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Abstract
Purpose – The purpose of this paper is to find the pressure and the knocking phenomena. To get the pressure values, the butterworth bandpass
filter was used and the potential of knocking was found by using peak-to-peak pressure values and also the species concentration. Cooled exhaust
gas recirculation was the method used to minimize the knocking occurrence in the engine. Moreover, the effect of premixed methanol and start of
engine (SOI) on knocking were also determined.
Design/methodology/approach – This paper deals with the compression ignition engine to investigate the unfavorable knocking behavior. The
tests were carried out with the 3D model of engine fueled with waste cooking oil blended with TiO2. A number of tests were taken to find the
pressure variation and the species concentration at eight different locations in the computational model.
Findings – In doing the tests, the positive intended outcome was achieved. From results, it is clear that the SOI and premixed methanol mitigated
the knocking process.
Originality/value – The species concentration and pressure in the form of filtered signal were proved to be the ideal methods for evaluating the
knocking event in the engine.

Keywords Computational fluid dynamics, Nanoparticles, Alternative fuel, Exhaust gas recirculation, Knocking

Paper type Research paper

1. Introduction

In general, overall transportation vehicles highly rely on
internal combustion (IC) engines. They serve better with fossil
fuels for different purposes such as vehicles, boats, ships,
airplanes and trains (Anderson et al., 2020). Only for these
vehicles, enormous amount of fuel is burnt every year and puts
a major threat to the exploitation of such nonrenewable
petroleum fuel. Owing to meet the growing demands of the
fossil fuel to operate engines, there has been a lot of research on
the replacement of petroleum fuels. At the same time, it is
important to improve the performance of the engine by trying
viable and new strategies. In IC engines, there are two types of
ignition such as spark ignition and compression ignition (CI)
(da Silva et al., 2020). Petrol engines are the spark ignition in
which the combustion process is initiated by the spark coming
from the spark igniter. Diesel engines are the CI engines, where
the combustion process is caused by the elevated temperature
of the air in the cylinder owing to the mechanical compression
(Zhang et al., 2020). In recent days the biomass and hydrogen
were used as the blends in the IC engine (Brindhadevi et al.,

2020; Sekar et al., 2020). Among all IC engines, CI engine has
a lot of advantages and more efficient. The durability and
drivability are exceptional in CI. A number of advancements
are found to improve the usage of it in many fields
(Manigandan et al., 2020a). In fact, CI engine is the advanced
and optimized homogeneous charge CI (HCCI) engine where
the fuel-air mixture is well compressed until the point of self-
ignition then the combustion released energy is transformed
into useful work and heat. The varied form this HCCI is the CI
which uses two fuels as low reactivity fuel and high reactivity
fuel. During the intake stroke, the lower reactivity fuel is
injected into the cylinder to get the well mixture of air and fuel
at low pressure and before the end of the compression stroke,
the high reactivity fuel is injected at high pressure then the
combustion takes place (Ganesan et al., 2020a). CI engine has
more control on the engine performance and emission level
NOX by controlling the temperature within the limit. It has the
full potential to improve the overall performance with increased
thermal efficiency. The main advantages are reduced NOX and
particulate matter (PM) emission, reduced heat transfer losses,
after-treatment systems are not required and increased fuel
efficiency.
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2. Methods and methodology

2.1 Computational modeling andmeshing
To analyze the combustion process, it is required to design the
integrated 3D model, as it involves the process of injection of
fuel and its flow, fuel air mixture and high temperature
combustion. Such 3D model was designed with chemical
reactivity. The computational fluid dynamics (CFD) code used
to create themodel using theCATIA as shown in Figure 1. The
finite volume and time marching methods are used to solve the
governing equations such as conservation mass and
conservation of momentum and also the fuel oxidation
chemistry. This oxidation involves 12 active chemical species.
An advanced CFD framework is necessary to solve such fuel
oxidation and the chemical species (Manigandan et al., 2017;
Manigandan et al., 2018a). A code of the CFD framework was
altered by the Kelvin–Helmholtz and Rayleigh–Taylor (KH–

RT) hybrid break-up model. Combustion is the process which
involves chemical composition, temperature and pressure
variation. This has to be captured clearly while conducting
tests. As such, a lot moremedications weremade to get possible
ten regions to get themeasured values.
The diesel engine model used for this analysis was a four-

cylinder fuel injected diesel engine. The fuel injected through
the injection holes. Grid generation andmeshing of this unit is a
key thing to get the better simulation results (Manigandan
et al., 2018b). To do the grid independence test, medium and
fine meshes were created initially. For the fuel injection holes,
60-degree sector meshes were created which generally has
lower analyzing time. Pretest was conducted at full load
condition with 2,400 rpmof speedwhere no pressure difference
was found. Therefore, the moderate level condition was used.
Moreover, to get the validity of this computational simulation,
experimental data was used to compare with the computational
analysis. The specifications models were listed in Table 1. In

this analysis, waste cooking oil was taken as fuel to the diesel
engine and the emission characteristics were also analyzed. In
addition to it, the knocking behavior was also studied by using
cooled exhaust gas recirculation (EGR)method.

2.2 Engine knocking
A number of methods are available to find the knocking
behavior of the diesel engine such as direct and indirect
methods. Among them, direct methods are the most
convenient method for the perfect measurement of pressure,
temperature and radicals in the cylinder and also in the exhaust
gas. Additional process is also needed to find the numerical
value of knocking. While experimental tests are crucial to find
the accurate variation of pressure and temperature over
knocking, it is difficult to capture the flow of fluid requiring
expensive experimental setup. This is the constraint of the
pressure measurement in the experiments (Otchere et al.,
2020b). Another one issue in the experimental tests is the
emitted radicals while using the laser-induced fluorescence
(LIF) method. Comparatively, CFD methods are easier and
eliminate issues occurring in the experimental methods.
Pressure and radical sensors are placed within the cylinder in
the computational work. Knocking level is clearly measured
only by using the concentration of radicals and the pressure
distribution. A band-pass filter is used to capture the high-
pressure wave caused by high pressure. The level of knocking
can be represented by the magnitude of the pressure wave
measured by the band-pass filter. In this analytical simulation
method, radical and pressure methods were used to capture the
knocking behavior. In a duel fuel engine, the unregulated end-
gas auto-ignition is the reason for the occurrence of knocking
(Brindhadevi et al., 2020b). This uncontrolled supply is the
source. Different time sets were used. The compression
initiation is denoted by and tign is the ignition time, and t is the
induction time. The kocking effect was measured at eight
locations in the crack shaft.
In general, the mean pressure and heat release rate (HRR)

are used to investigate the knocking but what were used in this
CFD simulation are pressure, temperature and radical
concentrations to predict the knocking in particular regions. In
the CI engine, eight regions were selected to monitor the
knocking and there were little modifications in the simulation.
The alterations were particularly made to get the eight different
and separate regions and also for the measurements to be made
in the pressure, temperature and radicals. By limiting the co-
ordinates for eight regions, computational frame work

Figure 1 Crack shaft model

Table 1 Engine specification

Parameter Specification

Engine model Simpson 217
Cylinder 2
Cooling Water cooled
Ignition Compression ignition
Compression ratio 18.5:1
Displacement volume 1,670 cc
Stroke and bore 91.44 and 127mm
Fuel pump MICO Bosch Inline Pump
Combustion system Direct injection (DI)
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separation was done along x, y and z axis. By using the
subroutine “rinput,” the local radicals were measured and by
using the subroutine ‘monitor’ in the post processing, pressure
and temperature values in all the local regions were calculated.
All measured values were entered in the file of output. This
whole CFD model was used to calculate the values of the
concentrations of pressure, temperature, HRR and the species.

3. Results and discussion

3.1 Simulation validation
Chemical mechanism was used to check the validity of the
CFD model. There was a considerable similarity between the
results which proved the validation of the conducted tests.
Then the continuation of the validity was done with the
experimental tests conducted in the CI engine. Engine
specifications are shown in Table 1. The neat bio-diesel of
waste cooking oil blended with TiO was used as fuel for
conducting the experimental tests. Further, the single cylinder,
dual fuel operating engine test results were compared with the
CFD model. In this validation, HRR was compared (Otchere
et al., 2020a). All validated results are compiled together and
shown in the reference section. Three injector holes on single
cylinder engine thus the model was meshed. The model
generation and simulation were carried out under normal
operating conditions with the fuel injection time of 27° after top
dead center (ATDC). As it is a dual-fuel engine, methanol and
biodiesel were used as fuel. The ratio of it was 2:6. From the
validation obtained results were proved.
Generally, there are three methods to find the knocking place

such as analysis of engine block vibration, cylinder pressure and
heat transfer. Over the three methods, the pressure analysis
method is the most common and widely used method. In this
study also, pressure analysis was used in both experimental and
numerical tests. The effects of knocking and combustion
instability can be examined in detail by taking measurements
directly. However, detecting the locations is difficult in the
experimental tests. Contrarily, in the CFD simulation, pressure
transducers are located and the abnormal combustion can be
captured by them clearly. Local pressure variations at different
eight regions in the model were used to visualize the ignition
delay and combustion instability.

3.2 Study of knocking
To understand and get more detail about knocking, case study
was also done. Four different knocking intensity base cases
were examined. Operating conditions are 50% and 100%
engine loading conditions.

3.2.1 Local pressure
Pressure analysis was done to get the knocking feature in the
diesel engine. The rate of the HRR was shown in the Figure 2
and Figure 3. Compared to the partial loading, 100% engine
reported higher HRR. Pressure analysis is the most convenient
way to capture the engine knock. Knocking occurs because of
the uncontrolled supply of end-gas auto ignition. In pressure
analysis, the pressure values were measured at all local regions.
Eight regions were selected to find themost knocking occurring
region. The maximum pressure Pmax was calculated for all
regions by using filtered pressure for all cases (Ashkezari et al.,
2020). From Figure 4, it is clear that knocking is more evident

Figure 2 HRR at 100% engine load

Figure 3 HRR at 50% engine load

Figure 4 Knocking intensity at regions of the crack shaft
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in the regions near cylinder wall than all other regions owing to
the presence of methanol- auto-ignition presence. As the Pmax
was higher in region 7, it was further examined to get the
knocking details. The maximum filtered and raw pressure
values of this Regions 1 to 8 for 50% and 100% engine loads are
1,800kPa and 2,450kPa respectively. From these values, it is
clear that themost intensive occurs for 2,200kPa. The first case
is the small knock, while 2 and 3 are the moderate knocks.
From the Pmax values, the threshold pressure value was taken
as 1,050kPa. It proves that local pressure values are important
to find the intensity of the engine knock. The affecting factors
are start of injection (SOI), EGR, methanol amount and the
load condition. From figure, it can be concluded that the load
condition majorly induces the knocking (Kan et al., 2020).
Among two cases, the higher load condition thus the knocking
intensity was also higher than others.

3.2.2 Temperature and radical concentrations
To get the effect of the temperature on knocking, the peak
temperature values were analyzed closely in four cases under
the operating conditions. As the higher peak pressure for 50%
and 100% loading conditions, the temperature oscillations
were also more in the 100% engine load and peak temperature
was found in the same. Higher the pressure and temperature
value, higher the knockingwill be.
Figures 5–6 give the cylinder pressure for the biodiesel at

different regions of the engine in the case of 4 at 0, 20 and 40
crank angle condition.While themain fuel was injected into the
cylinder, the biodiesel was moved slightly to the cylinder wall
where the temperature and OH radical concentration peak was
noticed. Figure 7 shows the radical concentration at different
crank angles for all blends (Cheng et al., 2020). The major
radicals shown in the figure are HCO,H2CO,H2O2 andOH. It
is not only the temperature and pressure to affect the engine
performance but also the radicals. Among all radicals, HCO,
HCHO and OH can be described as marker because of its
major presence in the local regions. To say particularly, HCHO
was noticed before the fire front point and HCO and OH
radicals were highly found in the combustion areas and the
burnt areas. Once the knocking occurred, the OH converted
the HCO as CO and H2O (Zhou et al., 2015). This indicates

the end gas auto ignition process. Moreover, HCO presence is
also directly proportional to the intensity of knocking. It is
proven in the 100% engine load where higher amount of HCO
was there. The experimental results were also compared with
the simulation results and decent agreement was there between
them. Hence, radical concentration at different regions is also
useful inmeasuring intensity of knocking.

3.3 Effect of exhaust gas recirculation, methanol
addition and injection timing on knocking
3.3.1 Effect of exhaust gas recirculation
There is a well-known proof for the relationship between the
EGR and Knocking tendency. The Cooled EGR decreases
the possibility and rate of knocking. The hot EGR increases the
end-gas auto-ignition thus increase the knocking. The
parametric study was used to estimate the cooled EGR effect
on knocking. The used operating conditions are listed in table.
All tests were conducted for different percentage of EGR as
10%, 20% and 30% with the constant internal energy. The
respective intensities of knocking were compared to each other.

Figure 5 Cylinder pressure at 100% engine load

Figure 6 Cylinder pressure at 50% engine load

Figure 7 Emission of the chemical radicals and temperature trace
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For the 10%–20% EGR there was no considerable reduction in
the amount of knocking while 30%–50% showed themitigation
effect of EGR on knocking. Figure 8 shows the knocking level
for different engine loading of 50%–100%. The knocking level
at 50% load condition was lower than 10%–40% loading
condition with higher EGR (Manigandan et al., 2020b). For
the full load condition, the required amount of EGR was even
higher to suppress the knocking. Figure shows the temperature
variation at full load condition for 10%, 20% and 40%. From
figure, it is seen that the ignition was started at 9 CA ATDC
where the temperature increased and at 22 CA ATDC, the
flame went to the cylinder wall where the temperature rise
happened. From figures, it is evident that the EGR has the
capability of reducing knocking.

3.3.2 Influence of injection timing
In the suppression of knocking, injection timing plays a
significant role. It is proven even in the previous studies that in
the higher cetane number duel fuel engine, higher the ignition
timing, higher the knocking will be serious. The reason behind
this relation is the more amount of time given increase the
premixed methanol fuel fraction thus it increases the knocking
(Manigandan et al., 2020b; Devi et al., 2020). Figure 9 shows
the knocking intensity level for different injection timing for the
different methanol fraction of B20 and B30 with and without
EGR. It is clearly seen from figure that when the SOI is delayed,
the knocking is also reduced because of the reduced premixed
methanol in the combustion chamber. As a result, the end gas
auto-ignition is reduced. Another one possibility of increasing
the knocking is the increment of port injection which highly
increases the premixed methanol concentration resulting in the
end-gas auto-ignition (Manigandan et al., 2020c; Manigandan
et al., 2020d). It can be concluded that higher EGR is required
to suppress the knocking while increasing themethanol fraction
increases the knocking effect as a consequence of auto-ignition.

4. Conclusion

The numerical analysis was done with the CI engine. The fuel
used was waste cooking oil. Two cases were taken to get the
pressure analysis for finding the intensity of the knocking. From

the results, it is concluded that high pressure increases the
intensity of knocking. From the different pressure values,
1,250kPa was fixed as the threshold pressure. In addition to it,
the species concentration was analyzed with knocking
phenomenon. HCHO, HCO and OH radicals measurements
were done. HCHO presence was found in the flame- front
point. The HCO and OH species were present in the
combustion and burnt areas. As the radicals increased, the
knocking intensity also increased. Finally, the knocking
reduction methods were analyzed. The relationship between
the EGR, injection timing, methanol concentration and
knocking was investigated. Cooled EGR reduced the knocking
intensity but the amount of EGR required to suppress the
knocking is more. It is evident from the results. EGR rate above
30% only started to reduce knocking. Increased injection
timing also increased the knocking intensity. Further, methanol
mass fraction effect on the knocking was examined by using
port injection method. It is clear that increased methanol
fraction increases the knocking behavior owing to the increased
auto-ignition in theCI engine.
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Finite Element Analysis of Knee Joint
with Special Emphasis on Patellar
Implant

M. A. Kumbhalkar, D. T. Rangari, R. D. Pawar, R. A. Phadtare, K. R. Raut,
and A. N. Nagre

Abstract Patella is supporting part of knee and also guide for quadriceps or patellar
tendon. Patellar implant is used for proper functioning of patella after injury. For
implant, it is required to cut injured portion of host patella and keep remaining part
minimum up to 12–14 mm and overstuffing of 2 mm to prevent patellar fractures.
The patellar implant makers provide only 8-mm-thick implant to maintain original
patellar thickness which is difficult to achieve especially in patients with host bone
thickness less than 20 mm. Hence, there is need to analyze for reduction in thickness
of patellar implant from 8 to 6 mm for perfect engagement with adequate residual
bone. The critical force analysis on host patella with tendon is carried out for quadri-
ceps force, patellofemoral force, and patellar tendon force using analytical and finite
element method. Two cases are considered for the force and stress analysis of patella,
and the comparison of various implant thicknesses is discussed.
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Fig. 1 Anatomy of knee and biomechanical model of knee joint with patellar implant [1]

1 Introduction

The rotary motion of knee joint is based on the successful movement between femur-
tibia and patella. The tendons attached at femur and tibia cover and compress patella
toward femur while rotary motion of knee joint. Due to compressive force or frictional
force between femur and patella, the patella may damage and therefore it is required
to provide implant over it. Figure 1 shows biomechanical model of knee joint with
patella implant.

For the possible movement of knee joint, it is necessary to maintain patellar
thickness after knee arthroplasty [1]. The host patella thickness is required to maintain
up to 12–14 mm during knee arthroplasty for the patellar thickness less than 20 mm,
and standard implant of 8 mm is used to recover original patellar thickness [1–3].
Sometimes intraoperative patellar thickness increases due to 8 mm standard patella
implant for the person having original patellar thickness less than 20 mm. If the
original thickness of patella is not maintained by applying patellar implant, then the
knee cannot bend at that extent and pain will occur during walking, climbing, or
running. Hence, for perfect meeting of original patella thickness after operation, it is
required to use patella implant having thickness less than 8 mm. This research aim
is to check effect on patellar implant by reducing its thickness from 8 mm to 6 mm
at various flexion angles.

2 Mathematical Formulation and Force Analysis

As per the experimental study done in various literature papers, it is observed that
the tendons attached with tibia and femur will stretch while motion due to which a
compressive force is acted on patella. The magnitude of forces and direction acting
on leg vary with the knee flexion angle and weight. Two lateral forces i.e., patellar
tendon force and quadriceps force are acting on patella which acts patellofemoral
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reactive force toward contact point of patella and femur. Patellar tendon force acting
between the patella and tibia, patella quadriceps force acting between patella and
femur, and patella femoral force acting on patella as a compressive because of the
forward moment are locked due to the quadriceps and ligament. A free body diagram
for forces acting on patella is shown in Fig. 2.

The patellofemoral force is acting on patella at various knee flexion angles at
different conditions of human movement. The full body weight of human is acting
on knee joint at straight condition which is fixed at end of tibia, but while walking,
climbing, or running, the moment acts at joint which distributes body weight into
different forces. The free body diagram of patellofemoral joint with force distribution
and joint flexion moment is shown in Fig. 3 [4, 5]. As patella changes its own
position according to flexion angle, forces acting on patella change according to the
flexion angle. The main three forces acting on patella, i.e., quadriceps force, patella
tendon force, and patellofemoral forces are derived by considering various angular
movements at joint.

Also other two elements are plotted as free body diagrams, i.e., for patellar tendon
and for quadriceps tendon where the forces, angles, and the different lengths are
shown. For force analysis on patella, specific geometric form is not considered but
the specific thickness of patella is considered during finite element analysis. Fekete
et al. [4] considered dimensionless parameters to simplify the results of relationship
between patella and tendon and are given in Table 1.

Fig. 2 Forces acting on patella [13]
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Fig. 3 Free body diagram of patellofemoral joint and joint flexion moment by Fekete et al. [4] and
Mason et al. [5]

Table 1 Dimensionless parameter [4]

Description Formulas

Dimensionless, intersected tibia length function λ1 = l1/l10

Dimensionless, intersected femur length function λ3 = l3/l30

Dimensionless length patella tendon λp = lp/l10

Dimensionless thickness of shin λt = lt/l10

Dimensionless thickness of thigh λf = lf/l30

2.1 Patellar Tendon Force

From Fig. 3, free body diagram of tibia and femur gets separated to find its force
distribution. Figure 4 illustrates the forces acting on tibia due to patellar tendon and
body weight. The lengths denoted in free body diagram as length of tibia (l10), length
between line of action of tibia and body weight (l1), length of patellar tendon (lp),
length from axis of tibia, and tibia tuberosity (lt). Taking the moment at point B, by
fixing the point B.
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Fig. 4 Forces acting on tibia and patellar tendon

∑
MB = 0

0 = −lp · fpt · sin β − lt · fpt · cos β + l1BW · sin γ

l1BW · sin γ = lp · fpt · sin β + lt · fpt · cos β

l1BW · sin γ = fpt
(
lp · sin β + lt · cos β

)

fpt = BW · lp · sin γ

lp · sin β + lt · cos β
(1)

Rearranging Eq. (1)

fpt

BW
= lp · sin γ

lp · sin β + lt · cos β
(2)

fpt

BW
= λ1 · sin γ

λp · sin β + λt · cos β
(3)

2.2 Quadriceps Force

Figure 5 illustrates the forces acting on femur due to quadriceps tendon and body
weight. The parameters denoted in free body diagram are length of femur (l30), length
between line of action of tibia and body weight (l3), angle between the axis of femur
and quadriceps force (ψ), and angle between the axis of femur and line of action of
body weight (δ). Taking moment at point B, by fixing the point B.
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Fig. 5 Forces acting on femur

∑
Mb = 0

0 = lf · fq · cos ψ + l30 fq · sin ψ − l3BW · sin δ

δ = α − γ

ψ = 0 Assumption

l3BW · sin δ = lf · fq · cos ψ + l30 fq · sin ψ

BW = fq(lf · cos ψ + l30 · sin ψ)

l3 · sin δ

fq

BW
= l3 · sin δ

l f · cos ψ + l30 · sin ψ

fq

BW
= λ3 sin(α − γ )

λf
(4)

2.3 Patellofemoral Force (Fpf)

It is reaction force acting on femur through patella and ligament forces that is quadri-
ceps and tendon forces which is obtained from Fq and Fpt forces by parallelogram
theorem of resultant forces.

By using equilibrium equation,

∑
f y = 0
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∑
f x = 0

0 = fq sin δ − fpt sin(γ + β) + Fpfx

Fpfx = − fq sin δ − fpt sin(γ + β)

0 = fq cos δ − fpt cos(γ − β) + Fpfy

Fpfy = −Fq cos δ + Fpt cos(γ + β)

Resultant of two concurrent forces (Law of Parallelogram)

fpt

BW
=

√
f 2
pfx + f 2

pfy

BW
=

√
f 2
q + f 2

pt − 2 fq fpt cos(β + δ + γ )

BW

fpt

BW
=

√
f 2
q + f 2

pt − 2 fq · fpt cos(β + δ + γ )

BW
(5)

2.4 Case Study

Two cases having different body weight and height are considered to find patellar
tendon force, quadriceps force, and patellofemoral force as per the formulae derived
in Sects. 2.1, 2.2, and 2.3 for various flexion angles. The manual drawings of both
cases having weight 74 kg and 61 kg and height 5.9 ft. and 5.5 ft., respectively, are
drawn to plot various lengths and angle for calculation of forces. As the tibia and
femur length vary with respect to height and weight, these two different cases are
considered for force calculation. The manual drawings of two cases are shown in
Fig. 6, and all parameters like length, angle, and dimensionless values are shown in
Table 2.

The mathematical formulation represents forces acted on knee joint at quasi-static
condition, and it is exposed to high magnitude of compression force during walking,
climbing, and running condition [6, 7]. As per literature [8–10], the force acting on
knee joint during walking is 1.3 times body weight, during climbing stair is 3.3 times
body weight, and during knee bends is 7.8 times body weight. The compression force
and area of articular contact increase with knee flexion and are max between 60° and
90° [11, 12].

3 Finite Element Analysis of Patella

In this paper, finite element analysis technique is used for stress analysis of knee
joint with special emphasis on patellar implant with varying thickness from 6 to
8 mm. For finite element analysis of patella, a critical CAD model of knee joint
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(a) CASE-I: Person having weight 73 kg 
and height 5.9 feet

(b) CASE-I: Person having weight 61 kg 
and height 5.5 feet

Fig. 6 Manual drawing of two different case study for force calculation

Table 2 Parameters of two
different cases

Sr. No. Parameter CASE-I CASE-II

1. BW 73 kg 61 kg

2. L1 29.5 cm 27.5 cm

3. L3 18.5 cm 21.2 cm

4. Lf 5.5 cm 4.5 cm

5. Lp 12 cm 11 cm

6. Lt 2.7 cm 2.3 cm

7. L10 42 cm 38.5 cm

8. L30 43 cm 41 cm

9. λ3 0.4302 0.517

10. λ1 0.7023 0.714

11. λp 0.2857 0.285

12. λt 0.0642 0.059

13. λf 0.1279 0.109

14. γ 30 º 35º

15. δ 55º 47º

16. A 85º 82º

17. B 10º 8º
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with patella and tendon is prepared in solid modeling software CATIA and its stp
file is imported in FEA tool, ANSYS. At first, the analytical patellofemoral force is
verified with ANSYS result by applying boundary condition as patella tendon force
and quadriceps force at the end of tendon and is fixed and at femur end. This reaction
force is exactly matched by analytical and finite element method, and the results are
shown in Table 3. All three forces are also calculated for different conditions such as
walking, climbing, and running as per the ratio discussed in 2.4, and patellofemoral
force is verified in ANSYS at different knee flexion angles.

The research aim is to replace standard available patellar implant of 8 mm thick-
ness to minimum 6 mm thickness for the host patella size of less than 20 mm thick-
ness. Hence, the stress analysis is carried out on host patella first and checks stresses
induced at point of contact of patella and femur. Then, the stress analysis is car-
ried out on patella with implant for different thicknesses. For stress analysis, direct
patellofemoral force is applied on upper surface of patella and femur is fixed at end.
The patellar implant with varying thickness is shown in Fig. 7, stress analysis result
on contact point of patella and femur is shown in Fig. 8, and stresses on patella are

Table 3 Force acting on patella for two different cases and at different flexion angles using analytical
and finite element method

Condition Case Case-I Case-II

Flexion
angle

65° 85° 110° 65° 85° 110°

Static Fpt 2427.42 2289.7 4460.6 2894.90 2539.36 3976.63

Fq 1714.39 2026.1 3022.5 2207.16 2109.85 3021.42

Fpf 2390.31 3186.9 6358.2 3015.2 3301.48 5545.8

Fpf
(FEA)

2390.3 3186.9 6358.3 3015.2 3301.5 5545.8

Walking Fpt 3186 2983.7 5850.5 3763.3 3301.1 5169.5

Fq 2242.9 2652.8 3958.5 2869.3 2742.8 3927.8

Fpf 3134.8 4161.6 8335.1 3919.5 4291.8 7209.5

Fpf
(FEA)

3134.9 4161.7 8335 3919.7 4291.9 7209.5

Climbing Fpt 8087.6 7574.1 14851.3 9553.2 8379.9 13122.9

Fq 5693.6 6733.9 10048.5 7283.6 6962.5 9970.60

Fpf 7957.65 10564 21158.2 9950.3 10894.9 18301.1

Fpf
(FEA)

7957.8 10564 21158 9950.2 10895 18301

Running Fpt 19116.2 17902.4 35103.2 22580.2 19807 31017.71

Fq 13457.6 15916.8 23750.9 17215.8 16456.8 23567.12

Fpf 18808.9 24970.2 50010.5 23518.7 25751.5 43257.32

Fpf
(FEA)

18,809 24,970 50,010 23,519 25,752 43,257
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Fig. 7 Patellar implant (button) with varying thickness [3]

Fig. 8 Equivalent stress and maximum principal stress acting on contact of patella and femur at
knee joint

shown in Fig. 9.
Stress analysis on host patella with patellar implant is also carried out using finite

element analysis. The host patella is cut from interior side and keeps 12 mm thickness
of posterior part of patella where 8 mm implant is fitted. The maximum principal
stress and equivalent stress on patellar implant are shown in Fig. 10, and the results
are given in Table 4 for flexion angle of 110° and 65°.

Fig. 9 Equivalent stress and maximum principal stress acting on patella
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Fig. 10 Equivalent stress and maximum principal stress on patellar implant using finite element
analysis

Table 4 Maximum principal stress and equivalent stress result for host patella and patellar implant
for various condition at 110° and 65° flexion angle

Angles 65° 110°

Condition Stresses Host
patella

8 mm
implant

6 mm
implant

Host
patella

8 mm
implant

6 mm
implant

Static Max
principle
stress

4.146 14.115 8.109 12.926 56.241 53.608

Equivalent
stress (von
misses)

8.8343 24.579 22.4 40.827 70.487 69.158

Walking Max
principle
stress

5.438 18.515 10.637 16.946 73.729 70.277

Equivalent
stress (von
misses)

11.58 32.24 29.38 53.522 92.405 90.662

Climbing Max
principle
stress

13.804 46.998 27.001 43.016 187.16 178.39

Equivalent
stress (von
misses)

29.412 81.84 74.58 135.86 234.56 230.14

Running Max
principle
stress

32.629 111.08 63.817 101.67 442.38 421.66

Equivalent
stress (von
misses)

69.521 193.43 176.29 321.13 554.43 543.97

4 Results Validation

Dr. Anoop Jhurani et al. [2] carried out an experimentation on 54 female patient
knees to restore the native patellar thickness less than 20 mm. This experimentation
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has been observed for the period of two year which proved that the 6.2 mm thickness
plastic patellar button can be used instead of 8 mm thickness to restore native patel-
lar thickness less than 20 mm. A vernier caliper was used to measure and restore
intraoperative patellar thickness during total knee arthroplasty as shown in Fig. 11.

Shelburne et al. [8] and van Eijden et al. [13] reported critical force analysis
to estimate the quadriceps force, patello tendon force, and patellofemoral force at
different gait cycle and flexion angles shown in Fig. 12. At maximum extension of
patellofemoral joint quadriceps force is obtained as 2000 N, whereas the maximum
force is obtained as 8000 N at 75° flexion angle. Patello tendon force becomes
progressively smaller than quadriceps force at large flexion angles and reaches a
maximum of 5000 N at 60° flexion angle. At all flexion angles, a patellofemoral
force is smaller than quadriceps force [13].

Also, the forces acting on patella for two different cases during walking (Fig. 13)
are revealed that the quadriceps force produced for maximal extension is 2243 N
at 65° flexion angle and maximum patellofemoral force is 8335 N at 110° flexion
angle. The forces acting in the literature paper nearly equal the forces acting on the
patella for the cases considered in research.

A finite element analysis has been carried out to find stresses in patellofemoral
cartilage due to internal and external rotations of the femur influencing contact areas,
pressures, and cartilage stress distributions [14]. Besier et al. [14] analyzed a finite
element mesh model of patellofemoral joint as shown in Fig. 14 which illustrated the
element contact between quadriceps and patellar tendon and also within the femoral
and patellar cartilage. The simple joint stresses due to contact area and stresses in
patellar cartilage shown in Fig. 14 by finite element method revealed that the peak

Fig. 11 Intraoperative measurement of patellar thickness using vernier caliper [2]
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Fig. 12 Forces acting on patella versus flexion angle [8, 13]

Fig. 13 Force acting on patella during walking for two different cases and at various flexion angles

stress values is obtained as 3.5 MPa at static or neutral condition for 15° internal and
external femoral rotation which is lower than mean stress values.

A finite element analysis of patellar knee joint also revealed that the maximum
principal stress is obtained as 4 MPa at static condition for host patella which is
increased to 8 MPa for 6 mm patellar implant at 65° flexion angle. The stresses in
patella are increased for different conditions, i.e., walking, climbing, and running.
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Fig. 14 Finite element mesh of the patellofemoral joint and correlations between simple measures
of joint stress and stresses estimated in the patellar cartilage by the finite element method [14]

From finite element analysis, it is observed that the stress in 6.2 mm patellar implant
is less than 8 mm patellar implant for every condition as shown in Fig. 15.

Fig. 15 Maximum principal stress and equivalent stress for host patella and patellar implant during
walking
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5 Conclusion

The mathematical formulation for biomechanical model of patellar knee joint is
carried out to find forces acting on patella using free body diagram. The patellar
tendon force, quadriceps force, and patellofemoral forces are calculated for two
different cases of 61 and 73 kg person at various flexion angles, i.e., at 65°, 85°, and
110°. The analytical patellofemoral reaction forces are verified using finite element
analysis which is obtained by applying patellar tendon force and quadriceps force
at the end. The stress analysis on host patella and patellar implant with 8 mm and
6 mm thickness is carried out which reveals that the stress increases for 8 mm patellar
implant than host patella and the stress reduces for 6 mm patellar implant than 8 mm.
From the results, it can be concluded that the 6 mm patellar implant can be used
instead of 8 mm implant during intraoperative arthroplasty for patella thickness less
than 20 mm.
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Abstract Helical spring is used as primary suspension to

absorb shock and vibration in rail vehicle system which

calls for investigation under failure response because of

different loading conditions. This paper is based on the

categorical literature review on case study of failure

response of suspension spring of railroad vehicle. Here, the

investigation of a multibody framework approach is

introduced that can be utilized to create complex model of

railroad vehicle suspension system. The literature pre-

sented encounters results in various domains of analysis

including static and dynamic analytical analysis, experi-

mental investigation, dynamic model and finite element

analysis for its failure study and examination. It has been

observed that the stress may initiate at the inside diameter

of spring due to curvature effect during manufacturing

occurs residual stress. Also, it induces due to lateral and

longitudinal load due to curving and tracking of the rail

vehicle system.

Keywords Railway vehicle � Finite element analysis �
Vibration � Helical spring � Rail track

Introduction

Railway vehicles are among the most broadly utilized

techniques for shipping travelers and products [1]. Indian

railway is widely spread across country hauling passengers

and goods for the very large distances and running for 3–

4 days continuously. The rail road vehicle is one of the

most complex dynamic systems. An assembly of dynamics

model of railway vehicle is carried out from wheelsets, car

bodies and intermediate structures which are flexible, and

which are connected by segments, for example, springs and

dampers [2]. An Indian railway vehicle is shown in Fig. 1.

Suspensions are the significant machine component of

railway vehicle which retain the stock and vibration during

tracking, curving and furthermore secure the axle motion.

The helical compression sort of spring is utilized to permit

axial deformation and furthermore give some horizontal

twisting at ebb and flow. A cargo rail vehicle has the

regular failure of primary suspension with real accentua-

tion on the failure of composite spring of middle axle of the

two casings. A suspension spring is normally viewed as

static if an adjustment in deflection or load happens just a

couple of times, for example, under 10,000 cycles during

the normal life of the spring. A static spring may remain

loaded for very long periods of time. The shear or fatigue

failure of suspension spring may be caused due to several

reasons of rail vehicle movements in dynamic way.

Literature review carried out in the area of analysis on

suspension spring of rail road vehicle in context to the

present work is presented in classified manner (Fig. 2). The

objective of this review is to exhibit and summarize the
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important aspects for failure of suspension spring of rail

road vehicle in a categorized manner as static analysis,

dynamic analysis and fatigue analysis which is further

categorized as analytical, experimental and finite element

analysis. The time frame for this literature review is 1998

to till date, and only one paper of 1990 is taken for

reference.

Static Stress Analysis of Suspension Spring

Research work in the area of static stress analysis of sus-

pension spring, using analytical, experimental and finite

element method is presented as follows.

Fig. 1 Railroad vehicle (Courtesy: Indian Railway)

Fig. 2 Methodology for

literature review
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Static Stress Analysis of Suspension Spring Using

Analytical Method

A new method of calculation is explained for change of

axial twisting angle of compressed helical spring’s end

coils in the case of rotary-free supports, and the equation is

derived for deflection of spring which is experimentally

verified. This method is easy to apply and gives results

much closer to experiment as compared to presently used

method [4]. The process of design optimization and its

techniques with optimization packages are presented to

optimize mechanical and structural elements. The design

variables such as mean diameter, wire diameter and num-

ber of turns are optimized for design problem of a helical

compression spring. Design imperatives incorporated

buckling, surging, critical stresses and side requirements

too. The optimum solutions are given which are based on

the minimal mass design and later combined both of the

minimal mass and maximum safety in a linear composite

function. The results of optimization techniques are

reported using analytical design process and using com-

puter packages CONMIN, MSC/NASTRAN and GENESIS

[5]. Prawoto et al. [6] talked about a few contextual

investigations of failures of suspension spring. For the

assurance of integrity of coil spring, failure analysis of

failed springs is important for short-term and long-term

modifications in design for car manufacturers. The author

discussed the coil spring failures as a result of crack ini-

tiation and shear stress formation, unrefined material

deformations and manufacturing defects. The shear stress

distribution on circular cross section of helical spring is

shown in Fig. 3.

The nature of forces experienced by vehicle is different

on curved track as compared to straight track. To design

and maintain Indian rail curves, the forces acting and their

effect on track and vehicle are required to be studied first. It

is seen that the maintenance exertion on curves is about

25% extra when contrasted with straight track because of

the transaction of the forces. Therefore, vehicle speed and

its movement on curves shown in Fig. 4 are very important

as it wear out the track due to high forces and hence require

maintenance. So it is very important for engineers to

manage rail curves and design the rail vehicle suspension

with better understanding to reduce maintenance of rail

vehicle and track [7]. Various relations for shear stresses in

helical spring are derived for calculating the stress cor-

rection factor. The various values of shear stresses are

obtained by using shear stress factors like Wahl’s factor

and Bergstrasser’s factor. Therefore, an analysis of helical

spring is carried out for various stress correction factors

and for increase in pitch angle and justified with the

assumptions introduced in each relation [8]. The important

parameters are provided which affect tracking and curving

ability, i.e., conicity of wheel rail and angle of attack of

wheelset which get affected by radius of curve, design of

vehicle suspension, frictional characteristics at the rail-

wheel contact, wear of rail and different components of

vehicle along with several other parameters [9]:

GV2

gR
¼ Ca þ Cd ðEq 1Þ

Speed of rail vehicle on curve; V ¼
ffiffiffiffi

g

G

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðCa þ CdÞR
p

ðEq 2Þ

where g = 9.81 m/s2 is the acceleration due to gravity,

G = 1750 mm is the rail track gauge, Ca is the cant pro-

vided in track, Cd is the cant deficiency in mm for the

vehicle traveling on curve, R is radius of curvature in mm,

and V is the velocity of rail vehicle on curved track in m/s.

Two mathematical models are proposed for analysis of

spring having the wire made of strands. The error in precise

and approximate mathematical model have been

Fig. 3 Uncorrected and corrected shear stress distribution on circular

cross section of helical spring [6]

Fig. 4 Forces on rail vehicle during movement on curve [7]
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determined by increasing screw pitch and diameter ratio

which is relatively smaller for strands with the same

number of coils. The outcomes acquired are satisfactory by

approximate mathematical model just when the proportion

of screw pitch to diameter of wire (S/d) is two times bigger

than number of strand. In comparative and analytical

investigations, it was resolved that for strands with a sim-

ilar number of wires, the relative mistakes between two

models are smaller for large ratio of S/d [10]. The braking

performance which depends on total weight carried by

passenger or freight vehicle is discussed. The genuine

braking execution of a rail vehicle is not the same as the

ostensible one because of number of causes. There are

various parameters which affect the braking performance

and actual deceleration of rail vehicle. The adhesion

coefficient between is one of the parameter wheels and

rails. A probabilistic examination of train deceleration is

depicted, beginning from probability distributions of

parameters influencing the braking separation to assess

security margins in order to guarantee an emergency

braking performance or deceleration [3].

Static Stress Analysis of Suspension Spring using

Experimental Method

The premature failure of spring is examined due to material

defects. Preliminary visual examination for its failure due

to shear or fatigue along with detailed scanning using

electron microscope is carried out for the damaged surface

and fracture surface of the failed spring. Also they have

determined the chemical composition and macrostructure

investigations along with hardness measurements to

understand reason for the premature failure. According to

the examination, the inappropriate heat treatment proce-

dure of the spring material is in charge of failure of spring

[11]. The characteristics of a coil spring using experimental

methods are investigated to verify as per its standard

material properties, i.e., spring constant, yield strength and

tensile strength. A simple compression testing has been

carried out on UTM machine, and deflections are deter-

mined. This experimentation is performed for tensile

testing to affirm the consistence of SUP12 spring toward

JIS 4108 [12].

The connection for change of axial twisting angle of

helical compression spring’s end coils on account of

turning-free supports is created. The derived analytical

relation has been verified experimentally on a spring for car

suspension system and also for its deflection on spring

testing machine. It is accounted for that the test results are

having great concurrence with analytical findings [4].

Microscopic experimental analysis for material defects in

automotive suspension spring is carried out. In raw mate-

rial, it is observed that there is small inclusion present at

the surface. It is reported that this surface imperfection

might have occurred as small hardening cracks due to poor

shot peening condition [6]. The use of strain gage as a

sensor is explained to find change in strains on mechanical

component to particular area. A strain gage is attached at

the internal diameter of helical compression spring for

determination of its shear strain as shown in Fig. 5 and

hence the stress under applied load. The experimentation is

carried out to confirm the effectiveness of sensors [13].

Static Stress Analysis of Suspension Spring using Finite

Element Method

A typical failure analysis of automotive suspension in light

of stress distributions around typical failure location by FE

analysis of coil spring model with and without defect is

presented. The spring sub-model is also developed to

achieve further accuracy in the results. The stress con-

centration is observed to be more at area of failure and

particularly at the crack location [6]. Ruzicka and Dou-

brava [14] and Watanabe et al. [8] dealt with the problem

of helical spring by a simplified equation using various

shear stress factors. A diagram of the maximum shear

stress and maximum principal stress that contemplates the

initial pitch angle is prepared to utilize the design of

experiments and FE analysis. FE analysis represents one-

fourth circular beam model, and one turn coil of helical

spring is shown in Fig. 6 to determine maximum shear

stress and maximum principal stress and its comparison

with analytical values obtained by different stress correc-

tion factors like Wahl’s and Bergstrasser’s factor.

Finite element analysis for helical spring is used to

validate its experimental results for strength. The required

stiffness of spring is resolved utilizing HYPERWORKS

software according to explicit client necessity, for example

displacement at full rebound, curb length and full bump

[12]. The pseudoelastic response of shape-memory alloy

(SMA) helical springs under axial force utilizing finite

element analysis is examined. In the numerical examina-

tions, the three-dimensional constitutive conditions are

executed in a finite element method, and utilizing solid

elements, the loading–unloading of a SMA helical spring is

reproduced and is shown in Fig. 6. Scientific and numerical

results are compared. The course of action subject to the

SMA curved bar torsion gives an exact stress examination

in the cross section of the helical SMA spring despite the

global load–deflection response [15]. The effect of a uni-

form loading for steel helical spring related to light vehicle

suspension system is furthermore examined.

Finite element analysis is completed for three diverse

composite helical springs E-glass/epoxy, carbon/epoxy and

kevlar/epoxy, and it is seen that the spring optimization for

change of spring material causes considerable reduction of
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spring weight and maximum stress [16]. A problem of

helical compression spring is solved by finite element

method for nonlinear governing equation. The wave

propagations in axially affected helical springs are por-

trayed by numerical technique. A Galerkin approach of the

finite element method is applied to compute the results

which evolved axial and rotational strains and velocities in

different sections of spring. This analysis indicated that the

amplitudes of axial and rotational waves depend on the

excitation, geometrical and mechanical characteristics of

the spring [17]. Finite element method is used for dynamic

analysis of the cylindrical isotropic helical spring using

hybrid-mixed formulation to calculate rigidity. The mass

matrices are formed using lumped mass approach. The

dynamic equations are solved to determine natural fre-

quencies of spring [18].

Dynamic Analysis of Suspension Spring

Literature cited in the area of dynamic analysis of sus-

pension spring, using analytical, experimental and finite

element method is presented as follows.

Dynamic Analysis of Rail Vehicle using Analytical

Method

Dynamic analysis of rail vehicles is explained which

experiences large lateral displacement occurring due to

track curves and imperfections bringing about enormous

suspension deflection and car body displacement with

respect to the track. The author additionally examines an

impact of crosswind on a rail vehicle arranging a curve by

multibody simulation model exposed to unsteady aerody-

namic loads [19]. A suspension arrangement of rail vehicle

has the likelihood to diminish guiding force magnitude in

small-radius curves by methods for dynamic components

and wheel rail connection on curves effects wear of wheel

and rail. The guiding force depicts the lateral force com-

munication between the rail vehicle and the track.

Therefore, it is required to reduce quasi-static guiding

forces for rail vehicle passing through curves by means of

system of active yaw dampers. Computer simulations

analyze the influence of force produced by the active yaw

dampers, the coefficient of friction in wheel/rail contact

and the curve radius [20]. The dynamic condition of rail-

road vehicle is identified by determining critical speed,

Fig. 5 Helical spring with

strain gage foil and its

experimentation on spring

testing machine [13]

Fig. 6 FE analysis of one-fourth, one turn coil and helical spring using FEA package [8] [14] [15]
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which is very important because railroad vehicles can

experience severe lateral and yaw oscillations at that speed.

The lateral stability of rail vehicle is researched by gen-

erally utilized techniques to decide the critical speed of

railroad vehicles, for example linear theory [21]. Dynamic

behavior of helical spring is dissected to help over-

whelming loads. A physical examination of the effect of

axial load on the propagation of an elastic waves in helical

shafts is proposed subject to the equation of motion of

loaded helical Timoshenko beam. The dimensionless con-

ditions are made for beams of circular cross-area, and

parametric investigation is led on four parameters, helix

angle, helix index, Poisson coefficient and axial strain. The

parametric examination reveals that the impact of loading

is evaluated in high-, medium- and low-frequency ranges,

and the impacts of stress and geometry deformation are

non-negligible on elastic wave propagation [22].

Yildirim [23] developed the free vibration states of

cylindrical isotropic helical springs loaded axially which is

comprehended numerically subject to the transfer matrix

method to perform buckling analysis in a dynamic manner.

The axial and shear deformation impacts with the rotatory

inertia effects are viewed as dependent on the first-order

shear deformation theory. For the investigation of the

vertical tip deflection of helical springs with large pitch

angles, author obtained the closed-form equation depen-

dent on Castigliano’s first theorem that is utilized to think

about the full effect of resulting stresses, for example axial

and shearing forces, bending and torsional moments on tip

deflection. A decent understanding is seen with related

benchmark studies. The legitimacy scope of alternative

theories is gotten to by examination of the area of the

dispersion curves. This work additionally contains a thor-

ough asymptotic investigation of the precise dispersion

equation with two small parameters being utilized. It takes

into account the distinguishing proof of noteworthy sys-

tems of linear wave motion in a helical spring. In every one

of these systems, straightforward condition for wavenum-

bers is acquired by the dominant balance technique and

their legitimacy reaches are checked against direct

numerical arrangement. Mode shapes related to each

wavenumber are likewise displayed [24].

The dynamic reaction of railroad vehicle is determined

by analytical equations of two-degree-of-freedom system

to random excitations created by vertical track inconsis-

tencies. The dynamic response of body bogie suspension

stroke and body acceleration estimated by the analytical

equation is found to be acceptable [25]. A mathematical

model for the dynamics of railroad vehicle system to derive

governing equation of motion using Newton’s law for

linear and nonlinear phenomenon is developed. This non-

linear mathematical model is used to assess the contact

forces of the wheel rail. For lateral vibration, the degrees of

freedom represent lateral and yaw movements of wheelsets

along with lateral, yaw and roll movements of the bogie

[26]. Nishimura et al. [27] addressed the possibility of

dynamic stabilization and the chance of derailment

involving serious movements of the vehicle’s body, wheel

lifts and derailing behavior. The dynamics motions of

vehicles result in dynamic forces between vehicle body and

bogie shown in Fig. 7 which emphasizes the developed

new vehicle dynamics simulation with an exceptional

modeling. A simulation is used, and the numerical out-

comes are evaluated to evaluate the safety of cars on

excited paths with sinusoidal displacements.

The ride quality related to safety is required to be

evaluated for dynamic performance of a railroad vehicle

and is deciphered as the capacity of the railroad vehicle

suspension to keep up the movement inside the scope of

human solace [28]. The responses of the railway vehicle

and track segments as far as contact forces and displace-

ments are displayed by considering a five-DOF lumped

parameter quarter vehicle model to be upheld on two-di-

mensional track frameworks involving three layers. The

vehicle body is connected with wheel by primary and

secondary suspension and damper elements. This study

illustrates that wheel flat has enormous influence on all the

components of vehicle and track system. It affects not only

contact forces but also the displacements responses which

are represented by the magnitudes of forces transmitted

which increases considerably under a flat-induced excita-

tion and may cause rapid fatigue of the vehicle components

and track [29]. The imperfection of the wheel and rail is

also liable for the dynamic reaction of the concrete track

sleeper owing to the interaction of the wheel track. A rail

track is a flexible structure which allows vertical oscillation

and causes excitation to the rail vehicle. The dynamic

interaction analysis of vehicle and track is required to

determine the time response of the wheel load reaction

transmitted to the base of track which can be expressed as

follows where WL(t) and WR(t) are the reactions at the left

and right rail, respectively [30].

WLðtÞ ¼ mw€zw1 þ 2Cp _zw1 � 2Cp _zb1 þ 2Cplb _hb1 þ 2kpzw1

� 2kpzb1 þ 2kplbhb1 þ 2kwzw1 � Jwx €/w1

þ 2Cplg €/w1lp þ 2Cplb _/b1lp � 2kw/w1l
2
g

þ 2kplg/w1lp þ 2kplb/b1lp

ðEq 3Þ

WRðtÞ ¼ mw€zw1 þ 2Cp _zw1 � 2Cp _zb1 þ 2Cplb _hb1 þ 2kpzw1

� 2kpzb1 þ 2kplbhb1 þ 2kwzw1 þ Jwx €/w1

� 2Cplg €/w1lp � 2Cplb _/b1lp þ 2kw/w1l
2
g

� 2kplg/w1lp � 2kplb/b1lp

ðEq 4Þ

Approximate analytical solutions for semi-active on–off
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DVAs, named as velocity–velocity and velocity–

displacement-based ground-hook control and

displacement–velocity and displacement–displacement-

based ground-hook control by the averaging technique,

are introduced. The parameters including the stiffness and

damping ratio of the subsystem are streamlined to get

amplitude–frequency equations from approximate

analytical solutions. Additionally, the irregular excitation

for primary systems, including single-degree-of-freedom

framework, the ideally detached DVA framework, and four

semi-active on–off DVA frameworks are exhibited [31].

The numerical simulations for vibration behavior of

railroad vehicle dependent on a linear model with 17

degree of freedom having impact of lateral and longitudinal

suspension damping are developed. The frequency

response using equations of motion developed for vehicle

car body and wheelset in lateral, roll and yaw is obtained in

a harmonic and also in a random behavior. It is concluded

that the car body center is dominated by the resonances of

the lateral displacement and the roll coupled movement

[32, 33].

Based on different types of irregularities which may

present on track, Kumar and Rastogi [34] considered a

bump type of irregularities to evaluate acceleration fre-

quency response for vertical dynamic behavior of rail

vehicle and to determine Sperling ride comfort index. The

mathematical model for vertical and rotational displace-

ment for car body, bogie and wheel to study the time

response of displacement, velocity and acceleration of car

body and to determine track load due to wheel rail inter-

action is presented [35]. A linear oscillatory model of

transport is dissected with three-degree-of-freedom

damped system with excitation by the power spectral

density (PSD) of the harshness of asphalt-concrete pave-

ment in great condition. The investigation is led through a

simulation, in frequency domain, utilizing dynamics

equations. A program made in the product MATLAB is

utilized to dissect the transfer functions, spectral density

and RMS of oscillatory parameters. The consequences of

the examination demonstrate that the parameters which

guaranteed good oscillatory solace of the driver are

clashing with the parameters which guaranteed the best

stability of the bus and the comparing wheel travel [36].

The stability of rail vehicle model is analyzed by defining

different combinations of wheelset suspension parameters.

It is significantly affected by the coupler torsional stiffness

which is dominated by the relative spin that would become

unstable even at a lower speed. It is also seen that the

torsional damping shows more influence when torsional

stiffness is small. Due to variation in conicity of wheelset,

the excitation frequency is twice of natural frequency of the

dominant mode for reduction in critical speed which

depends on the value of coupler stiffness [37–40].

As Euler beam is supported by springs and dashpots, the

vertical dynamic direct of the vehicle track coupled plan is

intended for the vehicle body, bogies and rail can explore

the impact of flexibility of the vehicle on basic unique

reaction. The equation of motion for substructure and

vehicle-rail coupled structure is developed by linear Hert-

zian theory. The wheel–rail contact force and deflection of

rail at contact point are predicted by rail vehicle model

[49, 61]. The algorithm for simulation of rail vehicle sys-

tem using MATLAB Simulink package is shown in Fig. 8.

Telli and Kopmaz [41] contemplated the movement of a

mass grounded by means of linear and nonlinear springs in

series which prompts a lot of differential algebraic equa-

tions (DAE). Notwithstanding, presenting a reasonable

variable that speaks to the diversion of nonlinear spring, a

nonlinear ordinary differential equation (ODE) is acquired.

The arrangement of DAE in new factors is illuminated

Fig. 7 Half car rail vehicle

dynamic model and force acting

on the model [27]
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utilizing ode15s that is a worked in ODE solver in

MATLAB. For the subsequent strategy, analytical

arrangements are gotten by strategies for the Lindstedt and

the harmonic balance systems and it is seen that numerical

and analytical solutions found for both methods are in very

good agreement.

Vibration Response of Rail Road Vehicle using

Experimental Method

The oscillatory behavior of a spring-mass system is studied

by considering influence of varying spring diameter on

elastic constant, damping factor, angular frequency, and the

dynamics of the oscillations under simple harmonic motion

of spring-mass system. The frequency of oscillation of

spring-mass system is found out by attaching a spring at

one end, and a load is attached on other end and is freely

suspended vertically. The force sensor is used to measure

attached load or change in load. An interface is used to

transfer signal of oscillation to the computer considering

the influence of the damping on the oscillations [42].

Through testing, the dynamic conduct of wheel and rail is

assessed. An accelerometer is used to record vibration

response of rail vehicle over uneven track during running

condition by mounting it at axle box, bogie frame and car

body as illustrated in Fig. 9. All right field information is

filtered using a MATLAB code, and a sample of time- and

frequency-domain filtered outcomes measured on train

wheelsets between stations is shown in Fig. 10. The rail

irregularities are investigated by comparing measured track

forces before and after rail grinding and to find its excita-

tion frequency. Dynamic performance of train suspension

systems has been investigated by evaluating natural fre-

quency of primary and secondary suspensions as well as

their ability to lessen dynamic forces. The natural fre-

quency of primary suspension system can be gotten by

looking at axle and bogie frame acceleration in frequency

domain [43]. Nonlinearities of spring and damper are

considered while getting ready quarter vehicle model. A

FFT analyzer is utilized to acquire acceleration response of

sprung mass quarter vehicle model because of street pro-

file. Because of street profile, the deterministic driving

Fig. 8 Algorithm for

simulation of rail vehicle system

using MATLAB Simulink

package [61]

Fig. 9 Recording of vibration of rail vehicle suspension at a speed of 60 km/h [43]
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forces are given by harmonic shaker which gives infor-

mation motion to shock absorber. The sprung mass

acceleration response gotten by FFT analyzer for quarter

vehicle model is contrasted, and the outcomes are acquired

by linear and nonlinear MATLAB Simulink models [44].

Experimental and analytical evaluation of Sperling’s

ride index and ride comfort analysis of railroad vehicle

using finite element model is shown. Track power spectral

densities with frequency response are used as system

inputs, and random vibration theory is used for assessment.

To obtain the dynamic response under normal operating

conditions, spectrum results are also acquired at different

parts on the coach and bogie of an electrical multiple unit

trailer running on a broad gauge track [28]. The numerical

model for induced vibration with primary and secondary

suspension system of rail vehicle and railway track with

rail-pads, sleepers, ballast and background is presented.

Railway track is discrete as a finite Timoshenko beam

component with 4 degrees of freedom for each node and

rotation insignificant axial deformation. The numerical

results obtained for mathematical model of train-induced

vibration using MATLAB are compared with experimental

results taken with the help of series of accelerometers [45].

Track irregularity data are registered by different sen-

sors required for data mining and random track irregularity

modeling to show the relationship between the procedure

of high-speed trains and the track geometry [46]. Railway

vehicle vibrations in vertical direction are constrained by

the utilization of customary PID and parameters which are

versatile to PID controllers. A parameters adaptive PID

controller is designed to control vertical rail vehicle

vibration to improve the passenger comfort. Sinusoidal

vertical rail misalignment and rail irregularities are mea-

sured using fast Fourier transform technique for active

vibration control applied to secondary suspension. The

outcomes are resolved in time and frequency domain and

streamlined by methods for genetic algorithm tool com-

partment of MATLAB [47]. The vehicle model of Honda

Accord car for vehicle suspension is designed to determine

heave and pitch frequencies over a range of road wave-

lengths to evaluate rigidity and damping parameters for a

given road and comfort criterion. An experimental data are

acquired with the help of accelerometer and engine rpm

recorder equipped on a car, and it is compared with sim-

ulation results which are in close agreement [48].

Dynamic Analysis using Finite Element Method

An intelligent rail road hybrid vehicle, in particular on its

functional aspects and its mechanical behavior, is dis-

cussed. The dynamics of the vehicle is modeled and

analyzed in the software simulation package ADAMS. A

hybrid freight rail road vehicle of 40 tonnes is modeled

with 4 axle and generic air suspension spring and analyzed

for various speeds of 5–20 m/s for its lateral displacement,

roll angle of car body and axle steering angle [49]. The

dynamic behavior of a new double deck passenger vehicle

designed by China to meet the demands of high-speed

railway passenger transportation is presented. A full vehi-

cle model including all nonlinear factors is built in the

mechanical software ADAMS/Rail. The results of simula-

tion in the form of lateral and vertical acceleration and ride

index are compared with the measured data of field test and

simulation results using random equivalent linearization

method in frequency domain, to verify the model and

determine the track irregularity level. The track irregularity

has important effect on the car body acceleration and ride

comfort for both straight and curve track case. The effect of

suspension positions on dynamic behavior can be studied

using this model, to decrease roll motion of the car body

and also to improve lateral ride comfort of low floor of the

car body [50].

Finite element analysis involves the dynamic analysis of

rigid body model which are closer to real systems. Gan-

gadharan et al. [28] presented an FE analysis of rail carried

out by considering it as beam on elastic foundations with

vertical translation and rotation about lateral axis. The

primary and secondary suspensions are displayed as

Fig. 10 Acceleration measured on the wheelset in frequency and time domain [43]
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springs with vertical degrees of freedom if there ought to

emerge an event of the vertical model and as springs with

vertical and lateral DOF by virtue of the merged vertical

and lateral model. The connection examination is com-

pleted among vehicle and track for dynamic excitation in

the time domain utilizing MSC/NASTRAN. Finite element

model of sleeper is utilized for dynamic investigation for

its isolation to discover load time narratives. The dynamic

practices of railroad vehicle and track have been assessed

for different excitation frequencies under various vehicle–

track parametric conditions [30]. A finite element method

is disclosed to explore train wrecking brought about by

harm to suspension frameworks. Nonlinear moving wheel

elements, spring-damper elements, and a lumped mass

scheme are developed to simulate a moving train with

damaged suspension systems to examine the behavior

between the train derailment coefficient and the damage

ratio of the suspension. Damage of primary or secondary

suspension system affects derailment coefficient has little

influence by train speed because it is not located at the

wheel or rail and can cause cyclic contact problems [51].

Fatigue Analysis of Suspension Spring

The literature is cited in the area of fatigue analysis of

helical compression spring using analytical, experimental

and finite element method. The interaction or point contact

and tangential creep force between wheel and rail is

responsible for the formation of rolling contact fatigue in

rails. The analysis has been confined to investigations of

the quasi-static behavior of vehicles in curves with the

assumption of no geometric imperfection in rail but actu-

ally the dynamic response of vehicles also has a significant

influence on the rolling contact fatigue behavior [52]. The

application of various failure criteria to find fatigue

behaviors of mechanical component for its cyclic loading is

discussed. The consequences of fatigue tests on an assort-

ment of helical springs with various mean stresses are

assessed up to 107 cycles utilizing Goodman criteria to

explore the fatigue properties of helical springs for five

diverse wire diameters [53, 60]. The vibration fatigue

which is firmly identified with structural dynamics is

contemplated which is one of the key pieces of mechanical

structure, and for the most part considered in the frequency

domain with vibratory loads.

For time-domain estimation, the frequency area can in

like manner exhibit by fatigue life estimation, ideal as

especially when considered. Fatigue life estimation in the

frequency domain can in this way demonstrate beneficial as

for time-domain estimation, particularly when thinking

about the significant performance gains it offers, regarding

numerical computations. Vibration fatigue life is estimated

from frequency response which is based on vibration of

mechanical system and numerically simulated signals. This

examination centers on a correlation of various frequency-

domain techniques as for genuine tests [54]. A connection

between vertical vibration and fatigue life of spring is read

for various street excitations. The fatigue life of coil spring

is described by the vertical acceleration are measured by

strain signals for various road conditions. The acceleration

sign are then utilized as contribution to multibody sus-

pension model for force time history which is utilized for

coil spring fatigue life forecast [59].

The use of special purpose fatigue testing machine as

shown in Fig. 11 to check fatigue properties of helical

compression spring is reported. The results of fatigue tests

for variety of helical springs with different mean stresses

are obtained on fatigue testing machine and compared with

statistically evaluated results [53]. An experimental

investigation on a car suspension framework is examined

and considered the test signal excitation of various fre-

quencies from 1 Hz to 10 Hz. To quantify the fatigue sign

and vibration reaction, the strain gauge and an

accelerometer is mounted on the inward surfaces of the coil

spring. The strain sign is seen to be straight and compar-

atively recognized with the responses to the vibration [55].

An analysis of wheel rail rolling contact fatigue using

Vampire, ADAMS/Rail and NUCARS to do recreations for

a scope of vehicles running on new and worn wheels has

been clarified. A rail vehicle model is prepared in ADAMS

with the primary suspension having four coil springs on

each axle with two vertical dampers and with the secondary

suspension having four coil springs, two vertical dampers,

two lateral dampers and two yaw dampers. The simulation

results reveal that the wheel is oscillating from left to right

on the rail, and afterward arrives at a steady position in the

bend [52]. The failure of exhaust valve spring of I.C.

Fig. 11 Fatigue analysis of helical compression spring using fatigue

testing machine [53]
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engine for reliability is discussed. An oscillatory dis-

placement occurred during start/stop time of IC engine

which is responsible for its fatigue failure. A fatigue

analysis of modeled spring is carried out under cyclic

loading using simulation tool MSC NASTRAN. An

expected life of spring is estimated for the predetermined

loads during its operation [56]. The fatigue fracture surface

of helical compression spring is shown in Fig. 12. ANSYS

is used for fatigue analysis of spring suspension system for

cyclic loading to determine its fatigue life. A finite element

model for helical compression springs as shown in Fig. 13

subjected to cyclic loads (compression) is developed for

fatigue stress analysis. The results are determined for

fatigue life of suspension spring and compared with the

experimental observations [57, 58].

Summary and Conclusion

This paper is categorized in three sections, analytical,

experimental and finite element method revealing static

and dynamic consideration for analysis of helical suspen-

sion spring system. A helical compression spring

commonly used to absorb shock and vibration causes shear

stress in the inside diameter due to twisting by axially

applied load. The different stress factors like Wahl’s,

Bergester’s can be used to find shear stresses in the spring.

The experimental investigation for shear stress in spring

emphasizes use of strain gages in static condition or stiff-

ness of spring can be confined for its static deflection for

varying loading condition. Railroad vehicle with primary

and secondary suspension system experiences a large

deformation in vertical and lateral direction in dynamic

condition. The vibration is reduced by primary suspension,

and to stabilize, a vehicle secondary suspension is used.

The primary suspension causes very high fluctuation due to

wheel flatness, track imperfection or irregularities in track

by several ways. Hence the natural frequency of rail

vehicle predicted in many studies by considering 10–17

degree of freedom for vertical, lateral and rotation motion

of rail vehicle system. But for the simplicity to find har-

monic response of rail vehicle model 2–4 degree of

freedom damped vibration system is also considered. The

frequency response of railroad vehicle system computed by

software package MATALAB program and Simulink

model represents maximum amplitude of displacement,

acceleration and power spectrum density. Also mathemat-

ical models are also presented to find excitation frequency

of railway track by considering infinite beam using

Timoshenko beam theory or Euler–Bernoulli beam theory.

The dynamic response wheel rail interaction for rail

irregularities is also presented by acquiring an experi-

mental result of track using accelerometer or FFT analyzer

for its frequency response. An experimental dynamic

response is also presented experimentally for rail vehicle

and compared with excitation frequency of railway track.

Mainly, it is observed that the excitation frequency is twice

of natural frequency of rail vehicle but sometimes it is

matches with natural frequency and causes a resonance and

responsible for failure of rail components. Standard finite

elements tools are used for static and dynamic analysis of

mechanical components. A structural analysis of helical

compression spring to present stress concentration on

inside diameter is presented for fixed and rotary surface at

Fig. 12 Fatigue fracture surface of helical spring [60]

Fig. 13 Fatigue zone of helical spring using FEA
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bottom and top of spring, respectively. A static analysis is

also presented for one-fourth and one turn coil of spring.

Modal and harmonic analysis represents dynamic analysis

in FEA tool. The frequency response of dynamic railroad

vehicle and railway track is also analyzed in FEA tool like

MSC NASTRAN or ANSYS.

The dynamic response of rail vehicle may be responsible

for fluctuation of suspension system which causes cyclic

response to reduce its fatigue life. Literature presented

experimental fatigue analysis of helical spring using fati-

gue testing machine, but many found its fatigue life using

finite element method for the ratio of minimum and max-

imum force acting on spring. The suspension spring of rail

road vehicle is not responsible for large deformation while

moving over straight track but responsible while moving

over curved track in vertical as well as in lateral direction.

The wheel rail interaction also causes wear of wheel and

railway track on curvature. Hence, the suspension system is

the important part of rail vehicle which gives ride comfort,

reduces vibration of bogie and also stabilize a rail body.

Hence, the literature discusses a railway vehicle may also

derail due to damage to the suspension system.

References

1. A.A. Shabana, K.E. Zaazaa, H. Sugiyama, Railroad Vehicle
Dynamics: A Computational Approach (Taylor & Francis Group,

CRC Press, New York, 2008)

2. A.H. Wickens, Fundamentals of Rail Vehicle Dynamics: Guid-
ance And Stability (Swets and Zeitlinger Publishers, Netherland,

2005)

3. M. Malvezzi, A. Bonnet, C. Cork, R. Karbstein, and P. Presciani,

A Numerical Model for the Probabilistic Analysis of Braking

Performance in Railways (2006)

4. K. Michalczyk, Analysis of Helical compression spring support

influence on its deformation. Arch. Mech. Eng. LVI(4), 349–362
(2009)

5. K.Y. Maalawi, M.A. Badr, Design optimization of mechanical

elements and structures: a review with application. J. Appl. Sci.

Res. 5(2), 221–231 (2009)

6. Y. Prawoto, M. Ikeda, S.K. Manville, A. Nishikawa, Failure
Analysis of Automotive Suspension Coil Spring (ASM Interna-

tional, Yokohama, 2008)

7. V.B. Sood, Curves For Railways (Indian Railway Institute of

Civil Engineering, Pune, 2009)

8. K. Watanabe, H. Yammoto, Y. Ito, H. Isobe, and H. Isobe,

Simplified Stress Calculation Method for Helical Spring, Tokyo,

Japan (2013)

9. Nilmani, Tracking and Curving by Railway Vehicle: Issues in

Heavy Haul, Pune, India, IRICEN (2010)

10. S. Wang, S. Lei, J. Zhou, H. Xiao, Mathematical Model for

Determination of Strand Twist Angle and Diameter in Stranded-

Wire Helical Springs. J. Mech. Sci. Technol. 24(6), 1203–1210
(2010)

11. H. Roy, D. Ghosh, T. Sahoo, A. Shukla, Failure analysis of spring

for fuel pump bracket assembly. Indian J. Eng. and Mater. Sci.

16, 33–36 (2009)

12. M.I.Z. Abidin, J. Mahmud, M.J.A. Latif, A. Jumahat, Experi-

mental and numerical investigation of SUP12 steel coil spring.

Proc. Eng. 68, 251–257 (2013)

13. N. Takesue, A. Sano, H. Mochiyama, R. Kikuuwe, T. Ishiguro, H.

Fujimoto, Analysis and experiment of helical spring-type pres-

sure and shear sensor. J. Syst. Des. Dyn. 1(3), 629–637 (2007)

14. M. Ruzicka, K. Doubrava, Loading regimes and designing helical

coiled springs for safe fatigue life. Res. Agric. Eng. 51(2), 50–55
(2005)

15. R. Mirzaeifar, R. DesRoches, A. Yavari, A combined analytical,

numerical, and experimental study of shape-memory-alloy helical

springs. Int. J. Solids Struct. 48, 611–624 (2011)

16. M. Bakhshesh, M. Bakhshesh, Optimization of steel helical

spring by composite spring. Int. J. Multidiscip. Sci. Eng. 3(6),
47–51 (2012)

17. S. Ayadi, E. Hadj-Taieb, Finite element solution of dynamic

response of helical spring. Int. J. Simul. Model 7(1), 17–28

(2008)

18. M. Taktak, F. Dammak, S. Abid, M. Haddar, A finite element for

dynamic analysis of a cylindrical isotropic helical spring. J.

Mech. Mater. Struct. 3(4), 641–658 (2008)

19. D. Thomas, B. Diedrichs, M. Berg, S. Stichel, Dynamics of a

high-speed rail vehicle negotiating curves at unsteady crosswind.

Proc. Inst. Mech. Eng. Part F J. Rail Rapid Transit 224, 567–579
(2010)

20. T. Michaleka, J. Zelenkaa, Reduction of lateral forces between

the railway vehicle and the track in small-radius curves by means

of active elements. Appl. Comput. Mech. 5, 187–196 (2011)

21. K.E. Zaazaa, A.A. Shabana, Study of the lateral stability of

railroad vehicle system using the elastic contact approach. Arab.

J. Sci. Eng. 29(1C), 3–12 (2004)

22. A. Frikhaa, F. Treyssede, P. Cartraud, Effect of axial load on the

propagation of elastic waves in helical beams. Wave Motion 48,
83–92 (2011)

23. V. Yildirim, Numerical buckling analysis of cylindrical helical

coil spring in a dynamic manner. Int. J. Eng. Appl. Sci. 1(1), 20–
32 (2009)

24. S.V. Sorokin, Linear dynamics of elastic helical springs:

asymptotic analysis of wave propagation. Proc. R. Soc. 465,
1513–1537 (2009)

25. G.R.M. Mastinu, M. Gobbi, and G.D. Pace, Analytical formulae

for the design of a railway vehicle suspension system, in Pro-
ceeding of Institution Mechanical Engineers, pp. 683–697 (2001)

26. P.M. Jawahar, K.N. Gupta, E. Raghu, Mathematical modeling for

lateral dynamic simulation of a railway vehicel with conventional

and unvonventions wheelset. Math. Comput. Model. 14, 989–994
(1990)

27. K. Nishimura, Y. Terumichi, T. Morimura, K. Sogabe, Devel-

opment of vehicle dynamics simulation for safety analyses of rail

vehicles on excited tracks. J. Comput. Nonlinear Dyn. 4, 011001-
1–011001-9 (2009)

28. K.V. Gangadharan, C. Sujatha, and V. Ramamurti, Experimental

and analytical ride comfort evaluation of a railway coach, in

IMAC-XXII: Conference and Exposition on Structural Dynamics,
India, pp. 1–15 (2004)

29. R.U.A. Uzzal, W. Ahmed, S. Rakheja, Dynamic analysis of

railway vehicle-track interactions due to wheel flat with a pitch-

plane vehicle model. J. Mech. Eng. 39(2), 86–94 (2008)

30. G. Kumaran, D. Menon, K.K. Nair, Dynamic studies of rail track

sleepers in a track structure system. J. Sound Vib. 268, 485–501
(2003)

31. Y.-J. Shen, L. Wang, S.-P. Yang, G.-S. Gao, Nonlinear dynamical

analysis and parameters optimization of four semi-active on-off

dynamic vibration absorbers. J. Vib. Control 19(1), 143–160

(2012)

J Fail. Anal. and Preven. (2020) 20:1130–1142 1141

123

Author's personal copy



32. S.-Y. Lee, Y.-C. Cheng, Nonlinear analysis on hunting stability

for high-speed railway vehicle trucks on curved tracks. J. Vib.

Acoust. 127, 324–332 (2005)

33. M. Dumitriu, Influence of the longitudinal and lateral suspension

damping on the vibration behaviour in the railway vehicles. Arch.

Mech. Eng. LXII(1), 115–140 (2015)

34. V. Kumar, V. Rastogi, Investigation of vertical dynamic beha-

viour and modelling of a typical indian rail road vehicle through

bond graph. World J. Model. Simul. 5(2), 130–138 (2009)

35. T.S. Azoh, W. Nzie, B. Djeumako, B.S. Fotsing, Modeling of

train track vibrations for maintenance perspectives: application.

Eur. Sci. J. 10(21), 260–275 (2014)

36. D. Sekulic, V. Dedovic, The effect of stiffness and damping of

the suspension system elements on the optimization of the

vibrational behavior of bus. Int. J. Traffic Transp. Eng. 1(4), 231–
244 (2011)

37. J. Lieh, J. Yin, Stability of a flexible wheelset for high speed rail

vehicles with constant and varying parameters. J. Vib. Acoust.

120, 997–1002 (1998)

38. D.B.I. Sebesan, Mathematical model for the study of the lateral

oscillations of the railway vehicle. U.P.B. Sci. Bull. Ser. D 74(2),
51–66 (2012)

39. K.H. Oostermeijer, A.W.M. Kok, Dynamic behaviour of railway

superstructures. HERON 45(1), 25–34 (2000)

40. Y. Chen, B. Zhang, N. Zhang, M. Zheng, A condensation method

for the dynamic analysis of vertical vehicle–track interaction

considering vehicle flexibility. J. Vib. Acoust. 137, 041010-1–
041010-8 (2015)

41. S. Telli, O. Kopmaz, Free vibrations of a mass grounded by linear

and nonlinear springs in series. J. Sound Vib. 289, 689–710

(2006)

42. C.A. Triana, F. Fajardo, Experimental study of simple harmonic

motion of a spring-mass system as a function of spring diameter.

Revista Brasileira de Ensino de Fisica 35(4), 43051–43058

(2013)

43. J.A. Zakeri, M.H. Esmaeili, and M. Shadfar, Field Investigation

on the Railway Train and Track Dynamic Interaction (A Case

Study in Tehran Subway), in 15th International Conference on
Railway Transportation, Iran, pp. 1–9 (2013)

44. S.P. Chavan, S.H. Sawant, and J.A. Tamboli, Experimental ver-

ification of passive quarter car vehicle dynamic system subjected

to harmonic road excitation with nonlinear parameters, IOSR J.
Mech. Civ. Eng. 39–45 (2013)

45. R. Ferraraa, G. Leonardic, F. Jourdanb, Numerical modelling of

train induced vibrations. Proc. Soc. Behav. Sci. 53, 155–165

(2012)

46. M. Zhu, X. Cheng, L. Miao, X. Sun, Random field modeling of

track irregularity of Beijing-Guangzhou high-speed railway with
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Abstract

In the present experimental study, ignition probability of fuel and, performance, emission of a twin cylinder, water cooled, Kirloskar
diesel engine fuelled with D75NB25 biodiesel blend with dosing of 200 ppm nano iron oxide, silicon dioxide and zinc oxide fuel
additives were tested and compared with pure D75NB25. The experiment was carried out under varying load condition at constant
speed of 1500 rpm. It was found that addition of nano iron oxide and zinc oxide results in improvement in brake thermal efficiency as
compared to diesel. However, reduction of brake thermal efficiency was observed with silicon dioxide additive. It was evident from
result that NO  was increased however, unburned hydrocarbon and carbon monoxide emission was reduced in all nano fuel additive
blended fuel than D75NB25 blend. Smoke opacity was significantly reduced with addition of nano particles. Also addition of nano
fuel additives significantly enhance the ignition probability of D75NB25 biodiesel blend.
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a b s t r a c t

The present work investigated the optimization of the production method of biodiesel from waste cook-
ing oil (WCO) using hydrodynamic cavitation process. To achieve the maximumWCO biodiesel yield with
a minimum number of experimental trials, one of the most popular optimization technique L9 Taguchi
has been used for the validation of hydrodynamic cavitation (HC) process. In this HC experimental pro-
cess, 260 mL of methanol were mixed with 0.5% of wt. KOH into a 500 mL conical flask. The mixture was
later added to 1000 mL of warmed WCO, preheated to 35 �C in a storage tank of 30 L capacity. The HC
reactor then ran for 30 min. The products were allowed to settle for 30 min and then the final sample
of biodiesel were collected. The same process was repeated for all nine readings. The controllable features
that were selected for the investigation, were the catalyst concentration (5 � B � 20 g), reaction temper-
ature (35 � C � 55 �C), reaction time (30 � D � 50 min) and molar ratio (1:6 � A � 1:12). After the opti-
mized setting, it was observed that at the molar ratio of 12:1, and other parameters such as catalyst
concentration (5 g), reaction temperature (55 �C), and reaction time (40 min), 97% WCO biodiesel yield
was observed. During the investigation, it was found that the reaction temperature has significant con-
tribution on the WCO biodiesel yield. The value of coefficient of determination was found to be unity
which shows the efficacy of the present investigation. The investigation has provided low cost feedstock
for the WCO biodiesel production with maximum yield.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Technology Innovation
in Mechanical Engineering-2021.

1. Introduction

In today’s era of global civilization, the energy demands of
developed and developing countries are growing with a faster
rates. Fossil fuels are providing the essential functioning of indus-
trial economy. Still, the biggest drawback of heavy usage of fossil
fuels is environmental pollution which has adversely affected the
environment especially in advanced nations. Due to which,
researchers have started focusing more on alternative fuel sources.
In addition to that, continuous depletion of fossil fuels and high
cost are the factors which have made the role of biodiesel, a clean
and nontoxic alternative sources, more significant in this scenario
[1]. Major benefit of biodiesel is the provision of scope for improve-
ment in efficiency, sustainability, and health safety issues. And
most importantly, to meet the world energy demands with rising

population, the finite availability of fossil fuels will not be suffi-
cient, whereas replacement with biodiesel or blends of biodiesel
will be of great help here.

Biodiesel is fatty acid mono-alkyl esters obtained from veg-
etable oils, waste cooking oils, animal fats, or triglycerides contain-
ing materials, which are having comparable properties with petro-
diesel [2]. The main feedstock for biodiesel production methodol-
ogy are edible and nonedible oils. Feedstock is playing a significant
role in deciding the cost of biodiesel [3]. Usage of edible oil as feed-
stock is not only increasing the cost of production but also give rise
to the debate of food vs. fuel. It has raised the demand of nonedible
oil in developing countries significantly [4]. However, a potential
substitute for this can be cheaper feedstock waste cooking oil
(WCO). 15 millions of tons WCO is produced yearly, which is suffi-
cient to meet the world’s biodiesel demand to a large extent [5].
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For the production of biodiesel various methodologies are avail-
able. One of the most commonly used methodologies is transester-
ification. In this process glycerine is removed and triglycerides are
converted into alkyl esters. However, a simple homogeneous alka-
line transesterification process is unsuitable for the feedstock like
WCO, as it contains free fatty acids (FFA) and water. Alkaline cata-
lysts such as sodium hydroxide (NaOH), potassium methoxide
(KOCH3) lead to saponification reaction after coming into contact
with water [6]. In general, the success rate of conventional chem-

ical processes in the production of biodiesel from WCO is less.
Thus, it becomes necessary to figure out various intensification
technologies for WCO.

Many researchers have applied various intensification tech-
niques such as microwave cavitation, super critical cavitation,
and hydrodynamic cavitation for the removal of resistance
between these immiscible reactants. Out of these methodologies,
higher alkyl ester conversion in shorter reaction time, it is obtained
from hydrodynamic cavitation, which is therefore considered as
one of the most efficient technology in biodiesel production [7].

In the present experimental investigation, hydrodynamic cavi-
tation methodology is used for producing biodiesel from low cost
feedstock WCO. The objective of the present research work was
to demonstrate the effects of the input process parameters such
as reaction temperature, molar ratio, catalyst concentration and
reaction time on the WCO biodiesel yield (%) using the integrated
L9 Taguchi and RSM approach.

2. Experimental methodology

2.1. Raw materials and reagents

The major raw material used was WCO which was collected
from public restaurants of Pune city. WCO was preheated to
180 �C for moisture removal and then filtration is completed with
surgical cotton for removal of solid impurities. All analytical grade
chemicals were purchased for the experimental investigation. The
highly concentrated additive methyl alcohol (99.10%) and catalyst
such as anhydrous potassium hydroxide (Fisher Scientific, India)
were used for the production of WCO biodiesel.

2.2. Optimization process (Taguchi experimental design)

Biodiesel yield and quality are influenced by several factors. Out
of which, reaction temperature (RTemp.), molar ratio (MR), catalyst
concentration (CC), and reaction time (RTime) are having more
dominance. It will not be convenient to identify a correct combina-
tion of parameters by regular experimentation. To eliminate this
cumbersome process using fewer combinations, there is a need
of well-planned techniques. Dr. Genichi Taguchi has suggested a
technique popularly known as Taguchi technique [8], which can
effectively investigate the process and reduce the combination of

Fig. 1. Hydrodynamic cavitation reactor (Reprinted with permission from Ref. 9.
Copyright 2020 MDPI).

Table 2
The observation table using the L9 Taguchi approach.

Run Order Molar Ratio Catalyst Concentration (g) Reaction Temperature (�C) Reaction Time (min) Yield (%)
(A) (B) (C) (D)

1 1:6 5 35 30 82%
2 1:6 10 45 40 99.91%
3 1:6 20 55 50 98.83%
4 1:9 5 45 50 87%
5 1:9 10 55 30 96%
6 1:9 20 35 40 92%
7 1:12 5 55 40 96%
8 1:12 10 35 50 97%
9 1:12 20 45 30 94%

Table 1
Factors and their levels.

Sr. No. Factors Symbols Range of Levels

Low Medium High

1. Molar Ratio A 1:6 1:9 1:12
2. Catalyst Concentration (g) B 5 10 25
3. Reaction Temperature (�C) C 35 45 55
4. Reaction Time (min) D 30 40 50
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process parameters, which will make the data easier to analyze. In
the current optimization study, four process parameters such as
reaction temperature, molar ratio, catalyst concentration, and reac-
tion time were investigated through three-level Taguchi’s orthogo-
nal array in Minitab 2019, and nine experimental trials were

conducted based on the design matrix. Table 1 represents compre-
hensive summary as shown in equation (1).

R = (Levels-1) PP + 1 (1)
where R, and PP represent number of experimental runs, and

process parameters, respectively.

Fig. 2. The main effects plot for Data Means.

Fig. 3. The main effects plot for means for larger is better approach.

Table 3
Response table for signal to noise ratios (larger is better).

Level Molar Ratio Catalyst concentration Reaction Temperature Reaction time

1 39.39 38.90 39.10 39.13
2 39.24 39.79 39.42 39.64
3 39.61 39.55 39.73 39.47
Delta 0.38 0.89 0.63 0.51
Rank 4 1 2 3
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2.3. Parameter design for HC process (boundary conditions)

It is essential to identify the controllable parameters and to out-
line the level of each element for the success of any optimization
problem. Experiments were conducted using the one-factor-with-
a-time approach at the HC process set up. The controllable features
that were selected for the investigation were the catalyst concen-
tration (5 � B � 20 g), reaction temperature (35 � C � 55 �C), reac-
tion time (30 � D � 50 min) and molar ratio (1:6 � A � 1:12). The
variable parameters along with the range and different levels
related to the HC were listed in Table 1. The L9 Taguchi experimen-
tal run allowed the estimation of the varying parameters and their
effects.

2.4. Experimental set-up and methodology

The experiments were conducted on a hydrodynamic cavitation
(HC) set-up as shown in Fig. 1 [9], and the effects were studied on
their responses and critical parameters. The cavitation process was
carried out keeping in view of the essential logical requirements of

various parameters. The experimental set-up consisted of a 30 L
capacity storage tank connected to a hydro-electric oil sealed
motor of 1HP capacity through a venture nozzle. The motor runs
at a speed of 2800 rpm at a frequency of 50 Hz. It has a discharge
of 1200 LPH. Head is within the range of 6–40 m. It consumes a
power of 1.20 KW. Cavitation is a phenomenon in which sudden
pressure fluctuations in a liquid result in the creation of tiny
vapour-filled cavities in areas were pressure is comparatively
small. The generated shock wave helps in the intensification of
the chemical reaction between methanol and WCO in the presence
of catalyst KOH, resulting in the production of high-quality biodie-
sel. In this HC experimental process, 260 mL of methanol were
mixed with 0.5% of wt. KOH into a 500 mL conical flask. The mix-
ture was later added to 1000 mL of warmed WCO, preheated to
35 �C in a storage tank of 30 L capacity. The HC reactor then ran
for 30 min. The products were allowed to settle for 30 min and
then the final sample of biodiesel were collected. The same process
was repeated for all nine readings. To extract any traces of alcohol
and catalyst, the extracted WCO biodiesel was rinsed with deio-
nised water. Water wash was continued until the pH becomes

Table 4
Response Table for Means.

Level Molar Ratio Catalyst concentration Reaction Temperature Reaction time

1 93.58 88.33 90.33 90.67
2 91.67 97.64 93.64 95.97
3 95.67 94.94 96.94 94.28
Delta 4.00 9.30 6.61 5.30
Rank 4 1 2 3

Table 5
Response Table for Standard Deviations.

Level Molar Ratio Catalyst concentration Reaction Temperature Reaction time

1 * * * *
2 * * * *
3 * * * *
Delta * * * *
Rank 2.5 2.5 2.5 2.5

Fig. 4. Interaction plot for yield (%).
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neutral. To remove the water vapour, the actual sample of WCO
methyl ester was elevated to temperature in the range 105–
110 �C. In general, for yield calculations equation (2) can be used.

Yeild ¼ Weight of biodiesel produced
Weight of raw oil used

� 100 ð2Þ

2.5. Statistical analysis of WCO biodiesel

The experimental data listed in Table 2 was analysed using the
integrated L9 Taguchi and RSM approach to optimize the input pro-
cess parameters of the novel hydrodynamic cavitation based WCO
biodiesel production process for its maximum percentage yield.

3. Results and discussions

The main effect plots were shown for each influencing parame-
ter (Figs. 2 and 3). Using the integrated L9 Taguchi and RSM
approach, it was observed that (a) with the increase in molar ratio
and reaction temperature, the WCO biodiesel yield (%) was initially
decreased and then increased (Figs. 2 and 3), and (b) with the
increase in catalyst concentration and reaction time, the WCO bio-
diesel yield (%) was initially increased and then decreased (Figs. 2
and 3).

The quality of fit of the model was evaluated using analysis of
variance. The fitted response model is discussed using regression
equation (3).

Fig. 5. Pareto Chart of the standard deviations.

Fig. 6. Contour Plot of yield (%) vs Reaction time, CC.
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Yield (%) = 64.5 + 0.348 MR + 0.339 CC + 0.330 RTemp. + 0.180
RTime (3)

where, Y is the WCO biodiesel yield (%).
The experiments were conducted as per the design of the exper-

iments (Table 2). The optimization was required for optimal condi-
tions for yield (Tables 3 and 4). The signal-to-noise ratio and
standard deviation (Table 5) were plotted to determine the nature
of the responses as per the variation of significant critical process
parameters (Figs. 2 and 3).

In the above plot, the blue line, green line, and red line were
used to express low level, medium level and high level, respec-
tively (Fig. 4). It shows the point of maximum yield for various
combinations of process parameters.

As per the Pareto Chart (Fig. 5), the reaction temperature has
maximum contribution on the WCO biodiesel yield (%), and how-
ever, the contribution of molar ratio was negligible. The value of
coefficient of determination was found to be unity, which estab-
lished the efficacy of the proposed and optimized settings.

The response contour plots of the average WCO biodiesel yield
(%) as a function of (Fig. 6) reaction time (min) and catalyst concen-
tration (g) at a molar ratio of 1:9 and a reaction temperature of
45 �C, and (Fig. 8) reaction temperature (�C) and molar ratio at a
catalyst concentration of 12.5 (g) and reaction temperature of
40 �C; were plotted using the response surface methodology
(RSM) approach. The 3D response surface plots of the average
WCO biodiesel yield (%) as a function of (Fig. 7) reaction time

Fig. 7. Surface Plot of yield (%) vs Reaction time, CC.

Fig. 8. Contour Plot of yield (%) vs Reaction temp, Molar ratio.
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(min) and catalyst concentration (g) at a molar ratio of 1:9 and a
reaction temperature of 45 �C, and (Fig. 9) reaction temperature
(�C) and molar ratio at a catalyst concentration of 12.5 (g) and reac-
tion temperature of 40 �C; were plotted using the response surface
methodology (RSM) approach.

The optimized setting of input process parameters was as fol-
lows: (a) molar ratio (1:12), (b) catalyst concentration
(14.0909 g), (c) reaction temperature (55 �C), and (d) reaction time
(42.5253 min) as shown in Fig. 10.

4. Conclusions

The experiments were performed using the hydrodynamic cav-
itation process. The independent parameters were considered such
as reaction temperature, molar ratio, catalyst concentration and
reaction time, at three-levels. These parameters were kept varying
as per the L9 Taguchi approach to achieve the optimum WCO bio-
diesel yield (%). The experimented results for the WCO biodiesel
yield (%) were 98.83% and 97% for samples 3 and 7, respectively

(Table 2). Using the integrated L9 Taguchi and RSM approach the
optimized setting for the 100% WCO biodiesel yield (Fig. 10) was
predicted as follows: (a) molar ratio (1:12), (b) catalyst concentra-
tion (14.0909 g), (c) reaction temperature (55 �C), and (d) reaction
time (42.5253 min) with unit composite desirability. The relative
difference between experimental and theoretical WCO biodiesel
yield (%) was in the range 1–3% which establish the efficacy of cur-
rent investigation.
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a b s t r a c t

This research presents numerical investigation of pipe heat exchanger with twisted tape inserted inside
and helical fins on outside pipe surface. Various configurations were modelled based on the twist pitch
(p) inside the pipe and fin twist pitch (P) over outside of the pipe. The fin twist pitch P (P = P, 2P/3, P/2) on
the pipe outside and the inserted tape twist pitch p (p = p, 3p/2, p/2) inside the pipe was varied in the
investigation. The hot fluid (water) passes inside the pipe, while the cold fluid (water) passes on the out-
side of pipe in counter flow direction. The Dittus-Boelter correlation was used for validation. For smooth
pipes and the proposed heat exchanger with twisted tapes and helical fins, numerical results were com-
pared. It was found that in inside and outside flows, twisted tape formed longitudinal vortex that helped
to increase fluid mixing, thus being higher than that of smooth tube heat transfer rate.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Smart and Sustainable Developments in Materials, Manufacturing and Energy Engineering.

1. Introduction

In areas such as heating, refrigeration, cooling systems, etc., a
range of heat transfer enhancement techniques are used. These
improvement approaches are widely categorised into three kinds,
namely active, passive and composite techniques. External control
is used in the active system to maximize heat transfer. It appears to
be a simple approach to use external control in many cases, but
from the point of view of architecture it is quite difficult. Dewan
et al. [1] examined the passive methods with the use of tape inserts
with twists and with wire coil inserts. This method is an inexpen-
sive heat transfer enhancement methods keeping existing piping
architecture. In their studies, Eiasma-ard et al. [2–7] studied differ-
ent heat transfer enhancement and friction factor characteristics in
pipes with various inserts. They showed from their experiments
[2–7] that there is a correlation between Nusselt number and fric-
tion factor. In their study [8–12], it was noted that the thermal
enhancement ratio would be improved by adjusting plain twisted
tape. Salem et al. [13] experiments using helical tape concluded
that as opposed to plain pipe, the heat transfer rate and pressure
drop increased significantly. In their experiments [14] on the effect

of triangular copper fins on the outside surface and twisted tape
inserts on the inside of the tube, they concluded that both the pres-
sure drop and heat transfer rates increased with a decrease in the
twist ratio of the tape inserts. A numerical investigation was per-
formed for pipe with twisted tape inserted inside and helical fins
on outside pipe surface (sometimes called as ‘‘double helical heat
exchanger”) using twisted tape inserts inside the tube and helical
fins on outside pipe surfaces with various P and p. Secondly along
with the heat exchanger configured for various pitches P and p, the
twisted tape and the helical tape diameters were varied. The
results pipe heat exchanger with twisted tape inserted inside and
helical fins on outside pipe surface were compared with a plane
double pipe heat exchanger in counter flow and parallel flow
configurations.

2. Modelling and methodology

2.1. Physical models

This study investigates the heat transfer enhancement rates
with twisted tapes inserted inside the pipe of various pitch and
helical fins of various pitch on the pipe outside the surface of the
double pipe heat exchanger. Pitch P varies from P, 2P/3, P/2 for
helical twisted fins on the outside walls of the pipe, and pitch p

https://doi.org/10.1016/j.matpr.2021.01.837
2214-7853/� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Conference on Smart and Sustainable Developments in Materials,
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varies from p, 2p/3, p/2 for the tapes inserted inside the pipe. Thus
there are 9 different combinations that are investigated with dif-
ferent P and p. Cold water flows on outside of pipe while hot water
flows from inside the pipe in counter-flow direction. A layout of
these configuration combinations are as shown in Fig. 1. A typical
layout of the proposed double helical heat exchanger (twisted tape
inserted inside the pipe and helical fins outside the pipe), is as
shown in Fig. 2. The diameter of the inner tube, the diameter of
the outside shaft, and the dimension of the twist are as shown in
Table 1.

2.2. Governing equations

A numerical analysis of proposed double helical pipe heat
exchanger with twisted tape inserts inside and twisted fins outside
the pipe surface was performed using ANSYS�19. The model fol-
lows the following equations for continuity, momentum and
energy for which numerical solution were obtained.

Continuity equation,

Nomenclature

P outside helical fins pitch, mm
p inside twist tape pitch, mm
Dh hydraulic diameter, mm
L length, mm
A surface area, m2

Re Reynolds number
Pr Prandtl number
Nu Nusselt number
f friction factor
Q heat transfer rate, w/s
T temperature, �C
Cp fluid specific heat capacity, J/(kg K)

TR twist ratio
m mass flow rate, kg/s
U overall heat transfer coefficient w/m2k
DP pressure drop, Pa
v velocity of flow, m/s
q density of fluid, kg/m3

l dynamic viscosity of fluid, kg/(m s)
i inlet (suffix)
o outlet (suffix)
turb turbulent

Fig. 1. P is the twist pitch of the outside helical fins and p is the twist tape pitch inserted inside pipe.

Fig. 2. Configuration Geometry and layout.
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2.3. Domains definitions, boundary conditions and mesh sensitivity

In this study, ten different double-pipe heat exchangers config-
uration of p and P are modelled for numerical simulations. For
model validation plain double pipe heat exchanger was designed
of same inside and outside pipe dimension and used for compari-
son. Two domains of fluid and one solid domain defined during
the analysis. There is no penetration and no slip to each the solid
walls (Table 2).

The governing equations were solved iteratively with SIMPLE
algorithm with finite-volume formulation. The standard scheme
was used for the pressure term. For governing equations, the
‘‘second-order upwind scheme” was adopted.

The mesh sensitivity test was done using three different grid
systems, (1.7, 2.1 and 2.7 million elements) to ensure numerical
results obtained are correct. To ensure an optimal mesh was
achieved, a series of grid sensitivity tests were performed. The
2.1 million grid system was found to be sufficiently dense to calcu-
lated Nusselt numbers from the three systems. Taking into account
both accuracy and time of solution accuracy, 2.1 million elements
of the grid system were implemented. Fig. 3 shows Solid Modeling,
Face Meshing and Volume Meshing during the analysis process.

2.4. Data reduction

The following model equations were used in the investigation:

Tm ¼ Ti þ To

2
ð4Þ

Heat transfer rate,

Q ¼ _mCp Tið � ToÞ ð5Þ

Average heat transfer,

Qavg ¼
Qh þ Qc

2
ð6Þ

The heat transfer coefficient (overall),

UA ¼ Qavg

LMTD
ð7Þ

Logarithmic mean temperature difference for counter flow

LMTD ¼ Th1ð � Tc2Þ � Th2ð � Tc1Þð
ln Th1ð �Tc2Þ

Th2ð �Tc1Þ
ð8Þ

Nusselt number,

Nu ¼ hDh

k
ð9Þ

Reynolds number,

Re ¼ quDh

l
ð10Þ

3. Results and discussion

3.1. Model validation

Plain pipe Nusselt number was calculated using Nusselt num-
ber determined by Dittus-Boelter correlation [15]. The numerical
results obtained show a close agreement with correlations using
Eqs. (1) to (10) and had less than 8% error with Dittus-Boelter
correlations:

Nu ¼ 0:023Re0:8Prn ð11Þ
where, n = 0.3 for cooling and 0.4 for heating. Fig. 5 (a) and (b)
shows Plain pipe friction factor compared with friction factor deter-
mined by Blasius correlation [15]. The results achieved are com-
pared to correlations that show a good agreement of less than 9%
error with Blasius equation. The findings obtained are well in line
with the results of the empirical correlation:

f ¼ 0:0791Re�0:25 ð12Þ

3.2. Fluid flow characteristics

Fig. 4 illustrates the streamlines of velocity for various distances
on the annulus side. The flow regime on the outside is swirling,
that is, water flows in helical form on outside of pipe. The effect
of the helical shape increases the fluid path length for the designed
tube length (0.8 m). The fluid path length for different helical
pitches as the helical shape heat exchanger becomes more com-

pact. The, fluid path length is given by = L
P

� � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpDÞ2 þ P2

q
Fig. 4 (a) to (f) shows that the velocity rises with reducing pitch

of helical fins outside twists and helical inserts inside the pipes
respectively. Velocity characteristics are one of the most efficient
methods to improve the rate of heat transfer with the same Rey-
nolds number. From the plots, higher velocity and turbulence at

Table 1
Structural parameters and configurations.

Material: Copper

length of heat exchanger 800 mm
pipe inside diameter (di) 13.5 mm
pipe outside diameter (do) 15.5 mm
outer pipe inside diameter (Di) 52.5 mm
outer pipe outside diameter (Do) 60.5 mm
Inserts thickness 1 mm
Twisted tape twist ratio (PTT) 6.77, 4.51, 3.38
Helical tape twist ratio (HTP) 1, 0.67, 0.50

Table 2
Boundary conditions.

Boundary Conditions Inside boundary conditions Outside boundary conditions

Inlet conditions velocity-Inlet velocity-Inlet
outlet conditions pressure-Outlet pressure-Outlet
initial pressure (gauge) zero Pascal zero Pascal
inlet Temperature 300 K 343 K
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the inlet suggest a significant drop in local pressure if the fluid
flows through the entry point. Fig. 5 (a) is the plot of Nusselt num-
ber versus Hot water Reynolds number. It was observed that the
experimented Nu closely follow the Dittus Boltier formulation for
Nu. Also it is observed in Fig. 5 (b) that the friction factor modeled
follow Blasius friction curve with the increase in Reynolds number
in the numerical experimentation.

3.3. Heat transfer characteristics

Fig. 6 show the graph of outlet cold water temperature of for
different hot water Reynolds numbers. The cold water Reynolds
number was set at 7060. The graph shows that for all cases, the
temperature of cold water outlet increased as the hot water Rey-
nolds number was increased. This occurred due to rising swirl

number as the velocity rises and the greater retention time of cold
water on the outside surface of pipe due to the helical path. The
nine twist ratios (TR) combinations investigated are as in Table 3.

Fig. 7 is the graph of cold water temperature at outlet for differ-
ent Reynolds number of cold water. Here, the cold water Reynolds
number is set at 3891. It is observed that the outlet temperature
reduced as the cold water Reynolds number increased because
the cold water retention time in the annular pipe decreased. It
was observed that the heat exchanger cold water outlet tempera-
ture with helical fins and twisted tape inserts was more than the
plain pipe exchanger. Fig. 8 shows the plot of U versus Re of hot
water at constant Re of cold water (set at 7060). The plot shows
that U increased as hot water Re increased for all cases. It was
observed that heat transfer with helical tape and twisted fins is
maximum as compared to plain pipe. Fig. 9 shows the graph of

Fig. 3. Solid Modelling, Face Meshing and Volume Meshing during the analysis process.

Fig. 4. Velocity streamlines in the outside and inside for various helical pitches (a) to (f).
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effectiveness (e = Qwith enhancement/Qwithout) versus cold water Rey-
nolds number. It observed the effectiveness is higher for HTP twist
ratio of 0.50 and tape insert tape pitch 3.38.

3.4. Pressure drop and friction factors for various configurations

Fig. 10 Show the pressure drop plot with and without inserts for
the inner pipe versus Re. It was found that in the simulations the
pressure drop increased as the twisted ratio was reduced. The

Fig. 5. Plain pipe heat exchanger v/s proposed heat exchanger: (a) Nu and (b) friction factor f.

Fig. 6. Cold water outlet temperature v/s. Reynolds number of hot water.

Table 3
Twist ratio combinations with reference to P, p, D, d.

Sr.no. Combinations Sr.no. Combinations Sr.no. Combinations

1 Y1 = (P/D), y1 = (p/d) 4 Y2 = ((2P/3)/D), y1 = (p/d) 7 Y3 = ((P/2)/D), y1 = (p/d)
2 Y1 = (P/D), y2 = ((2p/3)/d) 5 Y2 = ((2P/3)/D), y2 = ((2p/3)/d) 8 Y3 = ((P/2)/D), y2 = ((2p/3)/d)
3 Y1 = (P/D), y3 = ((p/2)/d) 6 Y2 = ((2P/3)/D), y3 = ((p/2)/d) 9 Y3 = ((P/2)/D), y3 = ((p/2)/d)

Fig. 7. Outlet temperature of cold water v/s. Reynolds number of cold water.
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increase in the pressure drop increases the power pumping
demands. Fig. 11 displays the effects of the friction factor simula-
tion versus the hot water number of Reynolds. As the number of
Reynolds increased, the friction factor was noted to decrease.
Figs. 10 and 11 shows that plain pipe friction factor is minimum
as compared to pipe with twisted tape inserts. Additionally, there
was a rise in friction factor as the twisted ratio was decreased in
the simulation.

4. Conclusion

The investigation of pipe heat exchanger with twisted tape
inserted inside and helical fins on outside surface was performed.
A set of nine different combinations of twist ratios were investi-
gated along with the plane double helical heat exchanger. From
analysis it was observed that:

a) For an equal tube length, the impact of the helical fins
increased the fluid flow path. The proposed double helical
heat exchanger, becomes more compact in dimension. The
velocities are one of the most efficient methods to improve
the heat transfer rate for a given Reynolds number.

b) The outlet temperature of cold water rises as the Reynolds
number of hot water was increased. This occurred due to ris-
ing swirl as the velocity rises and the cold water retention
time in the proposed outside pipe increased due to helical
path. This was specifically observed for HTP- Helical Tape

Pitch (outside helical fins pitch) twist ratio 0.5 and PTT–Plain
twisted tape pitch (inside twisted tape pitch) twist ratio
3.38.

Fig. 8. Overall heat transfer coefficient (internal tube surface area) v/s. Reynolds
Number of hot water HTP - Helical Tape Pitch (outside fins pitch), PTT – Plain
twisted tape pitch (inside twisted tape pitch).

Fig. 9. Effectiveness (e = Qwith enhancement/Qwithout) vs. cold water Reynolds number.
HTP- Helical Tape Pitch (outside fins pitch), PTT – Plain twisted tape pitch (inside
twisted tape pitch).

Fig. 10. Pressure drop vs. Reynolds number of hot water.
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c) Heat transfer enhancement is more for lower twist ratio but
the pressure drop increased as friction increased due to
more twists in tapes. The amount of heat transfer increases
with the use of tape inserts inside and fins on outside. There-
fore, it is strongly suggested that for optimum Reynolds
number and twist ratio, a with suitable helical pitch outside
and suitable helical twisted tape inserts inside be selected to
achieve a enhanced heat transfer rate within acceptable fric-
tional pressure drop.
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Abstract:  
 

Background: In India, the novel Coronavirus Disease (COVID-19) epidemic 

has grown to 17,00000 cases and around 38,000 deaths up to 30th July, 2020. 

The impacts of the Severe Acute Respiratory Syndrome Coronavirus 2 

(SARS-CoV-2) pandemic in India were studied using modified age-

structured stochastic and deterministic mathematical models.  

 

Methods: A compartmental susceptible (S)-infected (symptomatic) (IS) 

infected (asymptomatic) (IN) recovered (R) i.e., SISINR model is developed, in 

which the flow of individuals through compartments is modeled using a set 

of differential equations. The outbreak of the novel COVID-19 pandemic is 

critically evaluated from all major angles using base, education, vaccination 

and education and vaccination models based on the modified SISINR 

transmission network model for their simulations in MATLAB and peak of 

infected cases (both symptomatic and asymptomatic cases) as well as end of 

pandemic is predicted in each case.  

 

Result: The numerical investigations are done for both stochastic and 

deterministic studies using the modified SISINR transmission network model 

for effective prediction about the transmission of SARS-CoV-2 pandemic in 

India. The progress of the novel COVID-19 pandemic in India is estimated 

for various scenarios by varying the basic reproduction numbers from mean 

to extremes (general assumptions and strategies are inculcated through 

contact tracing based on the values of contact ratio operated for the basic 

reproduction numbers, 'R0'). The efficacy and potential of the education 

programs and vaccination programs were established with the published 

datasets through a validation studies. Furthermore, the outbreak of the novel 

COVID-19 pandemic is predicted for majorly affected cities in India on the 

basis of different reproduction numbers 'R0'.  

 

Conclusion: The report presented herewith could be referred to revise the 

government policies to (a) implement mitigatory measures such as the practice 

of social distancing, partial city lockdown across the nation, etc., (b) implement 

a 100% daily number of tests to the susceptible population of the nation, (c) 

improve hospital facilities and the novel COVID-19 wards, (d) improve the 

recovery rate with the effective implementation of base, education, vaccination 

and education and vaccination model to attain the equilibrium stage of 
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pandemic at the earliest and (e) meet the objective of preventing the 

outbreak of the novel COVID-19 pandemic through the effective 

implementation of control and prevention strategies across the nation. 

 

Keywords: COVID-19, SARS-CoV-2, Pandemic, Mathematical Model, 

Education, Vaccination 

 

Introduction 

The novel COVID-19 pandemic has presented a 

prodigious ultimatum before the whole world, with that 

tardy response from the WHO that resulted bedlam in 

the subcontinent of India and most of the other countries 

in the world. As of 30th July, 2020, there have been 

18,000,000 confirmed cases of the novel COVID-19 and 

about 7,00000 reported deaths globally and, due to the 

rising economical unbalance, probably the countries 

around the world had to open financial markets. Due to 

which, there has been a great rise in the number of cases 

since the opening of the global market as there is no 

specific medication or vaccine approved by global 

medical authorities. The disease is transmitted by 

inhalation or contact with infected droplets or fomites 

and the incubation period during these days may range 

from 10-20 days. The disease can be fatal to elderly 

people and those with an underlying medical history 

(COVID-19 India, 2020; Hindustan Times, 2020a). 

What is Already known on the Subject 

The transmissibility of the disease outbreak is 

studied and it is observed that the strictness with which 

social distancing in India is followed, is insufficient to 

break the chain of the novel COVID-19. The impacts 

of the Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2) pandemic in India were 

studied using modified age-structured stochastic and 

deterministic mathematical models.  

What does this Study Add 

The major goal of the present investigation is to study 
the transmission of the novel COVID-19 pandemic in 
India for various possible scenarios based on general 
assumptions and strategies inculcated through contact 
tracing using the values of contact ratios which are 
operated for the basic reproduction numbers, 'R0', with the 
aim to educate individuals to reduce the spread of the 
novel COVID-19 and vaccination program to assess their 
potential results in upcoming days.  

The outbreak of the novel COVID-19 pandemic is 
critically evaluated from all major angles using base, 
education, vaccination and education and vaccination 
models based on the modified S NSI I R  model. 

The outspread of any epidemic depends on the 

infectivity of the pathogen and the available population 

that is considered as susceptible. For a novel pandemic, 

when the spread of the disease is not clear yet, here the 

mathematical modeling estimates the number of cases 

in the worst and the best cases. It can also aid to 

estimate the effect of preventive measures that are been 

applied against the novel COVID-19. By using the 

suppressive strategy, the major objective is to reduce 

the basic reproduction number, 'R0' and maintain it 

below ‘1'. To prohibit further infection spread using 

mitigatory measures; the main objective is to contain 

the spread and reduce the effect of the pandemic. The 

novel COVID-19 pandemic is caused by the Severe 

Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV-2). On 30th January, 2020, India witnessed its 

first case of the novel COVID-19. Currently, India is 

one of the most affected countries and has the highest 

number of cases in Asia continent. In the world, India 

was the third highest affected country after United 

States of America and Brazil, with over 100,000 

confirmed cases on 19th May, 2020 and about 1,000,000 

confirmed cases on 17th July, 2020. Whereas, in India 

the fatality rate is probably the lowest in the world at 

2.11% as of 02nd August, 2020 and it is also steadily 

reducing with time. With that, the six cities - Delhi, 

Ahmedabad, Chennai, Mumbai, Pune and Kolkata have 

around 50% of the total cases reported in the country. 

By the 24th May, 2020, Lakshadweep was the only 

region that was unaffected by the novel COVID-19 

pandemic. The recovery rate in India is 64.23% as on 

02nd August, 2020 (COVID-19 India, 2020; Hindustan 

Times, 2020a; Wikipedia, 2020a). 

In India, the speed of testing is raised from June, 

2020 as shown in Fig. 1 and up to 31st May, 2020, a 

strict lockdown has been imposed across the nation by 

the government as mitigatory measures to restrict the 

spread of the pandemic. On 09th April, 2020, Indian 

Council of Medical Research (ICMR) further revised the 

testing strategy and allowed testing of people showing 

symptoms for a week in the hotspot areas of the country, 

regardless of travel history or local contact to the patient. 

There has been a rise in the number of cases in India 

during lockdown as due to the religious gathering in the 

country’s capital territory, Delhi. The Government of 

India announced in the press release on 18th April, 2020, 

that 4,291 cases, which are about 29.8% of the total 

14,378 confirmed cases of the novel COVID-19 in India, 

had connection with religious and social gatherings. 

These cases contributed to spread of the pandemic across 

23 states and few of the nation’s union territories. By 

04th April, 2020, nearly about 22,000 people that were 
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in contact with the people who attended the social event 

were quarantined. In addition to that, pilgrims from 

Maharashtra state were sent by the state government 

back to Punjab. The total 609 of the around 4,000 

stranded pilgrims who returned to Punjab from Nanded 

(a historical city in Maharashtra) were tested positive for 

the novel COVID-19, taking the state's infection tally to 

over 1,000 (Wikipedia, 2020a; Hindustan Times, 2020b). 

The Indian government imposed the strict lockdown 

across the country to contain the spread of SARS-CoV-2 

and built healthcare infrastructure to treat those who 

were affected. The lockdown was aggressive but vital. 

India's fast response to the pandemic was praised as 

comprehensive and robust by the United Nations (UN) 

as well as the World Health Organization (WHO). India 

has a vast experience in eradicating diseases like 

smallpox and polio. Owing to this, India is strong 

enough to deal with the outbreak of the novel COVID-19 

as stated by Mr. Michael Ryan, (chief executive director 

of the WHO's health emergencies program). The 

lockdown was imposed by the government and as well 

as other agencies to contain the spread of SARS-CoV-2 

and to help India to escape from the community 

transmission stage of the pandemic which could 

eventually make handling the situation very difficult and 

result in even more fatalities (Wikipedia, 2020a; 

Hindustan Times, 2020b; Livemint, 2020). 

 

 
 

Fig. 1: Growth of the novel COVID-19 pandemic in India 
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Fig. 2: The graphs of infected patients versus days as different schemes of series lockdowns (a), (b) and (c) and sustained lockdown 

(d) across the nation to restrict the chain of the novel COVID-19 pandemic in India using age-structured epidemiological 

Susceptible-Infected-Recovered (SIR) model (Reprinted with permission from (Singh and Adhikari, 2020). Copyright 2020 

arXiv). *Note: Symptomatic cases were taken into consideration for the prediction of equilibrium stage of the pandemic. The 

inputs such as  ,  and  were taken as 1, 0.0155 and 1/7, respectively 

 

A 21 day lockdown (from 25th March, 2020 to 14th 

April, 2020) was found to be insufficient after careful 

investigation to ensure the equilibrium stage of the 

pandemic by the end of May, 2020 (Fig. 2). The 

outcome of the model was in favour of sustained 

lockdown with some relaxation for effective 

implementation of social distancing measures. It was 

found that the lockdown is imposed across the nation 

for a further 28 days after the relaxation period of 5 

days from 25th March, 2020 and then the measure will 

be still insufficient to restrict the transmission chain of 

the SARS-CoV-2 (Fig. 2). As per the scheme, it was 

suggested that three successive lockdowns with a gap 

of 5 days as relaxation periods were required to bring 

the equilibrium stage of the pandemic (Fig. 2) 

(Appendix A) (Singh and Adhikari, 2020). 

As per the guidance of the Honorable Prime Minister 

of India, Shri Narendra Modi, there was a voluntary 

public curfew of 14 h on 22nd March, 2020. Later on it 

was followed as mandatory and strict lockdowns were 
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imposed in the major affected areas called as 'hotspots' in 

all major cities of the country. The nation further 

witnessed a strict 21 days nationwide lockdown from 

24th March, 2020 as ordered by the Honorable Prime 

Minister of India. The nationwide lockdown was again 

extended up to 03rd May, 2020 by the Government of 

India on 14th April, 2020. This was later followed by 

another two-week extension with substantial relaxations. 

From 01st June, 2020, the government started 

"unlocking" the country (barring ‘containment zones’) in 

three unlock phases (Livemint, 2020; Singh and 

Adhikari, 2020; Inventiva, 2020a). 

The factories and workplaces were shut down due 

to the nationwide lockdown which directly affected 

the livelihood of many migrant workers. Due to 

which, they were left with the only choice to turn back 

to their native villages. Thus, the Government of India 

asked the state government to set up relief camps for 

the migrant workers who are trying to return to their 

homes and issued orders for the protection of the 

rights of the migrant workers. It was admitted by the 

Supreme Court of India that the issues and problems 

of the migrant workers were still not completely 

solved. The Supreme Court ordered the state as well 

as the central government to provide free food, shelter 

and transport facilities to the migrant workers. 

Most of the countries had lifted their lockdowns 

when the cases of novel COVID-19 started decreasing, 

but India has opted for a different plan. The WHO 

recommended the Government of India to test for 

SARS-CoV-2 for at least 14 days prior to lifting up the 

sustained lockdown to ensure positive rates were below 

the desired rate of 5%. As per the report from the Johns 

Hopkins University's Coronavirus Resource Centre, the 

average rate of daily positivity for the novel COVID-19 

in India was around 8-10%. However, due to the unlock 

1.0 on 07th June, 2020, it was raised to 8.2% and on the 

next day it was almost 9.2%. The increase in the 

positivity rate clearly throws light on the fact that the 

number of daily tests has been increased to unlock 1.0 

in India. By May, 2020, India had done more than 

10,00000 tests and the test positivity rate was just 

3.8%. In June, 2020, Central Government of India 

chose to lift the lockdown and announced that it is 

mandatory for every citizen to maintain social 

distancing in the market and all other social places. The 

physical distancing norms were also strictly followed 

during multiphased lockdown. Still, the novel COVID-

19 positive cases exponentially increased from a few 

hundred in March, 2020, to over 2,55000 when unlock 

1.0 was declared in June, 2020 (Fig. 3) (Livemint, 2020; 

Singh and Adhikari, 2020; Inventiva, 2020a; 2020b; 

BBC News, 2020a; India Today, 2020a). 

 

 

 
Fig. 3: The transmission of the novel Coronavirus Disease (COVID-19) post unlock 1.0 in India 
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Mathematical models can forecast the spread of the 

novel COVID-19 pandemic and help inform public health 

interventions. The suitable input parameters for various 

scenarios such as partial lockdown, full lockdown, mass 

vaccination program, public education program, etc., are 

considered on the basis of (a) basic assumptions and (b) 

reported statistical data in published sources. In the present 

investigation, both stochastic and deterministic approaches 

are used to discuss the transmission of SARS-CoV-2 

outbreak in India to fulfill the objectives. The stochastic 

model is used to estimate the probability of potential 

outcomes by having a random variation in one or more 

inputs over time in the proposed mathematical model. The 

stochastic models mainly depend on the variations in the 

risk of exposure to the disease and all other dynamic factors 

of the illness. In the case of the deterministic models, the 

individuals in the population are arranged in a different 

subgroups or small compartments, which directly represent 

a specific stage of the pandemic. Here, the letters M, S, E, I 

and R are used to represent variables such as different age 

groups of persons, susceptible, exposed, infected and 

recovered patients, respectively. Later on, the transition 

rates from one stage to another stage are mathematically 

expressed in the form of derivatives and thus the model is 

formulated using differential equations. Although when 

building mathematical models, it can be assumed that the 

size of the population in each of the compartments is 

differentiable with respect to time and that the pandemic 

process is deterministic (Gupta and Kanu, 2020; Atkins, 

2010). The major goal of the present investigation is to 

study the transmission of the novel COVID-19 pandemic 

in India for various possible scenarios based on general 

assumptions and strategies inculcated through contact 

tracing using the values of contact ratios which are 

operated for the basic reproduction numbers, 'R0', with 

the aim to educate individuals to reduce the spread of the 

novel COVID-19 and vaccination program to assess 

their potential results in upcoming days. Furthermore, 

the transmission of the novel COVID-19 pandemic is 

also studied for majorly affected Indian cities on the 

basis of basic reproduction numbers (Atkins, 2010). 

Research Methodology 

Both deterministic and stochastic approaches are 

employed in the present mathematical investigations to 

study the transmissibility of SARS-CoV-2 pandemic in 

India. The Susceptible (S) -Infected (I) -Recovered (R) 

i.e., SIR model is a compartmental model. When a 

Susceptible (S) will come in an infectious contact with 

the infected individual, the susceptible will contract the 

disease and transition into the infected compartment. The 

symbol, 'I' represents the number of infectious 

individuals. These are individuals who have been 

infected and can infect the Susceptible (S). The symbol, 

'R' portrays the number of removed individuals. These 

are individuals who have been infected and have 

recovered from the disease or died. 

The present investigation analyzes the spread of the 

novel COVID-19 pandemic in India and its majorly 

affected cities. The transmission of SARS-CoV-2 pandemic 

is due to the contact structure among the people and thus is 

governed by the parameter, '' (contact ratio). The 

parameter '' directly shows the result of the effectiveness 

of the social distancing. The transmissibility of the disease 

outbreak is studied and it is observed that the strictness with 

which social distancing in India is followed, is insufficient 

to break the chain of the novel COVID-19 (Atkins, 2010). 

The SIR model considers the specific types of diseases 

which could cause an infected one to infect a susceptible 

after they encounter with each other. The variables S, I 

and R, depict the population in every compartment for a 

particular instinct of time. The susceptible, infectious and 

removed individuals are a function of time and are 

represented by S(t), I(t) and R(t), respectively. The total 

number of individuals remains constant. The outbreak of 

such diseases in a specific population can be predicted by 

the mathematical model. The dynamics of the transition 

between these compartments can be modelled with the 

help of some parameters. These are '' and can be referred 

as transmission rates. The parameter, '' is the reciprocal of 

the infectious period, which is the time duration in which 

the infected can transmit the disease (Gupta and Kanu, 

2020; Atkins, 2010; Mazumder et al., 2020). 

The distribution of population within these 

compartments at a given time, t, using the general SIR 

model are shown using a set of ordinary differential 

Equations (1) to discuss the transmission of the novel 

COVID-19 pandemic in India: 
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The Modified SISINR Transmission Network Model 

for Modeling and Simulation of the Novel COVID-

19 Outbreak in India 

The SISINR transmission network model can be 

regarded as a derivative of the basic SIR model (Fig. 4). In 

the SISINR model, we include the asymptomatic 

compartment which turns the SIR model into the SISINR 

model (Fig. 5a). The modified SISINR transmission 

network model is partitioned into classes such as 

susceptible S(t), symptomatic infected IS(t), asymptomatic 

infected IN(t) and removed R(t); where N + IS + IN + R = N. 
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Fig. 4: The schematic representation of modeling of the novel Coronavirus (COVID-19) pandemic using SININR model in India 
 

 
(a) 

 

 
(b) 

 
Fig. 5: The outbreak of SARS-CoV-2 pandemic in India. (a) The illustration of mathematical model of SARS-CoV-2 pandemic in 

India. (b) The transmission of the novel COVID-19 pandemic is shown with the graph of infected patients (both symptomatic 

and asymptomatic) versus time (days) using deterministic approach of SISINR transmission network model 
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Those contracting the disease entered into the 

infected classes at a rate of 'p' i.e., the symptomatic class, 

or '(1-p)' entered into the asymptomatic class. Here, the 

infected individuals gets recovered from the infection 

and entered into the removed compartment at a rate of ' ' 

or may die due to the illness at a rate of ''. Those who 

are within the asymptomatic compartment exit into the 

removed category at the rate of ' ' (Fig. 5b) (Gupta and 

Kanu, 2020; Atkins, 2010; Mazumder et al., 2020; 

Times Network, 2020; Pai et al., 2020). 

Those contracting the disease entered into the 

infected classes at a rate of 'p' i.e., the symptomatic class, 

or '(1-p)' entered into the asymptomatic class. 

The distribution of population within these 

compartments at a given time, t, using the modified SISINR 

transmission network model are shown using the set of 

ordinary differential Equations (2) to discuss the 

transmission of the novel COVID-19 pandemic in India: 
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The basic reproduction number, 'R0', or basic 

reproductive number, or basic reproductive rate of an 

infection can be thought as the expected number of cases 

directly generated by one case in a population where all 

individuals are susceptible to infection. Here, the basic 

reproduction number, 'R0' is calculated using the 

formula, R0 = /( +  + ), (where, '' represents 

persons who entered into the removed class and have 

resistance to fight against SARS-CoV-2 for a certain 

time, afterwards they will be considered a susceptible 

class) (Atkins, 2010; Tiwari, 2020; Rajesh et al., 2020). 

The Outbreak of the Novel COVID-19 Pandemic in 

India 

According to the report of the Hindustan Times, 

around 75% of the total novel COVID-19 cases in 

Punjab, 50% in Karnataka, 65% in Maharashtra and 75% 

in Uttar Pradesh were asymptomatic. Nearly 82% of the 

novel COVID-19 patients in Assam (reported at the 

time) were asymptomatic. On 20th April, 2020, the 

health ministry warned that 80% of all coronavirus 

patients were asymptomatic or showing mild symptoms. 

Around 80% are asymptomatic or show mild symptoms. 

Around 15% patients turned into severe cases and 5% 

cases turned into critical cases (India Today, 2020a; 

Mackolil and Mahanthesh, 2020; Bhola et al., 2020). As 

'p' represents the symptomatic class and '(1-p)' represents 

the asymptomatic class, therefore, we consider p = 0.2 as 

80% cases are asymptomatic). 

There is a period between which a person gets 

infected and is confirmed positive. Hence, the total 

number of infected people is greater than the total 

number of confirmed positives in an exponential growth 

phase and the total number of infected people is close to 

the total number of confirmed cases when the growth is 

halted. This is the reason many developed countries 

failed to halt the growth of the virus in the exponential 

phase. The incubation period for the novel COVID-19, 

which is the time between exposure to the virus 

(becoming infected) and symptom onset, is on average 

5-6 days, however can be up to 14 days. Although the 

overall fatality rate is estimated to range from 2-3%, the 

disease can be fatal to elderly people (about 27%) whose 

age is more than 60 and those with an underlying 

medical history (Gupta and Kanu, 2020; Atkins, 2010). 

We assumed that the recovery rate ‘’ would remain 

constant for the Indian population around 0.1. 

In Table 1, the contact ratio, ' ' is varied to depict the 

outbreak of novel COVID-19 as per the cases explored 

in the literature, so far for the outbreak of the novel of the 

COVID-19 pandemic in India (Atkins, 2010; Rihan and 

Anwar, 2012; Daughton et al., 2017; Chatterjee et al., 

2020; Dhama et al., 2020). The recovery rate, ' ' is taken 

constant which is around 0.1. It can be calculated by the 

formula (1/infectious period), the average death rate, '' 

is taken as 0.025. The parameter 'p' depicts the ratio of 

symptomatic infected to total infected and as 80% 

patients are asymptomatic, thus ' p' is taken as 0.2. 

Stochastic Model 

The model presented here is modified with the 

inclusion of demographic stochasticity, which is 

defined as “fluctuations in population processes that 

arise from the random nature of events at the level of 

the individual”. Although the probability of each event 

here is fixed, there is change in the outcomes because 

of the chance of individuals to get in contact with the 

infected ones. A deterministic model is the one which 

yields the same results under the same initial 

conditions. Stochastic models, on the other hand, 

include an element of randomness indicative of the real 

world. The main outcome of the analysis was to study 

the extinct of SARS-CoV-2 pandemic with the help of 

the stochastic model regardless of the value of the basic 

reproduction number (R0). In the case of a very long 

time to extinction, the conclusion was that there may be 

the existence of a quasi-stationary probability 

distribution whose mean almost agrees with the 

deterministic pandemic equilibrium (when R0 > 1).  
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Table 1: Inputs in the present investigation for the modeling of the novel COVID-19 pandemic in India 

Symbols Parameters Values 

β  Contact ratio  Varied 

γ  Average recovery rate  0.100 

μ  Average death rate due to the novel COVID-19  0.025 

ρ  Ratio of symptomatic patients to total patients  0.200 

 
Table 2: Data of most affected cities in India 

City  Population Active cases up to 28th July, 2020 β γ μ 

Delhi  3,02,91,000  10,887  Varies  0.1  0.025 

Pune  66,39,347  48,680  Varies  0.1  0.025 

Mumbai  2,04,11,000  21,812  Varies  0.1 0.025 

Chennai  1,09,7,1108  13,064 a Varies  0.1  0.025 

Ahmedabad  56,00,000  3,343  Varies  0.1  0.025 

 

Using the modified SISINR transmission network model, 

we are considering five different events that can occur, 

each causing the numbers in the relative classes to 

increase or decrease by one (Gupta and Kanu, 2020; 

Atkins, 2010; Rihan and Anwar, 2012; Daughton et al., 

2017; Chatterjee et al., 2020): 

 

 Transmission occurs at rate Sp(IS + IS)/N; Result S 

 S-1and I  I +1 

 Transmission occurs at rate S(1-p)(I + I)/N; Result 

S  S-1 and I  I +1 

 Recovery occurs at rate IS; Result IS  IS-1 and R 

 R +1 

 Death occurs at rate IS; Result I  I-1 

 Recovery occurs at rate I; Results IN  IN-1 and R 

 R +1 

 

As the transmission occurs at the rate Sp(IS + IN)/N, 

initially, which results into S  S-1 and I  I +1, one 

person gets removed from the group of susceptible and 

gets added to the group of infected ones. The same 

process is repeated when the transmissions occur at the 

rate S(1-p)(I + I)/N. In case of the recovery rate IS 

(symptomatic as well as asymptomatic), one person is 

reduced from the group of infected group and gets added 

to the group of recovered ones. In case of death rate 

IS, one person gets reduced from the group of 

individuals of infected class and dies (Atkins, 2010). 

The following data were used as inputs to model the 

outbreak of the novel COVID-19 pandemic in various 

cities in India, stochastically. 

Table 2 depicts the population and active cases of the 

most affected cities in India which includes Delhi, Pune, 

Mumbai, Chennai and Ahmedabad. Here, the value of 

contact ratio ' ' is varied to predict the outbreak of novel 

COVID-19 under different scenarios. We have plotted 

the outbreak of SARS-CoV-2 pandemic for the range of 

values of the basic reproduction number, 'R0', from 1.25, 

1.5, 2.0, 2.5 and 3.0 based on the values of contact ratio 

' ' (Atkins, 2010; Rihan and Anwar, 2012; Dhama et al., 

2020; Mandal et al., 2020) using the modified SISINR 

transmission network model to study the outbreak of the 

pandemic in-depth. The average recovery rate ' ' is 

calculated to be 0.1 (1/infectious period). The average 

death rate '' is taken as 0.025. 

Validation of the Present Stochastic and 

Deterministic Models based on Modified 

SISINR Transmission Network Model with 

Datasets of Meningitis Epidemic Outbreak 

in University of Central Florida (UCF) 

Campus 

Table 3 represents the values for the parameters 

which were used to plot the validation graphs. It contains 

the values of variables which include probability of 

transmission of infection, vaccination trial, contact rate 

and reproduction rate. The values of probability of 

transmission (q) of SARS-CoV-2 pandemic for four 

different models such as base, education, vaccination and 

education and vaccination models (Appendix B) are 

discussed herewith as per the meningitis outbreak case 

study (Atkins, 2010) to prove the efficacy of the present 

stochastic and deterministic MATLAB programs based 

on the modified SISINR transmission network model. As 

people get knowledge and awareness about protecting 

themselves from the infection, the contact ratio as well 

as the reproduction rate goes on reducing (Atkins, 2010). 

Validation of the Stochastic Model 

For small populations, a stochastic model may be 

more appropriate. In such a case, the stochastic model, 

which is concerned with mimicking the random or 

probabilistic event, would be more suitable. 

In the stochastic model (Fig. 6), there are three curves 

which include: Number of susceptible (blue), number of 

infected (red) and number of recovered (yellow) plotted 

against the time (days). The curve for the susceptible cases 

here showed the number of susceptible around 50,000, 

which is the population of the University of Central 
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Florida campus (Atkins, 2010). The curve here depicts 

that the number of susceptible will reach to zero in a 

week. The second curve plotted (red) shows the number of 

infected ones. It depicts the number of infected cases 

which starts increasing from the fourth day of the spread 

of meningitis infection with probably 2,000 people 

getting infected. The number will rise till the sixth day 

with near about 4,800 people getting infected. Till the 

end of the second week of spread of infection, the 

number of people getting infected will start reducing and 

move towards the normal condition. The last curve 

(yellow) here shows the number of people in the campus 

who were recovered from the infection. The recovery of 

the infected started from the first week of infection 

spread. Till the end of the first week, almost 2,000 people 

got recovered from the infection. Later on, by the end of 

the second week, almost 4,000 people were recovered. By 

the end of month more than 5,000 people were recovered 

(Gupta and Kanu, 2020; Atkins, 2010). The present 

stochastic MATLAB programs based on the modified 

SISINR transmission network model are validated well 

under all three cases using the similar inputs for the 

meningitis outbreak case. 

Validation of the Deterministic Model 

In a deterministic model, the same results are 

observed for the same initial conditions every time. On 

the other hand, some randomness is always included in 

the stochastic model which depicts the real world 

situation. In Figs. 7-10, the deterministic curves 

represent the number of infected people versus the time 

(days). The blue-coloured curves plotted by (Atkins, 

2010), are superimposed by the pink-coloured curves 

using the present deterministic MATLAB program based 

on the modified SISINR transmission network model. 

Validation of the base Model 

Here, the graph shows that if the infection continues 

to spread without any education or vaccination program, 

then by the end of the first week almost 4,000 people 

would be infected in a rapid manner. Later on, the 

number of infected persons will go on reducing almost 

after a week with 500 infected cases. Furthermore, by the 

end of the month, the situation in the university will be 

back to normal (Atkins, 2010). 

Validation of the Education Model 

In the model, the infection will start rising from the 

end of the first week with almost 200 people getting 

infected. The model depicts that if people were made 

aware about the spread of infection in the campus of 

university from the beginning itself, the overall growth 

of the infection could be definitely lowered.

 

 
 

Fig. 6: Stochastic model for meningitis outbreak in University of Central Florida (UCF) campus 
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Fig. 7: Deterministic (base) model for meningitis outbreak in University of Central Florida (UCF) campus 

 

 
 

Fig. 8: Deterministic (education) model for meningitis outbreak in University of Central Florida (UCF) campus 

 
Table 3: Parameters for the study of an outbreak of meningitis epidemic in University of Central Florida (UCF) campus 

  Base Education Vaccination Education and 

Parameters Variable model model model Vaccination model 

Probability of transmission of infection q 0.10 0.05 0.1 0.05 

Number of peoples vaccinated v0 0.00 10.00 51% 61% 

Calculated contact ratio β 2.34 1.05 1.15 0.46 

Basic reproduction rate R0 7.80 3.50 3.8 1.5 

 

As shown by the curve till the end of the second 

week, the maximum number of people will get infected. 

Almost 3,000 people will get infected by the end of the 

second week. Later on, the number of infected people 

will go on decreasing due to awareness about the 

prevention of the infectious disease. By the end of month 

the number of infected people will be lowered and the 

situation will be back to normal (Atkins, 2010). 
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Fig. 9: Deterministic (vaccination) model for meningitis outbreak in University of Central Florida (UCF) campus 

 

 
 

Fig. 10: Deterministic (education and vaccination) model for meningitis outbreak in University of Central Florida (UCF) campus 

 

Validation of the Vaccination Model 

The model depicted that the number of infected 

people will start rising by the end of the first week of 

infection with almost 100 cases. 

As shown in Table 3, there would be 51% of 

people vaccinated, which resulted in the lower number 

of cases, i.e., around 3,000 (maximum) cases of 

infection by the second week. The number of people 

getting infected will start reducing by the second 

week of infection. By the end of the month, this 

situation will turn out to be normal (Atkins, 2010). 

Validation of the Education and Vaccination Model 

The model shows the result of the combined 
education and vaccination model. As shown in Table 
3, there would be around 61% of people who will be 
aware about the preventive measures and would be 
vaccinated as well. 

This will ultimately lower the number of maximum 

people getting infected and then it would be around 600 

(maximum) cases of infection after almost 40 days. The 

rise in the number of infected people in this model will 

start late as compared to other models. By the third 

week, there would be almost 50 people getting infected. 
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After almost 40 days, the number of infected people will 

start lowering. Later on, after 3 months, the situation 

may be back to normal (Atkins, 2010). 

Results 

Deterministic Susceptible (S)-Infected (Symptomatic) 

(IS) Infected (Asymptomatic) (IN) Recovered (R) i.e., 

SISINR Models for Modeling and Simulation of the 

Outbreak of Novel Coronavirus Diseases (COVID-

19) in India 

In the present investigation, the basic reproduction 
number, 'R0', are calculated using different values of 

contact rates, , based on the novel deterministic 
susceptible (S)-infected (symptomatic) (IS) infected 
(asymptomatic) (IN) recovered (R) approach to discuss 
the transmission of the novel COVID-19 outbreak. A 
suitable computer routine is developed in MATLAB 
based on Ordinary Differential Equations (ODEs) in 

conjunction with Runge-Kutta method with a variable 
time step for efficient simulation of the growth of SARS-
CoV-2 under control and prevention strategy program in 
India. The deterministic model is further classified into 
three submodels such as (a) base model, q = 0.1, (b) 
education model, q = 0.05, (c) education and vaccination 

model q = 0.1 for in-depth analysis of the outbreak of the 
pandemic (Atkins, 2010; Rihan and Anwar, 2012; 
Dhama et al., 2020; Mandal et al., 2020). 

The spread of the novel COVID-19 pandemic is 

plotted for entire nation (Fig. 11). The graph, infected 

cases versus time (days) is plotted for SARS-CoV-2 

outbreak to predict its behavior in due course of time. 

The mitigatory measures such as strict lockdown and 

partial lockdown across the nation are responsible to 

restrict the spread of pandemic. According to the graph 

the pandemic is approximately expected to end after 300 

days from present day, i.e., 28th July, 2020. In Fig. 11, 

the 'R0' is calculated around 1.25 following the 

deterministic strategies for entire India. The symptomatic 

cases are found to be around 80% less than 

asymptomatic cases (Atkins, 2010; Rihan and Anwar, 

2012; Mandal et al., 2020). The suitable graph has been 

plotted on the basis of values of 'R0' using deterministic 

mathematical models based on the modified SISINR 

transmission network model. The peaks of infected cases 

(both symptomatic and asymptomatic cases) as well as 

end of SARS-CoV-2 pandemic are estimated soon after 

31st July, 2020 in the month of December, 2020 (Fig. 

11) and by the end of March, 2021, respectively. 

Impact of Community Transmission Phase of SARS-

CoV-2 in India 

As per the joint statement by Indian medical 
professional associations, nonuniform and rational 
strategies of lockdown across the nation such as 
movement of migrant workers, social gathering unlock 

1.0 and 2.0, etc., resulted in community spread of the 
novel COVID-19 disease. India must be well equipped 
to counter the probability of community transmission of 
the COVID-19. Easing of lockdown will lead to more 
widespread and rapid transmission of coronavirus. Some 
of the experts suggested that India has already entered the 

community (Gupta and Kanu, 2020) transmission through 
the stage III of the novel COVID-19. As if one looks at 
the spread of people without a history of travel or history 
of contact, certainly there are several such cases. 

 

 
 

Fig. 11: Graphical simulation of the novel COVID-19 outbreak. Base model yields R0 = 1.25 using  = 0.15625 
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Fig. 12: Graphical simulation of the novel COVID-19 outbreak. Base model yields R0 = 1.5 using  = 0.1875 

 

Furthermore, governmental action and some misuse 

of mitigatory measures have influenced the spread of the 

pandemic (Fig. 12). As per the data reported in some 

published sources; the pandemic is modeled with the 

basic reproduction number, 'R0', to validate the novel 

deterministic modeling approach of SARS-CoV-2 

pandemic. The pandemic is predicted to end after 250 

days from the present day, i.e., 28th July, 2020, using the 

current value of  = 0.1875. In Fig. 12, the 'R0' is 

calculated around 1.5 following the deterministic 

strategies for the entire India (Atkins, 2010; Rihan and 

Anwar, 2012; Chang et al., 2020). 

Social distancing is the only proven solution for 

halting corona virus growth as of now. Nation practices 

strict social distancing in the lockdown, but still due to 

several factors, we see failures in some lockdowns. Here 

' ' is the transmission rate and '' is the average recovery 

rate. With quarantine and isolation, the increasing 

number of infected slowly became constant. In the 

context of India, this model may be useful as a rigorous 

social distancing measure has been introduced and hence 

does not consider factors like age, etc. The parameter, ' ' 

governs the transmission efficiency of the virus in 

society, since lockdowns and social distancing measures 

focus on reducing the transmission, reduction in ' ' in 

different stages will reflect how better the lockdown was 

performed. The mitigatory measures imposed by Indian 

government have influenced the spread of pandemic 

(Fig. 13). With the further change in parameters such as 

contact rate, ' ' reported in some published sources, the 

pandemic is modeled for the basic reproduction number, 

'R0', to throw light on the novel deterministic modeling 

approach of SARS-CoV-2 pandemic. The pandemic is 

predicted to end after 200 days from the present day, i.e., 

28th July, 2020, using the current value of  = 0.25. In 

Fig. 13, the 'R0' is calculated around 2.0 following the 

deterministic strategies for the entire nation (Atkins, 

2010; Rihan and Anwar, 2012; Sahasranaman and 

Kumar, 2020; Dhanwant and Ramanathan, 2020). 

The testing of novel COVID-19 is essential in the 

direction of containing the spread of virus. The delays in 

testing may seriously reduce the ability of the population 

to protect it. The testing for the novel COVID-19 virus in 

India was inadequately conducted in the beginning, which 

might have not generated sufficient data on the number of 

people affected. Initially, only persons with a travel 

history to high risk countries were tested. Therefore, this 

case can be varied with different values of contact rate, , 

as reported in some published sources; the pandemic is 

modeled for the basic reproduction number, 'R0', to 

observe the transmission of the novel COVID-19 

pandemic using the novel deterministic approach to 

prove the efficacy of the present model (Fig. 14). 

The pandemic is predicted to end after 150 days from 

the present day, i.e., 28th July, 2020, using the current 

value of  = 0.3125. In Fig. 14, the 'R0' is calculated 

around 2.5 following the deterministic strategies for the 

entire India (Atkins, 2010; India Today. 2020a). 
As of 14th March, 2020, the National Institute of 

Virology, Pune, has tested around 5,900 samples from 
individuals across the country, which was quite low 
compared to other countries. It was also felt that 
community transmission may go undetected without 
adequate testing. Testing for community transmission 
began on 15th March, 2020. The Department of Health 
Research and the Indian Council of Medical Research 
(DHR-ICMR) have started testing random samples of 
people who exhibit flu-like symptoms and samples from 
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patients without any travel history or contact with 
infected persons. Later on, it was also decided to include 
all pneumonia cases, regardless of travel or contact 
history after the country saw a sharp increase in the 
number of cases. The ICMR further revised the testing 
strategy and allowed testing of people showing 
symptoms for a week in the hotspot areas of the country, 
regardless of travel history or local contact to the patient. 
Total 25,12,388 samples were tested by 20th May, 2020, 
out of which 1,06,750 have been confirmed positive. 
Finally, these are discussed with the contact rate, ‘ ’ as 

reported in some published sources; the pandemic is 
modeled for the basic reproduction number, 'R0', to 
observe the transmission of the novel COVID-19 
pandemic using the novel deterministic approach to 
prove its efficacy (Fig. 15). The pandemic is estimated to 
reach its end after 100 days from the present day, i.e., 
28th July, 2020, using the current value of  = 0.375. In 
Fig. 15, the 'R0' is calculated around 3.0 following the 
deterministic strategies for the entire India (India Today, 
2020a; Atkins, 2010; Rihan and Anwar, 2012; Ramola, 
2020; The Times of India, 2020a). 

 

 
 

Fig. 13: Graphical simulation of the novel COVID-19 outbreak. Base model yields R0 = 2.0 using  = 0.25 

 

 
 

Fig. 14: Graphical simulation of the novel COVID-19 outbreak. Base model yields R0 = 2.5 using  = 0.3125 
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Fig. 15: Graphical simulation of the novel COVID-19 outbreak. Base model yields R0 = 3.0 using  = 0.375 
 

A mean is a number that in some sense represents the 

central value of a set of numbers. Mathematical average 

of two or more numbers is called as mean. There are 

many ways to compute the mean of a series of numbers. 

We use the sum of the given numbers in the arithmetic 

mean method. Geometric mean is computed by the 

average of a set of products. The arithmetic mean which 

is also called as mean or average that was found by 

summing the numbers in the data and dividing that sum 

by the number of count. Generally, the data is the result 

from an observational study, experiment or a survey 

(Wikipedia, 2020b). 

In the above graphs, the outbreak of the novel 

COVID-19 pandemic is plotted for different values of R0 

= 1.25, 1.5, 2.0, 2.5 and 3.0. The outbreak of the novel 

COVID-19 pandemic is also plotted for the mean value 

of the above 'R0'. In Fig. 16, the mean 'R0' was found to 

be 2.05 and the corresponding ' ' was found to be 

0.25625. Furthermore, ‘R0’ does not remain constant for 

SARS-CoV-2 pandemic. Its value depends upon many 

factors such as environmental conditions; frequency of 

contact between the infected and susceptible individuals, 

measures taken to contain the spread, etc. The pandemic is 

predicted to end after 125 days from the present day, i.e., 

28th July, 2020, using the current value of  = 0.25625. 

The value of ‘R0’ focuses light on the dynamics of the 

spread of disease. The mathematical models are used to 

determine the value of ‘R0’ which also depends upon the 

other parameters used in mathematical modeling. Many 

popular presses have used ‘R0’ which gave rise to 

misunderstandings related to its true meaning. Various 

mathematical models are used to calculate the value of 

‘R0’. Each of these models may give a different estimate 

the value of ‘R0’. These values should be interpreted in 

the context of that model. 

The value of ‘R0’ can be used as a threshold, even if 

calculated with different methods. Whether the outbreak 

will die out or whether it will increase can be guessed 

using this number. If R0 < 1, the outbreak will die out and 

if R0 > 1, the outbreak will expand. In some cases, for 

some models, values of R0 < 1 can still lead to self-

perpetuating outbreaks. This is particularly problematic if 

there are intermediate vectors between hosts, such as 

malaria. Therefore, comparisons between values from the 

“Values of ‘R0’ of well-known infectious diseases” table 

should be conducted with caution (Wikipedia, 2020b). 

Education Model 

A program including education would reduce the 

probability of transmitting an infection by half by 

increasing the awareness of people regarding maintaining 

social contact and improving personal hygiene. 

We have not considered the vaccination but due to 

increased awareness between people, it would 

eventually give an effect of increased rate of 

vaccination to 10%. Fear of the novel COVID-19 has 

the country under its grip. Many state governments 

have ordered the closure of schools and colleges, movie 

halls, gyms, malls, etc. Air traffic has fallen, which is 

indicative of reduced economic activity. Many such 

happenings and signs of destructive effects of the novel 

COVID-19 have a direct effect on the behaviour of 

every citizen. People have become more aware about this 

virus and its spread. People are finding and 

comprehending the ways which will protect themselves 

and their families from the impact of this virus 
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(News18, 2020). We have plotted the graph from 15th 

June, 2021 onwards considering the value of ' ' to be 

0.128125 (Fig. 17). The pandemic is predicted to end 

after 700 days from the present day, i.e., 28th July, 2020. 

The Government of India managed to quickly spread 

the awareness regarding this virus by using every 

possible mode of communication. Ringtones were 

applied to spread the awareness regarding this virus and 

how to contain its spread. Observing the impact of this 

virus in other countries, containment was the only 

option. Passengers coming from abroad were screened 

for infection. Combating other weapons which helped in 

fighting the spread of this virus are building 

infrastructure for the infected patients, increasing the 

testing facilities and screening people who possibly may 

have come in contact with the infected individual. To 

maintain the confidence of people in the system, it is 

necessary to ensure that the supply of masks, sanitizers and 

drugs is available to each one (Atkins, 2010; Rihan and 

Anwar, 2012; News18, 2020; BBC News, 2020b). 

 

 
 

Fig. 16: Graphical simulation of the novel COVID-19 outbreak. Base model yields R0 = 2.05 using  = 0.25625 

 

 
 

Fig. 17: Graphical simulation of the novel COVID-19 outbreak. Education model yields R0 = 1.025 using  = 0.128125 
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Fig. 18: Graphical simulation of the novel COVID-19 outbreak. Education and vaccination model yields R0 = 1.025 Assuming 61% 

of the population is vaccinated 

 

Education and Vaccination Model 

Generally, a vaccine may take years to develop. 

According to the experts, we can expect the vaccine to 

be available by the end of February, 2021. We have 

assumed that 61% of the population of India would be 

vaccinated up to 15th June, 2021. Therefore, we have 

plotted the graph from 15th June, 2021and onwards 

considering the value of ' ' to be 0.128125 (Fig. 18). 

The pandemic is predicted to end after 100 days from 

15th June, 2021. The parameter, 'V0' was considered 

8,28,584,757. Research on the vaccine for the novel 

COVID-19 is happening at breakneck speed. At present, 

around 140 vaccines are in their early stage of 

development and about 24 numbers of vaccines are in 

their clinical trials on people. The vaccine developed by 

Oxford University is reported to trigger the immunity 

system to respond against the virus. According to the 

deal signed with AstraZeneca, 100 million doses will be 

supplied in the UK alone. A study performed in May in 

the United States of America resulted in the production 

of antibodies that could neutralize the novel COVID-19 

in every eight patients taking part in the study. Other 

completely new approaches to vaccine development are 

in human trials (Ranjan, 2020). 
Many research groups have designed the vaccine 

that has the potential to fight the novel COVID-19, but 

still a lot of work is left to do. These researchers must 

show that their vaccine is safe to be injected in the 

body. The vaccine should cause an immune response, 

which will work as a shield to the people and prevent 

them from getting sick. Furthermore, the vaccine 

should be able to be produced on a large scale so that 

billions of doses can be developed. The medicine 

regulatory frame must approve it before it is actually 

provided to the population. At last, the most difficult 

challenge is to immunize the world’s population at a 

substantial scale (Atkins, 2010; The Times of India, 

2020a; Deb and Majumdar, 2020). 

City Wise Discussion on Transmission of the Novel 

Coronavirus Disease (COVID-19) Pandemic in 

India using Stochastic Susceptible (S)-Infected 

(Symptomatic) (IS) Infected (Asymptomatic) (IN) 

Recovered (R) (SISINR) Model 

Stochastic Model Forecasting the Outbreak of the 

Novel COVID-19 in Delhi 

The first case of the novel COVID-19 pandemic in 

the Indian capital, Delhi, was reported on 02nd March, 

2020. Delhi has the third highest number of confirmed 

cases of the novel COVID-19 pandemic in India after 

Maharashtra and Tamil Nadu. The total 1,34,403 

infected people were reported on 31st July, 2020, 

including 3,936 deaths and 1,19,724 recovered patients. 

On 22nd March, 2020, Delhi observed a 14 h voluntary 

public curfew named Janata curfew along with 75 

districts in India at the directive from Honourable 

Prime Minister of India, prior to his order of 

nationwide lockdown from 24th March, 2020. 

Thousands of migrants from Uttar Pradesh and Bihar 

gathered at the bus stand and railway station to head 

back to their native places. More than 3,000 people 

from a social gathering were quarantined after 
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suspected contact with infected people, including 

foreigners. The Delhi government announced an 

operation known as SHIELD, i.e., S-sealing the area 

immediately, H-home quarantine to the people living in 

the area, I refers to isolation and contact tracing of 

people, E refers to essential supply of commodities, L 

refers to local sanitization and D-door to door health 

check upon order to restrict the spread of the novel 

COVID-19 pandemic in the containment zones or the 

hotspots around the state (Business Today, 2020). 

The novel COVID-19 pandemic was widely spread 

in Dilshad Garden, from where the first success came. 

On 10th April, the government announced that 

Operation SHIELD was working quite successfully. 

This area became the novel COVID-19 free after 

implementation of the SHIELD operation. This 

operation also emerged successful in Vasundhara 

Enclave and Khichripur (The Times of India, 2020b; 

Wikipedia, 2020c). 

An order was issued making 7 days home quarantine 

compulsory for all asymptomatic individuals who 

travelled into the city through domestic transport. 

Individuals who showed symptoms were immediately 

tested for the novel COVID-19 and were quarantined at 

the institutional level till the results were declared. If 

persons were found positive, they were moved to a 

hospital or any novel COVID-19 Care Centre. If they 

were found negative, they were instructed to follow the 

14 days home quarantine. The details on containment 

zones and hotspots, testing facilities, key locations, e-

pass procurement and relevant frequently asked 

questions were posted on this website. The information 

also included the locations of grocery shops, temporary 

relief centres and hunger relief centres in Delhi. On 24th 

June, 2020, the Delhi government set up the world's 

largest temporary novel COVID-19 care hospital of 

10,000 beds, as the country grapples with rapidly rising 

cases (Wikipedia, 2020c). 

The value of ‘R0’ focuses light on the dynamics of the 

spread of disease and thus suitable graphs have been 

plotted using the above inputs to discuss the spread of 

the novel COVID-19 pandemic in the National Capital 

Region of Delhi (Fig. 19) using stochastic mathematical 

models based on the modified SISINR transmission 

network model. With an increase in the values of ' ' and 

thus ‘R0’, the peaks of infected cases (both symptomatic 

and asymptomatic cases) as well as the end of SARS-

CoV-2 pandemic are attended soon after 31st July, 2020 

as discussed in Fig. 19. The first case ( = 0.15625; R0 = 

1.25) is more appropriate as it shows the peak of the 

novel COVID-19 pandemic in December, 2020 (Fig. 

19a). The curve shows the zero case of pandemic by the 

end of March, 2021. 

Stochastic Model Forecasting the Outbreak of the 

Novel COVID-19 in Pune 

On 09th March, 2020, a couple who arrived in India 

from Dubai were tested positive for the novel COVID-19 

and were the first confirmed case from Maharashtra. 

Three more people who were in contact with this couple 

were also tested positive on the next day. All five of 

them were taking treatment in Naidu Hospital. After 9 

days on 18th March, 2020, the woman was tested 

positive in Pune. This woman had earlier travelled to 

France and Netherlands. An old woman who was in her 

late 60's was linked with a confirmed case also tested 

positive. The number of positive cases rose to 45 after 

cases were found in Pimpri-Chinchawad and Ratnagiri. 

The case found in Pimpri-Chinchwad had travelled to 

Singapore, Philippines and Sri Lanka. The latter case 

from Ratnagiri earlier travelled to Dubai. 
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(e) 

 
Fig. 19: The stochastic SISINR model of the novel COVID-19 for National Capital Region of Delhi considering sustained lockdown 

of 61 days, i.e., 25th March, 2020-31st May, 2020, unlock 0.1 and 0.2, as well as weekly lockdown in July, 2020 including 

night curfew and implementation of effective quarantine periods for travelers. (a) SISINR model based on the novel stochastic 

approach ( = 0.15625; R0 = 1.25). (b) SISINR model based on the novel stochastic approach ( = 0.1875; R0 = 1.5. (c) SISINR 

model based on the novel stochastic approach ( = 0.25; R0 2.0). (d) SISINR model based on the novel stochastic approach ( 

= 0.3125; R0 = 2.5). (e) SISINR model based on the novel stochastic approach ( = 0.375; R0 = 3.0). Note: The parameters 

such as S, I, A and R are used to express susceptible, infected (symptomatic), infected (asymptomatic) and recovered 

patients, respectively 

 

The population of Pune is estimated to be 6.8 

million while Mumbai’s population is much greater. 

Mumbai had the largest number of positive cases in 

Maharashtra as well as in India. The total positive cases 

in Mumbai were 84,524. On 03rd July, 2020, Pune city 

had 25% cases against Mumbai and a fatality rate of 

3.32. Mumbai was reported to have a fatality rate 

5.85% (India Today, 2020b). 

Although Pune has better numbers as compared to 

Mumbai, it is on the same path as that of Mumbai. The 

total of infected people reported on 31st July, 2020 is 

28,142 consisting of 872 deaths and 13,406 recoveries 

(The Hindustan Times, 2020a; NDTV, 2020). 

As the value of ‘R0’ focuses light on the dynamics of 

the spread of disease and thus suitable graphs have been 

plotted using the above inputs to discuss the spread of the 

novel COVID-19 pandemic in the Pune region of the 

Maharashtra state (Fig. 20) using stochastic mathematical 

models based on the modified SISINR transmission 

network model. Again, with an increase in the values of 

' ' and thus ‘R0’, the peaks of infected cases (both 

symptomatic and asymptomatic cases) as well as the end 

of SARS-CoV-2 pandemic are attended soon after 31st 

July, 2020 as discussed in Fig. 20. For Pune city, the first 

case ( = 0.15625; R0 = 1.25) is more appropriate as it 

shows the peak of the novel COVID-19 pandemic in 

December, 2020 (Fig. 20a). The curve shows the zero 

case of pandemic by the end of March, 2021. 

Stochastic Model Forecasting the Outbreak of the 

Novel COVID-19 in Mumbai 

Mumbai was the worst affected city in India, with 

about 100,000 cases. About half of the cases in the state 

emerged from the Mumbai Metropolitan Region (MMR). 

On 11th March, 2020, two people in Mumbai who were 

linked to the Pune couple tested positive. To prohibit the 

spread of coronavirus, various measures were taken by the 

Navi Mumbai civic body. According to the orders, 

roadside stores and commercial shops, outlets near public 

places and crowded places such as railway stations were 

closed on alternate days till the end of the March. Many 

measures to control the crowd and prohibit the spread of the 

coronavirus were taken by the administrative body. One of 

the measures to control the crowd and contain the spread of 

coronavirus was the order issued by the municipal 

commissioner to close shops, stores and roadside outlets, 

near footpaths and near crowded stations such as CBD 

Belapur, Nerul, Vashi, Sanpada, Kopar Khairane, 

Ghansoli and Airoli on alternate days (The Hindu, 2020a; 

The Hindustan Times, 2020b; Kumar, 2020). 

Mumbai saw a delay in the diagnosis of the 

patients because the testing rate in Mumbai was low 

initially. Citizens wishing to be tested for the novel 

COVID-19 were sent back by municipal doctors. The 

same case was seen in Pune too. Due to the delay, the 

patient's condition was critical. This increased the 

number of serious patients and deaths. 
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(d) 

 

 
(e) 

 
Fig. 20: The stochastic SISINR model of the novel COVID-19 for Pune considers a sustained lockdown of 61 days, i.e., 25th March, 

2020-31st May, 2020, unlock 0.1 and 0.2, as well as weekly lockdown in July, 2020 including night curfew and 

implementation of effective quarantine periods for travelers. (a) SISINR model based on the novel stochastic approach ( = 

0.15625; R0 = 1.25). (b) SISINR model based on the novel stochastic approach ( = 0.1875; R0 = 1.5). (c) SISINR model based 

on the novel stochastic approach ( = 0.25; R0 = 2.0). (d) SISINR model based on the novel stochastic approach ( = 0.3125; 

R0 = 2.5). (e) SISINR model based on the novel stochastic approach ( = 0.375; R0 = 3.0). Note: The parameters such as S, I, 

A and R are used to express susceptible, infected (symptomatic), infected (asymptomatic) and recovered patients, 

respectively 
 
The total of infected people reported on 31st July, 2020 

is 1,14,284, consisting of 6,353 deaths. The discussion is 

made on the basis of the value of ‘R0’ as it helps to 

understand the dynamics of the spread of disease and 

thus suitable graphs have been plotted using the above 

inputs to discuss the spread of the novel COVID-19 

pandemic in the Mumbai region of the Maharashtra state 

(Fig. 21) using stochastic mathematical models based on 

the modified SISINR transmission network model. As 

discussed, with the increase in the values of ' ' and thus 

‘R0’, the peaks of infected cases (both symptomatic and 

asymptomatic cases) as well as the end of SARS-CoV-2 

pandemic are attended soon after 31st July, 2020. For 

Mumbai city, the first case ( = 0.15625; R0 = 1.25) is 

more appropriate in the current scenario as it shows the 

peak of the novel COVID-19 pandemic in December, 

2020 (Fig. 21a). The curve shows the zero case of 

pandemic by the end of March, 2021. 
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(d) 

 

 
(e) 

 
Fig. 21: The stochastic SISINR model of the novel COVID-19 for Mumbai considers a sustained lockdown of 61 days, i.e., 25th 

March, 2020-31st May, 2020, unlock 0.1 and 0.2, as well as weekly lockdown in July, 2020 including night curfew and 

implementation of effective quarantine periods for travelers. (a) SISINR model based on the novel stochastic approach ( = 

0.15625; R0 = 1.25). (b) SISINR model based on the novel stochastic approach ( = 0.1875; R0 = 1.5). (c) SISINR model based 

on the novel stochastic approach ( = 0.25; R0 = 2.0). (d) SISINR model based on the novel stochastic approach ( = 0.3125; 

R0 2.5). (e) SISINR model based on the novel stochastic approach ( = 0.375; R0 = 3.0). Note: The parameters such as S, I, A 

and R are used to express susceptible, infected (symptomatic), infected (asymptomatic) and recovered patients, respectively 

 

Stochastic Model Forecasting the Outbreak of the 

Novel COVID-19 in Chennai 

Tamil Nadu has the second highest number of 

confirmed cases in India after Maharashtra. Three cases 

were initially reported in Chennai. The first case was of an 

old man who was in his mid 60's. He travelled to New 

Zealand and came back in India. He was treated at a private 

hospital. Second case of an old lady was found in her mid 

50's. She was admitted to Kilpauk Medical College 

Hospital. The third case was a 25-year-old man who had 

travelled to London and came back to India. He was been 

treated at Rajiv Gandhi Government Hospital. Furthermore, 

17 cases in Tamil Nadu were reported positive, which also 

included two foreign nationals. All districts of the state were 

suffering from the novel COVID-19 pandemic. Chennai 

was the worst affected. More than fifty percent of the total 

confirmed cases in Tamil Nadu were from Chennai.  
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(d) 

 

 
(e) 

 
Fig. 22: The stochastic SISINR model of the novel COVID-19 for Chennai considers a sustained lockdown of 61 days, i.e., 25th 

March, 2020-31st May, 2020, unlock 0.1 and 0.2, as well as weekly lockdown in July, 2020 including night curfew and 

implementation of effective quarantine periods for travelers. (a) SISINR model based on the novel stochastic approach ( 

= 0.15625; R0 = 1.25). (b) SISINR model based on the novel stochastic approach ( = 0.1875; R0 = 1.5). (c) SISINR model 

based on the novel stochastic approach ( = 0.25; R0 = 2.0). (d) SISINR model based on the novel stochastic approach ( 

=0.3125; R0 = 2.5). (e) SISINR model based on the novel stochastic approach ( = 0.375; R0 = 3.0). Note: The parameters 

such as S, I, A and R are used to express susceptible, infected (symptomatic), infected (asymptomatic) and recovered 

patients, respectively 

 

Tamil Nadu showed the least case fatality rate in the 

country. A large local cluster in Koyambedu of 

Chennai was identified in May. The case growth rate 

in Chennai saw a dip in July. Contact-tracing, testing 

and surveillance model was applied by the 

government to prohibit the spread of the novel 

COVID-19 in Tamil Nadu. The state is gifted with 85 

laboratories approved by Indian Council of Medical 

Research (ICMR), capable of conducting tests. The 

state witnessed lockdown from 25th March, 2020. 

This lockdown was relaxed to an extent from 04th 

May, 2020 onwards. Furthermore, the government 

decided to extend the lockdown until 30th June, 2020. 

Under the lockdown, significant relaxations were 

made from 01st June, 2020. A stricter lockdown was 

enforced in the four most affected districts including 

Chennai and its three neighbouring districts of 

Chengalpattu, Thiruvallur and Kancheepuram from 19 
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to 30th June, 2020 (The Hindu, 2020b; The Indian 

Express, 2020a). 

The number of daily new cases dropped from 

2,400 in the first week of July to 1,013 on the 31th 

July, 2020. Recovery rate improved from 60 to 85%. 

The city's positivity rate stood around 9% at the end 

of July. The total of infected people reported on 31st 

July, 2020 is 99,714, consisting of 2,110 deaths and 

84,916 recoveries (The Indian Express, 2020b; The 

New Indian Express, 2020). 

The suitable graphs have been plotted using the 

above inputs to discuss the spread of the novel 

COVID-19 pandemic in the Chennai region of the 

Tamil Nadu state (Fig. 22) on the basis of the values 

of ‘R0’ using stochastic mathematical models based on 

the modified SISINR transmission network model. The 

peaks of infected cases (both symptomatic and 

asymptomatic cases) as well as the end of SARS-

CoV-2 pandemic are attended soon after 31st July, 

2020 with an increase in the values of ' ' and ‘R0’. 

For Chennai city, the first case ( = 0.15625; R0 = 

1.25) is more appropriate in current scenario as it 

shows the peak of the novel COVID-19 pandemic in 

December, 2020 (Fig. 22a). The curve shows the zero 

case of pandemic by the end of March, 2021. 

Stochastic Model Forecasting the Outbreak of the 

Novel COVID-19 in Ahmedabad 

As the novel COVID-19 cases increase in the state 

government of Gujarat partially locked down four 

cities - Ahmedabad, Surat, Vadodara and Rajkot. 

Ahmedabad has reported 25 cases (Rajkot has ten, 

Vadodara, Surat and Gandhinagar have nine cases 

each, Bhavnagar has six cases, GirSomnath has two 

cases and Kutch, Mehsana and Porbandar have one 

case each). In total, six coronavirus positive patients 

have died in the state till the end of March, 2020. Till 

March end five patients have been discharged, the 

officials declared, two are on ventilator support. Out 

of the total 73 patients, 32 had a foreign travel history, 

37 contracted it through local transmission and 4 had 

interstate travel history. Every store selling 

nonessential goods in the four cities saw shut down 

till 25th March, 2020. As part of the mitigatory 

measures, only half strength was operating at 

government offices to be on a rotational basis till 29th 

March, 2020. Honourable Chief Minister announced 

the new Civil hospital of Ahmedabad for treating 

patients infected with the coronavirus. This hospital 

has a 1,200-bed capacity. With over 3,000 COVID-19 

cases and 149 deaths, Ahmedabad was the second city 

after Mumbai in number of cases and in deaths (The 

Wire, 2020; India Today, 2020c). 

Ahmedabad in Gujarat was announced as a hotspot of 

the novel COVID-19 by Government of India as 3 

patients out of total 5 cases in the city had died. The 

Government of India also declared that Dilshad Garden 

and Nizamuddin in Delhi, Noida and Meerut in Uttar 

Pradesh, Bhilwara in Rajasthan, Kasargod and 

Pathanamthitta in Kerala, Mumbai and Pune in 

Maharashtra as the hotspots. The city alone accounts for 

nearly 65% of total cases and 70% of deaths in Gujarat. 

The total number of infected people reported on 31st 

July, 2020 is 25,080, consisting of 1,152 deaths and 

20,618 recoveries (The Hindu, 2020c; Amdavad 

Municipal Corporation, 2020). 
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(e) 

 
Fig. 23: The stochastic SISINR model of the novel COVID-19 for Ahmedabad considers a sustained lockdown of 61 days, i.e., 25th 

March, 2020-31st May, 2020, unlock 0.1 and 0.2, as well as weekly lockdown in July, 2020 including night curfew and 

implementation of effective quarantine period for travelers. (a) SISINR model based on the novel stochastic approach ( = 

0.15625; R0 = 1.25). (b) SISINR model based on the novel stochastic approach ( = 0.1875; R0 = 1.5). (c) SISINR model based 

on the novel stochastic approach ( = 0.25; R0 = 2.0). (d) SISINR model based on the novel stochastic approach ( = 0.3125; 

R0 = 2.5). (e) SISINR model based on the novel stochastic approach ( = 0.375; R0 = 3.0). Note: The parameters such as S, I, 

A and R are used to express susceptible, infected (symptomatic), infected (asymptomatic) and recovered patients, 

respectively 

 

The suitable graphs have been plotted using the 

above inputs to discuss the spread of the novel COVID-

19 pandemic in the Ahmedabad region of the Gujarat 

state (Fig. 23) on the basis of the values of ‘R0’ using 

stochastic mathematical models based on the modified 

SISINR transmission network model. The peaks of infected 

cases (both symptomatic and asymptomatic cases) as well 

as the end of SARS-CoV-2 pandemic are attended soon 

after 31st July, 2020 with an increase in the values of ' ' 

and ‘R0’. Ahmedabad city is expected to attend the novel 

COVID-19 pandemic peak in December, 2020 (Fig. 23a); 

first case ( = 0.15625; R0 = 1.25) is more appropriate in 

current scenario). The curve shows the zero case of 

pandemic by the end of March, 2021. 

Discussion 

The aim of a mathematical model is not to make 
unconditional claims about the consequences of 
interventions, but to reveal the relation between 
assumptions and outcomes. The motive of our 
investigation through effective simulation of the 
modified susceptible (S)-infected (symptomatic) (IS)-
infected (asymptomatic) (IN)-Recovered (R) i.e., SISINR 
transmission network model is to restrict the chain of 
transmission of the novel COVID-19 pandemic in India. 

We developed the compartmental susceptible (S)-

infected (symptomatic) (IS)-infected (asymptomatic) (IN)-

recovered (R) i.e., SISINR model. The efficacy and 

potential of base, education, vaccination and education 

and vaccination programs are established with the 

published datasets through a validation studies as well 

under both stochastic and deterministic cases using similar 

inputs for the meningitis outbreak case in University of 

Central Florida (UCF) campus. The results are found in 

fairly good agreement with the published datasets. 

We have considered various scenarios by varying 

the basic reproduction numbers from mean to extremes 

using base, education, vaccination and education and 

vaccination models for effective estimation about the 

peak and end of the pandemic to assist in the revision 

and effective implementation of health policies as 

mitigatory measures in India. Initially, we predicted 

the progress of the pandemic deterministically for a 

range of values of the basic reproduction number, 'R0', 

based on certain assumptions. We observed that the 

results are frightening.  

Summary 

For R0 = 1.25, we conclude to attend the peak of the 
novel COVID-19 pandemic by the end of December, 
2020, with around 6% of the total population being 
infected at that time. For R0 = 1.5, we conclude to 
attend the peak of the novel COVID-19 pandemic by 
the end of November, 2020, with around 12% of the 
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total population being infected at that time. For R0 = 
2.0, we conclude to attend the peak of the novel 
COVID-19 pandemic by the end of October, 2020, with 
around 21% of the total population being infected at that 

time. For R0 = 2.5, we conclude to attend the peak of the 
novel COVID-19 pandemic in mid-September, 2020, 
with around 29% of the total population being infected at 
that time. For R0 = 3.0, we conclude to attend the peak of 
the novel COVID-19 pandemic by the end of August, 
2020, with around 37% of the total population being 

infected at that time. We did rigorous analyses to 
inculcate general assumptions and strategies through 
contact tracing based on the values of contact ratio 
operated for the basic reproduction numbers, ‘R0’. The 
analysis with R0 = 1.25 corresponding to  = 0.15625; 
fits best under the current scenario  = 0.15625. 

We initially investigated a base model by 

considering the mean of the basic reproduction 

number, ‘R0’. Later on, the investigation is done to 

study the effect of educating people regarding 

maintaining social distancing and personal hygiene 

which we called as education model. Here, we found 

out that by educating people we may extend the 

progress and diminish the number of infected at a 

particular time, which can potentially help healthcare 

services to manage the patients. The effect of mass 

vaccination combined with the education model is 

investigated herewith and concluded with fact that the 

novel COVID-19 pandemic is predicted to end after 

100 days from 15th June, 2021 based on the value of ' 

' around 0.128125 (Fig. 18). The prediction is done on 

the basis of inputs based on assumptions and expert 

suggestions such as (a) availability of the vaccine to be 

available by the end of February, 2021 and (b) 61% of 

the population of India would be vaccinated up to 15th 

June, 2021. The deterministic analyses based on the 

modified SISINR transmission network model are 

concluded with the facts such as (a) the symptomatic 

cases are found to be around 80% less than 

asymptomatic cases and (b) the peaks of infected cases 

(both symptomatic and asymptomatic cases) as well as 

end of SARS-CoV-2 pandemic are estimated soon after 

31st July, 2020 in December, 2020 (Fig. 11-18) and by 

the end of March, 2021, respectively. 

Furthermore, we stochastically predicted the progress 

of the pandemic in the top five majorly affected cities in 

India which includes Delhi, Pune, Mumbai, Chennai and 

Ahmedabad. The prediction about the transmission of 

the novel COVID-19 outbreak is done using a range of 

values of the basic reproduction number, ‘R0’, as 1.25, 

1.5, 2.0, 2.5 and 3.0 based on the general assumptions 

and strategies through contact tracing. We could reduce 

the value of the basic reproduction number, 'R0', by 

educating people regarding social distancing and 

personal hygiene or by implementing the complete or 

partial lockdown across India or across majorly affected 

cities to diminish the social contacts which will 

eventually reduce the spread of the disease. For all 

majorly affected top five cities, the first case ( = 

0.15625; R0 = 1.25) is more appropriate as it shows the 

peak of the novel COVID-19 pandemic in December, 

2020 (Fig. 20a). The pandemic curves show the zero 

case of pandemic by the end of March, 2021. 
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Appendix A 

Singh and Adhikari (2020) reviewed the modified 

age-structured Susceptible-Infected-Recovered (SIR) 

model of the novel COVID-19 outbreak in India by 

considering the activity of the Indian government to 

execute mitigatory measures such as physical distancing, 

lockdown in India to restrict the spread of global 

pandemic across the nation. They considered the birth 

and death rates to be the same within a specific age 

group. Depending upon the real-time time-independent 

data, mitigatory social distancing and age groups, the 

basic Reproduction number (Ro) was assessed by using 

the modified age-structured SIR model. 

The people are categorized in various ages such as 'M ' 

groups denoted as i = 1,2,…M. The people under a 

specific age were described as 'i' and they are 

categorized into susceptible patients (Si), symptomatic 

patients  s

iI , asymptomatic patients  a

iI  and removed 

patients (Ri). Therefore, the total number of people 

within a specified age group (i) will be sum of all these 

categories as a s

i i i i iN S I I R    . 

Each Ni was denoted as the total number of people as 

shown in Equation (3): 

 

1

M

i

i

N N


  (3) 

The transmission rate of the novel COVID-19 in 

susceptible patients within a specific age group (i) is 

represented by using Equation (4): 

 

 
1

, , 1,...

a sM
j ja s

i ij ij

j j j

I I
t C C i j M

N N
 



 
   

 
 

  (4) 

 

where, ' ' term was the chance of transmission of the 

pandemic due to physical contact and a a

ijC and s

ijC  were 

used to represent the number of cases of social contact 

between asymptomatic patients within the age group (j) 

and susceptible patients within an age group (i), 

respectively. The term '' is also known as curing rate, 

was not dependent on age and was the same for both 

asymptomatic (ratio, ) and symptomatic patients (ratio, 

  = 1-).  

The pandemic growth rate was expressed using age-

structured SIR model in Equation (5): 

 

 

 

 

 

,
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.

i i i

a a

i i i i

s s

i i i i

a s

i i i
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R I I



 

 



 


  


  


  

 (5) 

 

The age group of the persons was expressed as the 

ratio of Ni/N and social contact was expressed using a

ijC  

and s

ijC  matrices. Furthermore, the symptomatic patients 

were supposed to have less contact as compared to the 

asymptomatic patients and thus, s a

ij ij ijC fC fC  , (where, 

0  f  1). 

The people were expected to remain in homes, office 

places, schools and other places for self-isolation, 

therefore the contact matrix represented by using 

Equation (6): 

 
H W S O

ij ij ij ij ijC C C C C     (6) 

 

For a specific population size, the contact matrix was 

represented as NiCij = NjCij.  

On a large basis, mitigatory social distancing was 

modeled and expressed as a time functions uW(t), uS(t) 

and uO(t) and thus Equation (7) shows the time-

dependent contact matrix: 

 

        .H W W S S O O

ij ij ij ij ijC t C u t C u t C u t C     (7) 

 

The physical and social distancing were imposed 

effectively across the country during lockdown and thus 

a single household contact function was represented by 

using the linear expression (8): 
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 2 tanh tanh
offon

w w

t tt t
u t

t t

  
       

   

  (8) 

 

The basic reproductive number was evaluated from 

null COVID-19 spots (where Si = Ni) and infected 

persons were expressed using 2M  2M matrix, as shown 

in Equation (9): 

 

 1 .J L    (9) 

 

The 2M  2M generation matrix is obtained from 

Equation (10): 

 
aa as

sa ss

L L
L

L L

 
  
 

 (10) 

 

where, aa a i
ij ij

j

N
L C

N




 , as s i

ij ij

j

N
L C

N




  and 

sa a i
ij ij

j

N
L C

N




 , ss s i

ij ij

j

N
L C

N




 . 

The identity matrix, Ī (2M  2M) was used to 

encompass both asymptomatic and symptomatic patients 

as shown in Equation (11): 

 

   1 1, ,..., , ,...a s a a s s

M MI I I I I I I   (11) 

 

The dynamics of the above Equation (11) was 

expressed using Equation (12): 

 

     exp 1 0I t L t I       (12) 

 

where, 'L ' was used to evaluate the eigenvectors, 'V ' and 

the diagonal matrix of eigenvalues,  = diag (1,…, 

1M) to calculate the expression, exp[(L-1)t] = V diag 

exp[exp(-1)t]V1. 

For pandemic growth, the span L must be greater 

than one and thus the basic reproduction number, ‘R0’, is 

expressed as Equation (13): 

 

   0 1 1max ,..., .MR L      (13) 

 

The basic reproductive number was reasonably good 

to support the spread of the pandemic if the eigenvalue 

was real as shown in Equation (14): 

 

 0exp 1R t 
    (14) 

 

The basic reproductive number was based on (a) the 

chance of transmission of disease by social contact, (b) 

the social contact matrix, (c) the ratio of persons without 

and with symptoms of SARS-CoV-2 and (d) the ratio of 

symptomatic patients who were in self-isolation. The 

conversions such as (a) and (b) were done to transform 

the formulation into its linear form for time-based 

stability matrix. The time-based stability matrix, was 

expressed using Equation (15): 

 

         0 1 1max ,...,
t t teff

MR t L      (15) 

 

The cases of infected patients at any time were 

expressed as shown in Equation (16): 

 

      exp 1
t

I t t L t I t     
 

 (16) 

 
The basic reproductive number played a significant 

role, when the eigenvalue was real for its highest 

magnitude for the tremendous growth of the pandemic in 

a very short time. The end of the pandemic was shown 

with the rise and fall of the spread of SARS-CoV-2 

outbreak were shown with time constants. 

Appendix B 

Calculations for the base Model 

R = Radius of infection = 0.00001 km 

q = Probability of infective transmitting the infection = 

0.1 

 = Population density = 382 number of people per 

square km 

v  = Average traffic speed = 263.270 km/day 

 = Contact ratio 

 = 
8Rqv


 

 = 
8 0.00001 0.1 263.270 382



   
 

 = 0.2560 
 

Calculations for Education and Education and 

Vaccination Models 
 
R = Radius of infection = 0.00001 km 

q = Probability of infective transmitting the infection = 

0.5 

 = Population density = 382 number of people per 

square km 

v  = Average traffic speed = 263.270 km/day 

 = Contact ratio 

 = 
8Rqv


 

 = 
8 0.00001 0.5 263.270 382



   
 

 = 0.128125 
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Values of Contact Ratio for Different Scenarios 
 

R = Radius of infection = 0.00001 km 

q = Probability of infective transmitting the infection = 

0.5 

 = Population density = 382 number of people per 

square km 

For, v = average traffic speed = 160.626 km/day;  = 

0.1562 

v  = Average traffic speed = 192.751 km/day;  = 

0.1875 

For, v = average traffic speed = 251.712 km/day;  = 

0.2512 

v  = Average traffic speed = 321.252 km/day;  = 

0.3125 

For, v = average traffic speed = 385.521 km/day;  = 

0.3752 
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ABSTRACT
Emissions emanating from gas turbine are important and critical in terms of environmental impact. 
In general, oxides of nitrogen, total unburned hydrocarbon, carbon monoxide, carbon dioxide, and 
soot particles are the most significant emissions from gas-turbine combustion systems. In order to 
reduce these emissions, fuels derived from bio-origin are being increasingly used for gas-turbine 
combustion. Since aviation accounts for more than 5% of anthropogenic emissions, and also due 
to increasing pressure from governments across the globe for emission reduction, it is important to 
investigate pathways to reduce aviation-generated emissions. We, therefore, propose the use of 
Jatropha-based bio-derived synthetic paraffinic kerosene (SPK) blended with aviation turbine fuel 
(ATF)-Jet A1, and experimentally investigate the emission characteristics within a laboratory-scale 
gas-turbine combustor from proposed fuel blends. The investigation is done for two different 
operating conditions: operating condition 1 (OC1) and operating condition 2 (OC2). The influence 
of emission characteristics of the two biofuel blends, namely BF-II and BF-IV, are analyzed and 
compared with that of neat ATF-Jet A1. A substantial reduction of 33.5% in THC, 20% in CO, 42% in 
soot and increase of 40% in NOx and 28.7% in CO2 emissions are evident for BF-II fuel in comparison 
to ATF with OC1. However, at OC2, these emission reductions are less with increased NOx emissions 
of 50.2% in comparison to that of ATF. In addition, for the fuel BF-IV, there have been reductions of 
57.2% THC, 33.3% CO, 67.1% soot and increase of 49.4% NOx and 43.9% CO2 emissions as 
compared with ATF at OC1. Also THC, CO, soot, and CO2 emissions are reduced considerably 
with increased NOx emissions for BF-IV fuel at OC2.
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1. Introduction

Since the invention of fire, combustion science has 
contributed to most of the major developments and 
inventions to date. Around 80% of world energy 
requirement is fulfilled by combustion. However, high- 
power applications of combustion such as in territorial 
power plants and aircraft engines require highly com-
plex devices such as gas turbines for energy conversion. 
These combustion devices need to operate over a wide 
operating range such as large variation in air–fuel ratio 
and widely varying fuel type. Various kinds of fossil 
fuels ranging from light paraffinic kerosene to heavy 
fuel oil may be used for more general kind of combus-
tion devices. However, for aircraft combustion, the fuels 
have very narrow specifications since they must con-
form to rigorous safety and emission norms. These 
norms have become increasingly stringent over the 
years. This is the reason that the aviation sector has set 
a target for carbon neutral growth starting from 2020 
[1]. Therefore, the aviation industry would be facing 
huge technical- and environment-related challenges in 
the coming years. However, as compared to marine, 
road and other fossil fuel-based industries, the aviation 
sector has comparatively fewer alternatives (such as 
electrification, H2, etc.) for clean, renewable and sus-
tainable fuels. Therefore, the aviation sector recognizes 
biofuels, which can be a source of clean and green 
aviation fuel option, as a potential means to reduce 
environmental impact and for reduction in dependency 
on fossil fuels [2].

Emissions reduction from aircraft gas-turbine com-
bustion is therefore a major challenge area and faces 
economic, environmental, and legal issues. In order to 
attenuate emissions and solve the problem of decreasing 
supply of non-renewable fuels in a sustainable and 
environment friendly manner, alternative fuels such as 
bio-derived aviation fuels need to be tested in aircraft 
engines. These newer fuels should have lower emissions, 
and their combustion characteristics should be similar 
to present aviation fuel or jet fuel. If there is divergence 
between combustion characteristics of alternative avia-
tion fuel and traditional jet fuel, then redesign of engine 
is required which is a costly affair for aircraft engine 
manufacturers.

Another very important criterion for new or alternate 
bio-derived aviation fuels is their sustainability and low 
overall carbon footprint. In this respect, Chiaramonti 
[3] has reviewed sustainable fuels including biofuels for 
aviation sector for European Union. The shift to sus-
tainable biofuels is expected in a major way when the 
Renewable Energy Directive – will be in place. 
Alherbawi et al. [4] have shown a novel integrated 

sustainable pathway for jet biofuel production from all 
parts of the plant Jatropha curcas. The method yielded 
88% more jet fuel as compared to older alternatives 
where only the fruit of the Jatropha plant was used for 
bio jet production. Prussi et al. [5] have reviewed pro-
duction pathways and the present state of capacity and 
forthcoming challenges for aviation biofuel.

In spite of the global pressing need for a major thrust 
toward alternative, low carbon foot print fuels, there 
have been identified certain roadblocks in the path of 
biofuel replacing traditional renewable fuels [6]. The 
roadblocks include high cost of alternative fuels and 
lack of refueling infrastructure. Therefore, financial 
incentives and policies supporting low-carbon fuel 
alternatives are needed. Also, emission regulations and 
aircraft design constraints mean that most of the avia-
tion sector is dependent on drop-in jet fuels. Gossling 
[7] has shed light on global and local contributors to 
aviation emission, and growth trajectories for the avia-
tion sector in post COVID-19 scenario.

Combustion products or emissions from the majority 
of gas turbines are toxic and poisonous in their effect on 
humans and the environment. The emissions have differ-
ent effects, for example, carbon dioxide (CO2) causes 
global warming. Carbon monoxide (CO) is toxic and 
hazardous to health. The oxides of nitrogen, collectively 
called NOx, are the main reason for the continued deple-
tion of the earth’s protective ozone layer, particularly from 
high altitude emissions from aircraft, as these are not 
reabsorbed by the atmosphere as is the case with territor-
ial NOx. The water vapor in the atmosphere reacts with 
NOx and leads to the formation of HNO3, thereby causing 
acid rain. In addition, the soot particle emissions are 
dangerous and lead to cardiac and respiratory problems.

The aforementioned effects from emissions, espe-
cially aviation-generated emissions would be exacer-
bated during coming decades. Starting from 1960 to 
2018, emissions due to aviation increased by a factor 
of 6.8 [8]. Also in a post COVID-19 world, assuming 
similar growth in aviation, the emissions from aviation 
sector are expected to double up to the year 2050 [9].

Consequently various governments all over the world 
have started to adopt formal emission norms, starting in 
the early 1970s in the USA. Since then, these emission 
norms have continuously become more stringent year 
over year. This has proved to be a strong motivator for 
gas-turbine combustion research, which has recently 
shifted its focus toward the reduction of gas-turbine 
emissions.

Various researchers have put in relentless efforts in 
terms of experimental and theoretical investigations 
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toward emission reduction from aircraft gas= turbine 
combustion. Odgers and Carrier [10] studied tubular 
and annular combustion chambers over wide range of 
pressure and air–fuel ratio and they developed correla-
tions for combustion efficiency. Odgers and Kretschmer 
[11–13] conducted experiments and observed the effects 
of vitiated air in gas-turbine combustion, developed 
correlations for the prediction of thermal NOx and 
also studied the effects of droplet size on combustion 
efficiency. Mullins et al. [14] studied soot formation and 
the distribution thereof in hydrocarbon flames. Odgers 
and Magnan [15] used the correlation developed by 
Kretschmer and Odgers [16] for the evaluation of 
smoke number and related it to soot or free carbon for 
published experimental data. They also made an effort 
to generate NOx correlations for gas turbines and exam-
ined a wide range of fuels for that purpose. They used 
prototype combustors working at normal atmospheric 
pressures. Definitive correlations relating carbon mon-
oxide and hydrocarbon emissions were established. 
A better correlation for smoke was found to be consis-
tent with experimental data for broad range of combus-
tors and a wide operating envelope such as, pressure 
from 1 to 13.6 bar, 48 different fuels with overall air–fuel 
ratio 34–150. Lefebvre [17–19] suggested empirical cor-
relations for HC, NOx, and CO. Lefebvre et al. [20] have 
a comprehensive review of efforts in the field of gas- 
turbine combustion and emissions. Rizk and Mongia 
[21,22] extended the Lefebvre’s approach by including 
the effects of spray evaporation and mixing on emis-
sions. They suggested semiempirical expressions for HC 
and CO emissions. Rizk and Mongia [23,24] studied 
three-dimensional models for gas-turbine combustion 
and also investigated and evaluated the concept of lean, 
low NOx combustion. Danis et al. [25–27] evaluated 
empirical correlations for emissions and developed 
a new computational combustion dynamics (CCD) 
method for gas-turbine combustor design and data cor-
relation. Mongia and coworkers [28–30] presented data 
reduction and analysis for emissions and lean blow-out 
and also presented some emission correlations for air-
craft engines operation for all types of flight conditions.

It is evident from the above literatures that many 
researchers have contributed their efforts toward the 
experimental and theoretical investigation of emission 
characteristics in gas-turbine combustors. Furthermore, 
there have been some efforts to investigate the emission 
characteristics of biofuel operated aircraft gas-turbine 
combustor. A review of such efforts was provided by 
Blakey et al. [31]. Experiments with Jatropha-based 
biofuels were carried out by Continental Airlines, 
Japan Airlines, and Air New Zealand [30]. Chuck and 
Donnely [32] investigated characteristics of bio derived 

fuels for their compatibility with Jet A. Harvey et al. [33] 
investigated the performance of surrogate jet fuels gen-
erated by combining bio-derived sesquiterpanes and 
paraffins. However, the studies on Jatropha biofuel- 
based fuel in gas-turbine combustors are very limited. 
Pandey [34] presented experimental results from using 
Jatropha-based aviation turbine fuels (ATFs) in an air-
craft gas-turbine combustor and the emissions 
therefrom.

In the present work, experimental studies to investi-
gate the influence of using Jatropha-based bio-derived 
synthetic paraffinic kerosene (SPK) as fuel on emission 
characteristics of gas-turbine combustor of type ‘can 
combustor’ has been proposed. Since the effects of 
Jatropha-based bio-derived blended with aviation fuels 
have not been extensively tested at low power condi-
tions, we present here the results of emissions at two low 
power flight conditions. High power conditions occur 
during take-off but at cruise conditions, low power is the 
norm for aircrafts cruising at high altitudes. However, 
since testing cannot be done during flight, we have to set 
up the flight conditions at laboratory scale, which has 
proven to be a formidable task. The experimentation 
was carried out for two different operating conditions 
(OC1 and OC2) of the combustor. The operating con-
ditions are for low power flight conditions and these 
conditions are requested by the funding partner Pratt & 
Whitney Canada (PWC), who supplied the can-type 
combustor. Emission parameters such as total hydro-
carbon (THC), carbon monoxide (CO), carbon dioxide 
(CO2), nitrogen oxides (NOx), and soot particles were 
measured for various fuels as listed in Table 2. These 
emission characteristics for two fuel blends developed 
by Indian Oil Corporation in collaboration with PWC 
are compared with the base fuel ATF operation. The 
effects of using Jatropha-based bio-derived SPK are 
analyzed and reported.

2. Experimentation

The main purpose of carrying out the present experi-
mental work is to simulate in-flight conditions in air-
craft engine combustor fueled with biofuel and assess 
the resulting emissions. In the present investigation, 
a can combustor supplied by PWC has been employed. 
Other equipment employed for the experimental pro-
gram are emission analyzer, mass flow meter for air, 
pressure sensors, temperature sensors, fuel flow meter, 
and high pressure pump for cooling water spray. Added 
instruments are virtual instrumentation setup using 
Lab-View software with data acquisition system and 
inlet–exit control valves. The experimental scheme is 
depicted in Figure 1. High pressure and temperature 
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conditions are developed for inlet air in order to emu-
late actual flight conditions. This is done by means of an 
air compressor and electric furnace as given in Figure 1. 
The experimental tests were carried out according to the 
operating conditions as illustrated in Table 1. The 
details of different fuels employed during the experi-
mentation are listed in Table 2.

Before starting the experiment, no-flow measure-
ments were taken from all sensors to account for any 
inherent offset errors in the sensors. The air compressor 
was started and the storage tanks were filled and pres-
sure maintained at 20 bar. The butterfly valve at the exit 
was kept fully open until the desired mass flow rate was 
achieved. The inlet valve was opened so that the pres-
sure in the pipe line was 0.5 bar relative to atmospheric 
pressure (1.5 bar absolute). Once the desired mass flow 
rate was achieved, the butterfly valve was slowly closed 
to increase pressure within the combustion chamber. 
However, closing the butterfly valve changes the flow 
properties, requiring multiple iterations of gate valve 
and butterfly valve settings. Once the required pressure 
and mass flow rate conditions were achieved within the 
system, the fuel flow was then initiated. Fuel was 
injected into the can combustor by means of a fuel 
pump driven by a variable frequency motor with con-
troller. Ignition was achieved by the igniter powered by 
a 28 V DC supply. The water supply was immediately 
started upon successful ignition. After sustained com-
bustion, the inlet and exit valve were adjusted to main-
tain the requisite operating pressure in the combustor. 
The system was given 15 min time to stabilize after the 
required operating conditions were achieved. Once all 
the measurements were stabilized at the required values, 
emission measurements were initiated and acquired. 
Subsequent to the completion of acquisition, the fuel 
supply was switched off and the butterfly valve was fully 
opened, but the air supply was sustained without inter-
ruption. Reason for sustained air supply was that it was 
used to bring down the components temperature to 
ambient temperature in a safe manner.

Following the procedure outlined above, initially the 
experimental tests were carried out using Jet A1 fuel, i.e. 
ATF and base line data were generated. Subsequently, 
the experiments were repeated using the biofuels, BF-II 
and BF-IV, that were admitted into the can combustor 
as illustrated in Fig.1a. The CAD model of the can 
combustor is shown in Fig. 1b. The operating conditions 
(OC1 and OC2) that are tested are shown in Table 1. 
The different fuels and their blending proportions 
employed in the present experimental work are detailed 
in Table 2. The properties such as kinematic viscosity, 
density, net heat of combustion, boiling point, and aro-
matics content of ATF, BF-II, and BF-IV are listed in 

Table 3. We have used non-dispersive infrared (NDIR) 
technique for CO emissions measurement, paramag-
netic sensing for O2, and heated vacuum chemilumines-
cence for NOx and heated flame ionization detector for 
unburned hydrocarbons.

The raw emissions data given by emission analyzer 
and recorded by data acquisition system for THC, CO, 
CO2, soot, and NOx. A representative sample of the 
measurements is provided for THC in Figure 2.

3. Results

3.1. THC Emission

Figure 3 shows the comparison of THC emissions for 
ATF, BF-II, and BF-IV fuels at operating conditions 
OC1 and OC2. It can be noted that THC emissions of 
biofuels, BF-II and BF-IV, are lower than that of ATF 
for a given test condition. The reason is that Jatropha- 
based bio-derived SPK fuels have more fuel-bound oxy-
gen contents, which lead to better mixing and resulting 
in reduced hydro carbon emissions caused by more 
complete combustion. At OC1, THC emissions of BF- 
II and BF-IV fuels are respectively 33.5% and 57% lower 
than that of ATF. Also, the respective values of reduc-
tion in THC emissions for OC2 are 5.3% and 16.3%. 
However, one could observe from the figure that the 
percentage reduction in THC emissions for BF-II and 
BF-IV with respect to ATF is greater in OC1 than in 
OC2. This is due to higher air–fuel ratio at OC1 as 
compared to OC2. The higher air–fuel ratio causes too 
lean mixture for the case of ATF at OC1 which in turn 
leads to incomplete combustion and thereby higher 
THC emissions are observed. It is evident from the 
figure that THC emissions are lower in OC2 operation 
than in OC1 for any given fuel. This is because of 
reduced air–fuel ratio of OC2, leading to better com-
bustible mixture formation resulting in more complete 
combustion which produced lower THC emissions.

3.2. Carbon Monoxide Emissions

The carbon monoxide emissions are dependent on oxy-
gen consumption rate or air utilization rate. However, at 
high temperatures, CO is formed from dissociation of 
CO2. CO is also formed due to incomplete combustion 
of fuel-rich mixture. Figure 4 shows the comparison of 
carbon monoxide emissions between the fuels ATF, BF- 
II, and BF-IV at OC1 and OC2. It is evident from the 
figure that CO emissions of BF-II and BF-IV fuels are 
lower than that of ATF for a given operating condition. 
The minimum CO emissions were obtained for BF-IV 
fuel and they are 33.3% and 93% lower than that of ATF 
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Fig. 1a Schematic layout of experimental setup 

a Schematic of Experimental Setup 

1. Air intake, 2. Air compressor powered by diesel generator, 3. Air storage tank, 4. Inlet control valve, 5. 
Orifice plate, 6. Pipe entering into furnace, 7. Wire mesh, 8. Control panel for furnace, 9. Three phase 
electrical supply, 10. Furnace chamber, 11. Cylindrical rod elements for heating, 12. Ceramic balls, 13. 
Furnace outlet pipe insulation, 14. Can combustor, 15. Flame tube of combustor, 16. Fuel tank, 16a. 
Motor, 16b. Fuel pump, 17. Coriolis flow meter, 18. Atomizer, 19. Battery, 20. Ignitor, 21. Emission 
analyser, 22. High pressure water pump, 23. High pressure water spray for cooling, 24. Butterfly valve, 
25. Data acquisition system, 26. Personal computer, 27. Temperature sensor, 28. Pressure sensor after 
orifice plate, 29. Pressure sensor before orifice plate, 30, 31. Temperature, Pressure sensors prior to 
combustor, 32. Five probe temperature sensor at combustor exit, 33. Pressure Sensor at combustor exit, 
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Figure 1. (a) Schematic layout of experimental setup. (b) CAD model.
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at OC1 and OC2 test condition, respectively. Also CO 
emissions of BF-II fuel are respectively 20% and 33.3% 
lower than that of ATF at OC1 and OC2. The reduced 
CO emissions of BF-II and BF-IV at a given operating 
condition are because of more complete combustion of 
Jatropha-based bio-derived SPK fuels due to its fuel- 
bound oxygen contents. However, at OC2 condition, 
CO emissions of ATF are 20% greater than OC1. This 
is due to incomplete combustion of fuel-rich mixture 
caused by increased fuel–air ratio at OC2.

3.3. Emitted Carbon Dioxide (CO2)

Most combustion processes invariably emit large 
amounts of CO2 into the atmosphere, which carries 
the largest pollutant contribution weight when com-
pared with other combustion emitted pollutants. 
However, combustion due to biofuels would make the 
carbon cycle to complete for the case of green house gas 
emissions and thereby environmental impact is 
reduced. Figure 5 shows the comparison of carbon 

Table 1. Operating conditions of can combustor.

Operating 
condition

Air flow 
rate (kg/s)

P3 

(abs) 
(bar) T3 (

oC)
Fuel flow 

rate (kg/min)

Combustor 
pressure loss 

(%)

OC1 0.012 3.66 102 0.0083 1.3
OC2 0.013 4.46 227 0.0103 1.4

Table 2. List of different fuels used in can combustor.
Fuel 
name

Jet A1 (% 
vol)

Jatropha-based bio-derived synthetic paraffinic 
kerosene (%vol)

ATF 100 0
BF-II 85 15
BF-IV 55 45

Table 3. Comparison of properties of different fuels.

Fuel 
name

Kinematic 
viscosity 
(mm2/s)

Aromatics 
(vol.%)

Density 
(kg/ 
m3)

Net heat of 
combustion 

(MJ/kg)

Boiling 
point(deg. 

Celsius)

ATF 4.552 19.7 812.7 42.916 258.2
BF-II 4.158 18.3 804.8 42.999 256.7
BF-IV 3.659 15.7 793.1 43.133 253.1

Figure 2. Total hydrocarbon emissions raw data acquired from a data acquisition device.

Table 4. Correlations for NOx, CO, and THC.
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dioxide emissions for ATF, BF-II, and BF-IV fuels at 
operating conditions OC1 and OC2. It can be observed 
that CO2 emissions of BF-II and BF-IV are higher than 
that of ATF at OC1 condition. This is due to complete 
combustion of biofuels caused by proper mixing that 
resulted due to higher air–fuel ratio and fuel-bound 
oxygen content of biofuels. It can be seen that carbon 
dioxide emissions for BF-II and BF-IV are lower than 
that of ATF in OC2. This is because of improper com-
bustion of BF-II and BF-IV fuels during test condition 
OC2, which is caused by poor mixing of fuel and air due 
to lower air–fuel ratio of the test condition. Also, one 
could observe that CO2 emissions of fuel BF-IV is 
greater than that of BF-II fuel at OC2. This is because 
the fuel BF-IV contains more biofuel proportion than 
BF-II, which would have more oxygen availability, lead-
ing to better mixing and results in more complete com-
bustion and hence higher CO2 emissions.

3.4. Oxygen Emissions

The oxygen (O2) emissions for different fuels ATF, BF- 
II, and BF-IV are compared between two test conditions 
OC1 and OC2, as shown in Figure 6. It could be 
observed from the figure that for OC1, the O2 emissions 
of BF-II and BF-IV fuels are lower than that of ATF. 
This is due to the fact that the oxygen utilization is 
better leading to better combustion that resulted in 
lower oxygen emissions in the case of biofuels. 
However, for OC2, with increased fuel–air ratio, greater 
O2 emissions were obtained for BF-II and BF-IV fuels as 
compared to ATF. This is due to the incomplete com-
bustion of fuel-rich mixture and also might be due to 
dissociation of carbon dioxide into oxygen. The mini-
mum O2 emissions are obtained for BF-IV with OC1 
and maximum O2 emissions are obtained for BF-II fuel 
with OC2. Also the percentage reduction in O2 

Figure 3. Comparison of THC emissions for ATF, BF-II, and BF-IV at OC1 and OC2.

Figure 4. Comparison of CO emissions for ATF, BF-II, and BF-IV at OC1 and OC2.
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emissions of BF-II and BF-IV fuels with respect to ATF 
at OC1 are 3.6% and 5.2%, respectively.

3.5. Nitrogen Oxide Emission

Nitrogen oxide emission (NOx) is a combustion by- 
product for any air–fuel combination and is also 
a harmful atmospheric pollutant. NOx concentration is 
dependent on flame temperature, which is a function of 
equivalence ratio. NOx increases with a fuel–air ratio, 
inlet temperature, and inlet pressure. The formation of 
NOx depends on pressure and air–fuel ratio. Figure 7 
shows the impact of use of Jatropha-based SPK in a can 
combustor on nitrogen oxides emissions for test condi-
tions OC1 and OC2. It could be observed from the 
figure that NOx emissions of BF-II and BF-IV fuels are 
greater than that of ATF for a given operating condition. 
This is because of higher adiabatic flame temperature 
development during combustion of biofuels as com-
pared to ATF, which is caused by the higher burning 
rate of biofuels. The reason for higher NOx emissions of 

BF-II and BF-IV at OC1 is that the higher air–fuel ratio 
leads fast burning rate which in turn leads to higher 
adiabatic flame temperature and resulting in higher 
NOx. However, for OC2, with decreased air–fuel ratio 
also, higher NOx emissions have been obtained for BF-II 
and BF-IV. This is because the increased fuel–air ratio of 
OC2 caused fuel-rich mixture and increased burning 
rate which results in higher NOx. Also, it can be 
observed from Figure 7 that the percentage increase in 
NOx emissions at OC1 is less than that of OC2 for all 
fuels vide, ATF, BF-II, and BF-IV.

3.6. Soot Particle Emission

Soot particle emissions are due to carbon particles 
formed during the combustion process and are 
a major atmospheric pollutant. Gas-turbine soot particle 
emissions are affected by a range of factors. Some of 
these factors are properties of fuel, combustor design 
and operating conditions. Figure 8 shows the compar-
ison of soot emissions for ATF, BF-II, and BF-IV fuels at 

Figure 5. Comparison of CO2 emissions for ATF, BF-II, and BF-IV at OC1 and OC2.

Figure 6. Comparison of O2 emissions for ATF, BF-II, and BF-IV at OC1 and OC2.
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operating conditions OC1 and OC2. It could be 
observed from the figure that soot emissions of BF-II 
and BF-IV fuels are lower than that of ATF for a given 
test condition This is because the BF-II and BF-IV fuels 
have fuel-bound oxygen content, which has formed 
leaner mixture that resulted in lower soot as compared 
to ATF. However, for OC2, this lean mixture has 
become relatively rich mixture due to increased fuel– 
air ratio and hence had obtained increased soot emis-
sions as compared to OC1 for all fuels. This is due to the 
increased fuel–air ratio during OC2. Also, one could 
observe that among all fuels, the minimum soot emis-
sions were obtained for BF-IV fuel with values of 1.2 
and 4.9 mg/m3 at OC1 and OC2, respectively.

4. Discussion

Various correlations are available for correlating 
experimental data on pollutant emissions. Some of the 

more commonly used and validated correlations are 
given in Table 4. Comparisons between emission cor-
relations from conventional combustors may not be 
valid because in some cases the units are in parts 
per million by volume (ppmv) and in others grams 
per kilogram of fuel. Conversion from one set of units 
to the other cannot be undertaken unless the equiva-
lence ratio is known for that combustor. However, for 
our case, equivalence ratios for the two conditions can 
be calculated.

Emission correlations that take no account of residence 
time can also provide a good prediction because the 
residence time of all aero gas-turbine combustors tends 
to be roughly the same at around a few milliseconds 
[20]. We have compared emissions from the correla-
tions in table with our data. The correlations take 
account of residence time.

Emission values of the three important pollutants, 
namely NOx, CO, and THC are presented inTables 5a 
for OC1, OC2 and for the three fuel types and com-
pared with the results from Rizk and Mongia [21] and 

Figure 7. Effect of BF-II and BF-IV on NOx emissions at OC1 and OC2.

Figure 8. Comparison of soot particle emission for ATF, BF-II, and BF-IV.
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Lefebvre [18]. The values are shown in g/kg-fuel, 
because the correlations give emission values in g/kg- 
fuel.

As can be observed from , correlations are only depen-
dent on operating condition and do not take account of 
fuel composition and are therefore same across fuel 
types. Therefore, for BFII and BFIV fuels, correlations 
are not expected to fit well because they are derived for 
ATF. Semi-analytical correlations based on reactor 
models that are dependent on chemical kinetic mechan-
isms are not useful for our purpose as the chemical 
mechanism for the biofuels is not known. O2 concen-
trations are more or less accurate and will be in the 
range of 18–20% for the fuels. It can easily be found by 
mass balance once concentration of other pollutants is 
known; however, O2 concentration is only for theore-
tical interest as it points to the availability of oxygen in 
the fuel and nothing more. CO2 emission can be found 
after NOx, CO, and THC are accurately determined, 
from mass balance. Soot correlations are not well devel-
oped and there is need for more research into develop-
ing correlations for soot. It is observed that correlations 
are not able to accurately predict emissions for certain 
cases, and the reason for that may be attributed to lack 
of fuel composition data in the correlations. Therefore, 
there is a need for developing correlations that account 

for fuel composition and properties. For, soot, correla-
tions are not well developed in the literature and there is 
a scope of research for developing soot correlations.

Table 6Table 7

4. Conclusion

Emission characteristics of can combustor using the 
biofuel blends of Jatropha-based bio-derived SPK and 
Jet A1 fuel have been studied experimentally. Compared 
with use of neat ATF-Jet A1, the use of blends of 20 vol. 
% of Jatropha-based bio-derived SPK with 80 vol.% of 
Jet A1fuel caused substantial reduction in emissions like 
THCs, carbon monoxide, soot with penalty of 40% NOx 
emissions increase at test condition OC1. For the con-
dition OC2, emission reduction percentages are 5.3% 
THC, 33.3% CO, 40.3% CO2, 14.1% soot and increase of 
50.2% NOx emissions. Also, for the biofuel BF-IV hav-
ing 50 vol.% of Jatropha-based bio-derived SPK, there 
have been reduction of 57.2% THC, 33.3% CO, 67.1% 
soot and increase of 49.4% NOx and 43.9% CO2 emis-
sions obtained at OC1. Also 93% reduction in CO, 
63.7% reduction in soot, 20% reduction in CO2, and 
16.3% reduction in THC with 77.6% increase in NOx 
emissions are evident for BF-IV fuel at OC2 test condi-
tion. In order to validate the results, empirical correla-
tions are used and compare with the results. The 
empirical correlations agree to a certain extent with 
predictions for ATF, but for biofuel blends, the predic-
tions for correlations do not match. The reason for this 
is lack of fuel property data in the correlation. Since 
most manufacturers use these empirical correlations, it 
is important to devise newer correlations for biofuels. 
Also since biofuels are of varied composition, no one 
correlation can be expected to predict emissions. Also 
the predictions for soot are more complex and not as 
developed as those for NOx, CO, THC. Ongoing soot 
prediction research focuses on the detailed reaction 
mechanism for the particular biofuel. Again, the diffi-
culty here is that the development of the reaction 
mechanism depends on the particular fuel composition 
or blend between the biofuel and ATF, which varies 
between researchers and manufacturers. Therefore 
soot prediction is another important avenue for 
research. It is also observed that at low power conditions 
as those presented, emission predictions are more accu-
rate as compare to high power conditions as seen from 
the literature. Biofuels are not used entirely in the air-
craft engine, but they are blended with aviation fuel in 
order to lower the impact on design and also attain an 
equal or better emission characteristic profile compared 
to pure aviation fuel. Lower percent of biofuels (upto 

Table 6. CO comparison from experiment and correlations.
CO (g/kg-fuel)

ATF 
OC1

ATF 
OC2

BFII 
OC1

BFII 
OC2

BFIV 
OC1

BFIV 
OC2

Experiment 11.2 11.7 7.5 6.7 6.7 0.8
Rizk and Mongia 

[21]
22.5 9.5 22.5 9.5 22.5 9.5

Lefebvre [18] 14.7 1.9 14.7 1.9 14.7 1.9

Table 7. THC comparison from experiment and correlations.
THC (g/kg-fuel)

ATF 
OC1

ATF 
OC2

BFII 
OC1

BFII 
OC2

BFIV 
OC1

BFIV 
OC2

Experiment 9.3 4.7 6.2 4.1 3.7 3.5
Rizk and Mongia 

[21]
9.7 3.4 9.7 3.4 9.7 3.4

Lefebvre [18] 9.3 1.1 9.3 1.1 9.3 1.1

Table 5a. NOx comparison from experiment and correlations.
NOx (g/kg-fuel)

ATF 
OC1

ATF 
OC2

BFII 
OC1

BFII 
OC2

BFIV 
OC1

BFIV 
OC2

Experiment 2.3 3.4 3.7 5.3 4.2 6.1
Rizk and Mongia 

[21]
3.9 6.2 3.9 6.2 3.9 6.2

Lefebvre [18] 3.7 4.7 3.7 4.7 3.7 4.7
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50%) blended with ATF, would be quite appropriate for 
the use in aviation engines in respect of their emissions 
profile for low power conditions, which are the more 
important conditions over which the aero-engine 
works, that is cruise conditions operating at strato-
sphere. Therefore, lower blends of biofuel can be con-
sidered as potential alternative fuel candidate for 
replacement of Jet A1 fuel in aircraft application with 
lower environmental impact due to emissions.
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Abstract
The purpose of the investigation is to review self-healingmechanisms and various advanced self-
healingmaterials which are recently used for repairing compositematerials. Themanufacturing and
characterization processes are studied in depth for self-healing carbon fiber reinforced composites,
microcapsules, and supra-molecular elastomers. The composite structures fail due to internal cracks.
These cracks are initiated due to continuous loading of structures. It is not possible tofill those cracks
especially when the structures are at remote locations. Self-healingmaterials are designed and
prepared to heal their cracks. The present review is about self-healingmaterials used for the fabrication
of composites. It is expected that future applications are based on such advanced self-healing
compositematerials and thus it is needed to review advanced self-healing composite structures. A
brief review of self-healing techniques andmaterials as well as applications are discussed in the present
investigation. The efficient and effectivemanufacturing techniques are suggested through the article.

1. Introduction

Self-healing composites aremainly categorized into autonomic and non-autonomicmethods. Furthermore,
suchmethods are divided into the following groups such as extrinsic, intrinsic, vascular, and capsule based self-
healing composites. The extrinsic self-healing is performedwithout any external initiation, but in intrinsic some
external sourcewill be required to initiate self-healing. In capsule-based self-healingmaterials, the capsules are
filledwith healing agents and inserted into the composite structures. Vascular network is a network of containers
of self-healingmaterials interconnectedwith nodes. The cracks under thematerial surface arefilled and healed
using self- healingmaterials of a particular liquid. Capsules will be damaged due to cracks and thus healing
agents are initiated for their actions to heal cracks at damaged locations. The capsules aremostly replaced by
vascular networks with self–healingmaterials, inwhich various self-healing agents flow through networks.
Thesematerialsfill gaps after cracks initiation as cracks break the network and and thus, they (cracks) allow
healing agents toflow inside the network. The capsules containing the healingmaterials will trigger the release of
active healing compounds in different environments . The restoration ofmechanical properties such as tensile
fracture strength and its recovery is accomplished through the self-healingmechanism and using self-healing
materials. Self-healingmaterials encompass different classes ofmaterials such asmetals, concrete, ceramics,
polymer, and composites (Hager et al 2010 andKanellopoulos et al 2011).

Healing can be achieved by two different processes such as chemical as well as physical processes. The healing
action is initiated due to chemical reactions. Kinetic chemical reactions occur continuously and in sequential
steps as their thermodynamics are controlled (Bond et al 2007 andKanu et al 2019). The enthalpy and energy of
reactions aremappedwith chain diffusion. The internalmechanisms impactGibbs free energy and thus
contribute to healing efficiency. In Physical processes, onemore factor considering the free volume in amatrix
indicates themobility of polymeric chains (Thanawala andKhanna 2016). The components such as
microcapsules with some inorganicmatter as well asmicrophase separation heal the damaged area of
composites. The heterogeneous polymeric substances are prepared using a phase separation process involving
shapememory composites. Various dicyclo-pentadyne (DCPD) and other polymerization techniques of
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self-healing are used as chemical processes (Chen et al 2016 andKhan et al 2016). Thematrixmaterials are
modifiedwith polymer chains having covalent bonds (reversible in nature). The ratio of damage rate to healing
rate balances the stages of chemical processes. The chemical process was balanced by the ratio of damage rate to
healing rate. The damage rate depends on the strain rate, amplitude of stress, and loading frequency. Healing rate
depends upon healingmaterials, concentration, and temperature (Tennyson et al 2010).

Pham et al (2015) studied aboutmultifunctional composite and catalysts (Grubbs catalyst and tungsten
chloride). The authors noticed the stability of the healing process based on catalysts and itsmelting point. They
studied the blend ratio, parameters of healing such as body temperature and rate of healing to assess the healing
efficiency, and concludedwith a revised blendingmechanism (DCPDand ethylidene norbornene) to improve
the effective healing rate. Jadhav et al (2011) investigated the healed surface cracks of composites. The
microcapsules filledwith linseed oil were found efficient in healing surface cracks initiated after coating. The oils
are oxidized in the presence of atmospheric oxygen and thus they are efficient to heal cracks inmerely 80 s
(Mehta andVadher 2017). Twin capsules are used in some cases which arefilledwith epoxy resin and hardener
and encapsulated separately and they are embedded in the compositematrix (Madara et al 2018 and Elham et al
2020). In some cases, they used a single capsule which contains self-healingmaterials and the catalysts are
randomly dispersed in the composite to accelerate the healing process. In their research they used healing
material and hardener in two different capsules (Liu et al 2013 andZhen et al 2018). Hardener was used to
accelerate the healing process and it was observed that the healing rate is influenced by catalytic inhibitors.
Furthermore, self-healing efficiencywas found better in a single capsule instead of twin capsules. Thefigure 1
showsmicrocapsule based self-healing approach.Microcapsules filledwith healing agents are placed in different
positions in compositematerials.When crackwas initiated and further, self-healingmaterials came in contact, a
healing reactionwas initiated in the presence of catalysts to repair the cack.

Purohit et al (2015) studiedmethods formanufacturing self-healingmaterials and discovered that
encapsulationwas an effectivemethod for developing self-healingmaterials. In their research, they studied the
healing efficiency and curing time. Efficiency of encapsulationwas almost 75%–85%,whichwas always greater
than hollowfiber (30%–50%) and othermethods. Aıssa et al (2012) studied traditionalmethods of repairing
damages in the polymericmaterials and explainedmethods for quantification of healing efficiency in terms of
strain fracture toughness. Bekas et al (2016)have studied about cross-linking of linear polymers and found that if
cross-linked polymers were used, then the healing performance could be improved significantly in the absence

Figure 1. Schematic representation of self-healing approach (Reprintedwith permission fromGhosh 2009. JohnWiley& Sons.
Copyright © 2000-2021 by JohnWiley& Sons, Inc., or related companies. All rights reserved).

2

Mater. Res. Express 8 (2021) 052001 SKadam et al



of catalyst. Thakur et al (2011) studied organic layers of soft organic phase with dispersed nanoparticles
migrating towards the surface cracks and further, heal the damage.On investigation of the structural and
mechanical characteristics through simulations, results were found to be in favor of cross-linked polymers as
theirmaterial properties were improved significantly. Furthermore, the healing efficiency of healed gel samples
was found to be higher than 62% (Yimin et al 2020). They also studied about self-healing tests of synthesized gels
at ambient temperature (Yongxu et al 2018). Recently, glass fiber, carbon nanotubes, and single-walled carbon
nanotubes are used for encapsulation of healing agents to improve the healing efficiency (Lazaros et al 2019).
Xiao et al (2014) studied the accelerated healing process accomplished by antimony pent-fluoride as an instant
hardener of epoxy. They successfully encapsulated the healing agents and investigated on curing speed of epoxy
catalyzed using Lewis acid (proportional to their acidity, SbF5 and epoxy). Pan et al (2017) studied about self-
healing novel polymer/graphene oxide nanocomposite (AM-Co-DAC)/GOhydrogels. Theywere used as self-
healing agents (Sajjad et al 2020), where, hydrogen bondswere formed due to electrostatic interactions. To
improving curing time and demonstrate the temperature affects on the healing ability and hardness of the healed
agents whichwas 93%with respect to the virgin component. Valentini et al (2016) studied about silicone rubber
graphene nano-platelets, SR/GNP composites with reversible bond thermal annealing processes. Theywere
focused on the tensile strength of the healed structures. They recovered 87% tensile strength in the component.
Zhang et al (2016) studied about graphenewhichwas being used as a self-healingmaterial and aDiels-Alder
chemistrymechanism for the self-healing of structures. They proved that the source of temperature could affect
the healing strength of components. In their research paper, IRwas used as a source of temperature. Sun et al
(2016)microwave is used tomaintain temperature andmeasure stress as well as Young’smodulus. The
mechanical properties of compositematerials were evaluated using strain sensors integratedwithDiels-Alder
chemistrymechanism.

2. Fabrication and characterization of self-healing composites

Self-healing composites are fabricated by differentmechanisms as listed in table 1. Themechanisms for
fabrication of self-healingmaterials are classified on the basis of physical and chemical interactions. In the
research paper, the a few techniques used for the synthesis of self-healingmaterials are discussed. Han et al
(2017) performed the supermolecular interaction experimentationwith ureidopyrimidinone terminated
polyethylene glycol (PEG) as a healing substance at room temperature and found that it has 100%healing
efficiencywithin 5min of curing time. Dichloropentadine (DCPD)material filled capsules inserted into the
compositematerial could yield better results, almost 78% healing efficiency. However,t the partial healing is a
major concern due to the limited amount of healing agent present in the capsule (Peng et al 2015).

The authors carried out experimentationwith large size capsules (>100 μm) in the resin. However, these
experimentations eventually failed due to less healing efficiency, almost 28% and, further reduced strength of
virginmaterial. Healing agentwas present in hollow tubes’ network and they are linkedwith each other.
Fabrication of the composites with grid is quite tedious and difficult but they have higher strength up to 99%due
to the uninterrupted distribution of the healing agents (Banshiwal andTripathi 2019).When dicyclopentadiene
(DCPD)wasmade associationwith theGrubbs’ enzymeswhichwas diffused in the epoxy resin, a ring like
openingmetathesis polymerization (ROMP)was initiated and an eminently cross-linked tough
polycyclopendiene was thereafter formingwhich actually heals the damage (Ghosh 2009). In the research, they
studied the healing efficiency and curing time of encapsulation and hollowfibermethod. Efficiency of
encapsulationwas 75%–85%greater than hollow fiber 30%–50% (Eleonora et al 2016). During encapsulation of
healingmechanisms, ring openingmetathesis polymerization (ROMP) is used bymost of the researchers
because it yields less curing time and avoids partial healing due to polymerization (Shabani et al 2020). Through
their investigation, , they concluded that healing efficiency depends upon the healable systems and catalysts.
Epoxy/dichloropentadine catalyst used for ROMP shows less efficiency, almost 20%, but ROMPwithGrubbs
catalyst yields 95% efficiency (table 1). Healing efficiency of a composite depends upon the healable system and
mechanisms. In two-stage chemistry process consisting of differentmonomers, when the damage is triggered in
the composite, themonomers initiate and perform the reaction and formation of a gel and cross-linking of two
gelators (monomer reaction forming gelators)with an acid catalyst (Liberata et al 2010 andHao-Liang et al
2020). The process of gelation is continuous until the void isfilled after thesecond stage starts withmonomer
polymerization. The stage recovers the structure ability of the compositematerial. For two-stage chemistry
method, authors performed the experimentationwith 2-hydroxyethylmethacrylate used as gelators,
dichloroacetic acid as a catalyst, andmethyl ethyl ketone peroxide (initiator). In their experimentation, they
achieved 62%healing efficiency (Ramesh et al 2020).

Thermoplasticmicroparticles self-repairmaterials are integratedwith carbon fiber reinforced polymers and
self-healing capacity wasmeasured by fracture toughness testing inmode I andmode II (NagaKumar et al 2020).
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Table 1. Self-healingmechanisms.

SrNo. Healingmechanism Healable systems Healing efficiency (%) References

1 DCPD Grubbs catalyst (12 h at 25 °C) 70 Toohey et al (2009)
2 Ring openingmetathesis polymerization (ROMP) Epoxy/dichloropentadine-tunguston hexachloride catalyst 20 Jason et al (2007)
3 Polycondensation reaction Polysiloxane (polydimethylsiloxane) catalyst 100 Cho et al (2006)
4 Epoxy/CuBr2(2methylimidazole)4 Woven glass fabric/epoxy laminates 68–79 Yin et al (2009)
5 ROMP dichloropentadine/Poly-formaldehydemicrocapsules/Grubbs catalyst 99 White et al (2001)
6 Curingmechanism Epoxides/amine 91 Henghua et al (2012)
7 Curingmechanism Epoxy/mercaptan 100 Yuan et al (2008)
8 Two-stage chemistry 20 min to fill impact region and 3 h restoremechanical function 62 White et al (2014)
9 Multiple interactions Carbonnanofibers (PNB)-borax (PB), room temperature 95.6 Xiaosai et al (2008)
10 Hydrogen bonding Poly acrylic acid cross linked nanocomposite gels (PAA/CNCNC) 91 Xiu et al (2018)
11 ROMP ENB95%andDCPD5% 79 Pasquale et al (2017)
12 3DPrinting Resinwith embeddedmicroapsules 87 Sanders et al (2019)
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After fracture, thefirst healing cycle was performed in controlled heating conditionswith the help of a heat press
machine at the temperature of 130 °C for 5 hwith a pressure of 15N. After successful healing of the first cycle as
shown infigure 2, the displacement was increased and the healing efficiencywas reduced. Furthermore, samples
after thefirst healingwere tested formode II self-healing activity and a fracture toughness test was performed.
After impact loading, the crackwas initiated further, composite was healed second time. They have shown for
two continuous healing activations for indicative load (P), plotted against displacement (d) curves of PET
modified carbon fiber reinforced polymer and assessed the healing efficiency for thefirst and second healing
cycles. As per their reports, first healing sample yielded 82% efficiency and the second healing cycle shown poor
efficiency but could heal the sample. The displacement value gradually increased from4.5mm to 8mm. In the
second healing cycle, healing efficiency is improved from40% to 52%. Figure 3 showsC- scan images of the
sample behavior under loading conditions during the impact, before the impact and after self-healing activity.
Figure 3(A) andfigure 3(B)show the sample of CFRP (a)with nylonfibers, and (b)withmultiwalled carbon
nanotubes (MWCNT) doped nylonfibers. Only a few areas were notfilledwith self-healing agent in the initial
stage butfinally all areaswere filled and the sample cracks, therafter, healed successfully as shown infigure 3
(Athanasios andVassilis 2020 and Li 2020).

In themultiple interaction process, hybrid hydrogels wereprepared using carbon nanofibers, borax, and
polyvinyl alcohol (PVA). Hybrid hydrogels were prepared infive different series based on the ratio of CNB/PB
(PVA-Borax). In the research, theye demonstrated about the self-healing process and its ability of healing with
an efficiency range of 85% to 97%.Hu et al prepared stretchable hydrogels with the help of free radical
polymerization [49]. Initial stage synthesized nanocomposite gels fromCa2Sio5 powder dispersedwith 20ml of
water andmagnetic stirring for 30 min to produce enough cross linked compositematerial (CNS). After the
preparation of PAA/CNSNChydrogels, , tensile strengthwas characterized using E44 testingmachine at room
temperature. They recovered 91% tensile strength in the structural laminates and thus self-healing efficiency of
composites was improved (Xiu et al 2018 and Feng et al 2020).

Fabrication of compositematerials by physical and chemical processes are seen above, but encapsulation of
healing agents in the capsules are of utmost importance in compositematerial.. As per capsule arrangement,
microencapsulation andmicrovascular network are the twomajor types of self-healingmaterial preparation.
Microcapsules are spaced at different locationswithin the composite. After initiation of the crack, they are
allowed to propagate towards the capsule. and break the capsule shell, the healingmaterial from the capsule will
furtherfill the cracks and heal the damage. However, in some cases due to limited availability of self-healing
material, the cracks are partially healed. The problem is partially solved through themicrovascular network.
Following the approach ofmicrovascular network, authors prepared a structure of interconnected vessels
having healing agents (Kanellopoulos et al 2017 andRansom et al 2019).

When they initiated cracks within thematerial, the networkwas broken and the healingmaterials were
allowed tofill crack and further, heal the crack. Pasquale Longo et al experimentedmicroencapsulation system
for the fabrication of self-healing compositematerials with different percentage of healingmaterials and
polymerization reaction (Fatemeh et al 2019). Preparation of self-healing composite was divided into three

Figure 2.After two successive healing cases, the outcomes ofmode II experiments are depicted. According to these tests, samples did
not reveal any differences when two separate healing periodswere applied. Before and after two consecutive healing activations,
indicative load (P) versus displacement (d) curves for PET-modifiedCFRPswas discussed (Reprinted fromAthanasios and
Vassilis 2020. Copyright © 2020 Elsevier Inc. All rights reserved).
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stages. In the first stage, they took a blend of 95%5-ethylidene-2-norbornene (ENB) and 5%dicyclopentadiene
(DCPD). To improve cross-linkingmetathesis polymerization,DCPDwas used toaccelerate the healing process.
In the second stage, the synthesis ofHG2 initiatorwas done by chemical processes. In thefinal stage of FTIR
investigation, the self-healing efficiency ofmaterial was investigated. In the research, different polymerization
reactionwas performed and analyzed for the polymer contents such as polymerization of 2-norbornene (NBE)
with different initiators and polymerization of 5-ethylidene-2-norbornene (ENB)with different initiators. In the
research, they overcome the shortcomings related to the encapsulation system and fulfilled the requirement of
structural components (Selen et al 2019).

Authors have discussed about physical and chemical processes for self-healingmechanisms. In chemical
processes, AishwaryaVMenon et al fabricated ultrafast self-healable interfaces usingDiels-Aldermechanism,
andmicrowave absorbers. Graphene oxide graftedwithmagnetite nanoparticles (rGO/Fe3O4)was covalently
cross-linked to thermoplastic polyurethane usingDiels-Alder chemistry and heated bymicrowave to achieve
self-healing ofmaterials. In the research, nanocomposites prepared using Fe3O4 nanoparticles of 5–10 nm size
distributed uniformly on graphene oxide sheets. Researchers used different peaks of nanomaterials varying from
30.4 °C to 62.8 °Cand successfully fabricated self-healing composite usingDiels-Alderreaction. The
characterization of thematerial was observed under FTIR spectrum. Furthermore, thematerial was cut into two
halves and joined together by slightly applying the pressure and thewaveswere applied fromdomestic
microwave operated at 900watts for 10 min and thus, effective self-healingwas accomplished. The synthesized
self-healing nanocomposites were used in the coating of electronic applications (Menon et al 2018).

Wilson et al studied the size of catalystmicrospheres on healing performancewithmicrocapsules having
34μm and 54μmsizes ofmicrocapsules filledwithGrubbs catalyst with additives benzoyl peroxide (BPO) and
dimethylaniline (DMA) by improve the curing time. In the experimentationwith three different conditions of
curing agents, initiallyDMAwas used, but therewere no any significant changes in the curing time. Thus, they
performed the experiment with BPOalone and combination of BPO (1wt%) andDMA (0.1wt%). In
combination of both, the curing agentwithGrubbs catalyst yielded better results comparedwith thefirst two

Figure 3.The impact-induced damage region of themodifiedCFRPswas found to be reduced after healing. C-scans of the original
unaffected (left), after LVI (middle), and after healing activation (right) of bothmodifiedCFRPs are seen in the figure. The
delamination damage planes seem to have been almost completely filledwith nylon asflowed out during the healing process, as seen in
Figures A andB (right) for both changed panels after the healing cycle; only a few areas of the original damage plane could not have
filledwith the SHA. Thus onemay assume that the exposure area is roughly 0mm2 during the healing period.When the photos of
both healed laminates are compared to the original one previous to the impact case, the full potency of the healing process is seen (left
ones) (Reprinted fromAthanasios andVassilis 2020. Copyright © 2020 Elsevier Inc. All rights reserved).
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experiments. Afterwards, themicrocapsules having 34μm and 54μmsizes were filledwith catalyst. Two
different healing agents were also considered for experimentation, i.e., endo-DCPDand exo-DCPD, and filing
the self-healing agent into the urea formaldehydemicrocapsule with 250± 31μmsize. After preparation of
catalystmicrospheres and self-healingmaterials, DCPDmicrocapsules were embedded into an epoxy vinyl ester
matrix (15wt% catalystmicrospheres and 15wt%microcapsules). Furthermore, fabrication of self-healing
nanocomposites were done for fracture test for evaluation of peak load and strain energy. Finally, the self-
healing efficiency for different samples were assessed and a 49%maximumefficiencywas achievedwith 54μm
size of themicrocapsules and exo-DCPD self-healing samples (Wilson et al 2008 andYong et al 2020).

Sanders et al fabricated self-healable nanocomposite structures by stereolithographic (SL) 3Dprinting
method using combined ultraviolet (UV) curable resin embeddedwith solvent containing anisole/poly-
mithylvmethacrylate (PMMA)-filled urea-formaldehydemicrocapsuleas as shown infigure 4. PMMAchains
dissolved in anisole as shown infigure 4(a). Crackwas initiated to reach uptomicocapsule and rupture the
capsule as shown infigure 4(b). After the rupture, the capsule released the healingmaterial and fill the crack as
shown infigure 4(c). These solvents weree containing healing agents in three different quantities such as 2.5, 5,
and 10wt% capsule concentrations and self-healingwas accomplished at different curing times such as 24, 72,
and 120 h, respectively. Finally,mechanical testing of three samples with different curing timewas done to
achieve 87% self-healing efficiency for 72 h curing time and 10wt% capsule concentration. The resin embedded
with capsules were filled in the resin tank of SLA printer. As per the required structure, G code and further, .STL
files were generated. The codewas read by the SLA printer to fabricate self-healing composites via bottom to top
approach. Finally self-healing nanocompositematerials weremanufactured by 3Dprinting technology and
successfully tested for 87% self-healing efficiency (Sanders et al 2019 andMohammadmahdi et al 2020).

Alan Saghatelian et al (2016)prepared themicrocapsule by polymerization andmanufactured self-healing
epoxy specimens. Initially, themicrocapsule prepared by reactionmixture stirredwith 10%NaOH solution at
454 rpm for average droplet size of 200μm.They added 37% formaldehyde andmaintained the temperature at
50 °C for 2 h. Self-healing epoxy specimen prepared bymixing of epoxidewith 12 parts ofDCPD
(dicylopentadine). The epoxy specimen embeddedwith 2.5%ofGrubbs catalyst and 10%ofmicrocapsules was
poured into a siliconmould to fabricate a tapered double cantilever beam (TDCB) specimens (Richard 2008).
The specimenwas testedwith different conditions such as (1) epoxywithGrubbs catalysts, (2) epoxywith
microspheres, and (3) epoxywithoutGrubbs catalyst andmicrospheres. All sampleswere tested and the
toughness of virginmaterial and toughness after healing the crackweremeasured to evaluate the self-healing
efficiency. They shown the release of the healing agent after rupture of themicrosphere andwhen a crack
approached a spherical capsule embedded in the epoxy and subjected to a tensile load perpendicular to the
fracture plane. The red color dyewas used to capture the perfect self-healing of the crack.Microcapsules were
embedded in a red colored healing agent and they tested the samples after the initiation of crack in the epoxy
composite andwhen it reached up to themicrocapsules. Crackwas propagatedup to themicrocapsule and then
healing agentwas released. The healing agentwas brought in contact with the catalysts and polymerization
reactionwas initiated. Polymerization reactions accelerated the spread of healing agents. Healing agents were
used tofill the crack andmechanical properties of the self-healingmaterial were recovered (White et al 2001 and
Haddadia et al 2019).

Figure 4.Thework’s self-healing is based on a solvent weldingmechanism. Self-healing process in 3DPrinting Technology. (a)
PMMAChains. (b)Crack initiation and release anisole. (c) Solvent aids PMMAandmatrix polymer chain enlargement across crack
(Reproduced fromSanders et al 2019. CCBY 4.0).
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3. Recent advances in self-healing composite

Optimization of the healing process and developing new self-healing systems improves the healing cycle time
and efficiency. To develop some advanced systemswhich heal thematerialmultiple times are recent research
areas for study (Li et al 2018). Hydrogels showed self-healing ability and improvedmechanical properties.
Recently experiments were conducted as shown infigure 5(a) for hydrogels connectedwith electrodes (inserted
into rabbit’s body) and the signals weremeasured to check the hydrogels behavior at the time of troubling
situations. Figure 5(b) shows signals detected by intramascular electrodes. Hydrogels wereused as self-healing
materials and they are fabricated by using grape pomacewaste aftermaking redwine. Crushed grape extraction
with ethanol was dried in a vacuumoven at 60 °C and processedwith different chemical processes to generate
crystalline cellulose (Siva et al 2019 andQichao et al 2020). Compositematerial reinforcedwith borax, glycerol,
and cellulose nanocrystals (CNCs)was evaluated after initiation of cracks. Components of healing agents were
reactedwith each other and hydrogels were generated to showpolymerization reaction of CNCs. The crystalline
cellulose wasmixedwith deep eutectic solvent in amechanical stirrer. Afterwards, the achieved cellulose
nanocrystals (CNC)were taken in paste form for their utilization as self-healingmaterials. Characterized results
of self-healing hydrogels were observed and it was found that they have improved self-healing ability with 90%
of recovered tensile strength and improvedmechanical properties with stress and starin being 0.95MPa and
170%, respectively (Selen et al 2019). The research shows an environmental friendly concept to extract CNS
fromgrapewaste and fabricate self-healing nanocomposites. Figure 6 shows cotton-FRCs (type E) laminates and
woven carbon-FRCs (type C ) laminates. Figure 6(a) shows E1 random-discontinuous cotton string laminates
and E2 random-discontinuous cotton string laminates embeddedwith porous CNT layer. Figure 6(b) shows
C1-woven carbon fibre laminates andC2-porousCNTplywithwoven carbon fibers (Wang et al 2016).

Synthesis of physically cross-linked nanocomposite hydrogels based on the supermolecular networks
between hydrogen bonds and dualmetal carboxylate is discussed in detail. In self-healing experimentation, these
cross-links between hydrogen bonds could improvemechanical properties and demonstrate the self-healing
efficiency. Healingwas achieved at room temperaturewithout any external or human intervention and almost
90%of healing efficiency claimed thereafter (Changyou et al 2017).

Ability of self-healing andmechanical properties were studied in-depth and found that the aramid/ boron
nitride nano sheet (BNNS) (self-healing nanocomposite would have improved tensile strength around 42.20 -
560.25MPa in addition to sustainable self-healing performance. In their research, they explained the
preparation of 1mm thick aramid/BNNS self-healable nanocomposites and successfully tested themicro
topography of such nanocomposites and dielectric constant for stability (stable between 3.8 and 4) (Lixin et al
2017). Self-healing ability ofmaterial was testedwith experimentation on virginmaterial, i.e., sample of 4mm
whichwas cut centrally and finally due to internal bonding, the structures heal themselves. Orientationmethod
was used for compositemanufacturing, as it was found to improve self-healing ability. Cross ply stacking
methodwas done tomanufacture the compositematerial reinforcedwith polyethylene terephthalate (PET)
particles (mixed in 7%volume of epoxy resin and fabricated using hand laying process) (Konwar et al 2016).
During the fabrication of the composite, 13μmsheets placed at themiddle surface of the composite lamnate,

Figure 5.After implantation, the intramuscular hydrogel electrodes produced excellent signals from the dorsalmuscle. The signals
had amagnitude of 0.1–40mV,whichwas significantly higher than the signalsmeasured by the surface electrodes. (a)Hydrogel
electrodes are connectedwith sensors and implanted intoDorsalmuscle. (b)Recorded signal using electrodes from rabbit’smuscle
(Reprintedwith permission fromHan L et al 2017. JohnWiley& Sons. © 2016WILEY‐VCHVerlagGmbH&Co.KGaA,Weinheim).

8

Mater. Res. Express 8 (2021) 052001 SKadam et al



and afterwards, post curing for 10h at 60 °Cwas done. After facbrication of self-healing, composites, their
characterization for improvedmechanical properties remain as an essential task. Thus, they performed
inspection to assess the composites quality via 3-point bending test, impact compression, and dynamic
mechanical analysis test. They observed improvement in healing toughness of nearly 56% (previously 40%).
Furthermore, the difference in tensile stresses were due to differences in blend of self-healingmaterials; the
tensile stesses varied in the range between 31MPa and 39MPa) (Mohammadmahdi et al 2020).

Figure 7(a) shows temperatures of the samples which varies due to change in voltage, weremaintained in the
range 15 °C–80 °C for voltage range 10–16V. Figure 7(b) shows thermal distribution inCNSwhichwas
sufficient for enable healing process in 20–24 h. Figure 7(c) shows frozen and de-iced area of compositematerial
and efficiency of carbon nanotube sheet (CNS) (Wang et al 2016). FengXu et al prepared self-healable hydrogels
with differentmolar concentrations of 0.25mol% to 1.25mol% andmeasured themechanical properties,
stress, strain, and toughness. After assessment of themechanical properties, they compared the healing
efficiency at differentmolar percentage. Cellulose nanofibers (CNF), in colloidal solutions of concentration of
1.2 wt%, are used to prepare poly acrylic acid (PAA)-CNF iron ion (Fe3+)hydrogels via polymerizationafter the
successfulpreparation of hydrogels (physical hydrogels with varying percentage of Fe3+moles). The authors
prepared six different samples andmeasured theirmechanical properties (Liangjiu et al 2019 andXinxin et al
2020). Infigure 8(a), the stress versus strain curves of different samples were plotted to state that 1%molar
percentage could yield better results as compared to othermolar percentage. Infigure 8(b) the they discssed for
higher toughness of component (11MJm−3 and 0.53MPa) at same 1%molar percentage. In their research, they
alsomeasured the self-healing efficiency at different time intervals. As the efficiencywasmeasured at a regular
interval of three hours after initiation of crack, in the first 12 h, 78%of thematerial properties were regained, and
after 24 h the efficiency reached up to 82%.At the end of 48 h, thefinal efficiencywasmeasured and afterwards
therewas no change in efficiency after it reached up to 90% (Madara et al 2018).

Self-healing efficiency also depends upon the surrounding conditions, andmaintaining the surrounding
environmental factor is essential for sustainable self-healing (Ding et al 2018). They show that self-healing
laminates can heal themselves through sustainable way as efficiently as 100%at a temperature around−60 °C.
The self-healingmechanismoccurs in the presence of catalytic agents, similar to the case of living species at
normal body temperature. Two types of FRC laminates (E andC) are embeddedwithCNTply. Testingwas

Figure 6. (a)Cotton FRC laminates (E), (b)woven carbon FRC (C), (c)CNT sheet, (d) random-discontinuous cotton fibres andCNT
sheet and (e)woven carbon fibres andCNT sheet. (Reproduced fromWang et al 2016. CCBY 4.0).
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performed at 20 °C–25 °Cand keeping the voltage range from10–16V. The authors stated that the laminate
withCNS, has an average efficiency of 96.22% in terms of peak load. In the results and discussion, authors
compared the results of two different samples with CNS andCFS and performedmechanical testing on samples
to evaluate the efficiency bymeasuring the peak load and strain energy as shown infigures 9(a) and (b) and,
further compared loadwith respect to displacement under one plot via curves of original, damaged and healed
materials with orwithout CNS (Wang et al 2016).

Figure 7. (a)Temperature distribution in specimen at different values of potential difference , (b) thermal distribution after heating in
chamber of ultra-low temperature, (c) frozen andde-icing areaof compositewithCNS. (Reproduced fromWang et al2016.CCBY4.0).

Figure 8. (a)Tensile stress−strain curves, (b) corresponding toughness of PAA-CNF and PAA-CNF-Fe3+ gels with different Fe3+

concentrations. (Reprintedwith permission fromChangyou et al 2017. Copyright 2017AmericanChemical Society).
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4. Applications of self-healing

Injured tissues of the human’s body repair themselves without any external intervention. Thus, researchers are
trying tomake suchman-made self-healable smartmaterial in different sections. Various applications of self-
healingmaterials in biomedical sector, anticorrosion coatings, concrete and ashpat, compositematerials,
aerospace, andmarine equipment (Rong et al 2001 andReddy et al 2020) are listed in table 2. Automatic self-
healingmaterials and hydrogels are used in the biomedical sector for contact lenses, biosensors, and tissue
engineering. Self-healingmaterials are used to fabricate anticancer self-healing double networkfilms (Chao et al
2013). Hydrogels are used in number of research papers for biomedical and dental applications (Mostafa et al
2020). In anticorrosion coatings self-healingmaterials are used to respondmechanical and chemical damage of
thematerial and heal the surface cracks andmake an anticorrosive coating (Sina andBahram2020), some cases
lineseed oil, potassium ethyl xanthate, and other anti-corrosive agents are embedded into the coatings and
enhance the anticorrosive properties ofmaterial. In the healing of concrete and asphalt cracks are healed by
sodiumnitrite, sunflower oil, and other healing agents, cases, 3%wt ofmicrocapsules inserted into the asphalt
double the fatigue life of asphalt (Peng et al 2015). Self-healing epoxymaterialsmay improve the properties of
nanocompositematerials (SIAG). Thesematerials are replacing themetal parts with compositematerial in aerial
vehicles and reduce its weight and economical. Aviation industries face problemswith internal cracks in the
composite and it is very difficult to detect internal cracks. Due to this internal crack, serious accidents happened
in past. After combining a shapememory polymerwith cross-ply (0/90/90/0) carbon fabric and carbon
nanotubes (CNTs), self-healing CFRP laminates are fabricated using a high-pressuremoldingmechanism
(Thanawala et al 2014). It is reported to have improved fatigue resistance and therefore, it is used as an aerospace
material. Some autonomic self-healing hydrogels are used as a biomedical application biosensor cells in tissue
engineering and drug delivery (Mobaraki et al 2020).

5. Future scope

The reality is that self-healingmaterials have a future in smartmaterials and innovative product development.
Today, researchers are trying to improve the properties ofmaterial and recover thematerial properties after the
damage. There is also substantial scope in the development of self-healing compositematerials for space
applications and aircrafts to recovermicro cracks and damages during operation in space.However, there are
some limitations to understanding the healing process and stability in the process. Detection of internal cracks
and further efficient healing aremajor challenges in self-healing process (Blaiszik et al 2008 andEleonora et al
2016).

In the review, it is not possible to ignore encapsulation techniques and self-healing hydrogels for biomedical
applications. The importance ofDCPD and its blendwith variousmaterials affects the curing time. Thus,
healing percentage, healing efficiency, andmechanical properties of a component after healing are the key sides

Figure 9. (a)Healing efficiency of laminate havingCNS andCFS, and (b) displacement-load relation for CNS specimen. (For
interpretation of the references to color in thisfigure legend, the reader is referred to theweb version of this article. (Reproduced from
Wang et al 2016. CCBY 4.0).
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Table 2.Applications of self-healingmaterials .

Self-healingMechanism Material Self-healing Condition Healing Efficiency Applications References

Hydrogen bonding Poly acrylic acid cross linked nano composite

gels (PAA/CNCNC)
Room temperature and 30 minmagn-

etic stirrer

91 Robotics Aıssa et al (2012)

ROMP ENBDCPD Room temperature 79% Structural composite application Pasquale et al (2017)
Ionic binding PAA-GO-Fe3+Hydrogel Contact and immersed in FeCl3/HCl 100% Robotics Therriault et al (2003)
Reversible bonds SR/GNP composite Thermal annealing 87% of Tensile

Strength

Fluidmechanics andmachine tool con-

trol System

Valentini et al (2016)

Hydrogen bonds, electrostatic

interaction

P(AM-co-DAC)/GOhydrogels Dropwater >92% of tensile

strength,

— Pan et al (2017)

Diels-Alder chemistry Graphene/PU IR 96% Flexible electronics Wu et al (2017)
Diels-Alder chemistry RFGO/PU composites Microwaves 93% Strain sensors Li et al (2016)
π-π stacking, hydrogen bonds Chitosan/GOhydrogel Contact (room temperature) - Electroactive tissue engineering

applications

Jing et al (2017)
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to follow and thus understanding of these aspects is critical for the development of self-healing laminates
(Thakur andKessler 2015 andYu et al 2020).

The review promotes researchers to investigate application-based self-healingmaterials andmore focus on
self-healing hydrogels for different structural applications. Carbonfiber composites need to be used in aerospace
applications. Research progress of self-healing composites is reviewed tomotivate researchers towards
sustainable self-healing at low temperatures in composites. Study of efficient self-healing thermo-reversible
elastomer (HBN-GO) through stress-strain curves (Haili et al 2019). CNS nanotube compositematerials can
self-heal cracks effectively (Hart et al 2019 and Idumah andOdera 2020).Wang et al (2016) have achieved
healing efficiency 96.22% in peak load in FRCs and 100% in fracture energy at−60 °C temperature. Some self-
healingmaterials are used for store energymechanically and electrically (Luzhi et al 2019 and Sangbaek et al
2018).

6. Conclusion

The review article discusses about the physical and chemical processes of self-healing and parameters such as
catalysts, temperature, healing type,melting point, capsule size, shape and orientation, and curing time;
affecting self-healing performance. In physical processes, themovement of chains is required for healing the
cracks. Themovements are continued and controlled by thermodynamics and kinetics. Cross-linking of
linear polymers have been extensively studied and found that if cross-linked polymers are used then healing
process could be efficiently repeatedwithout addition of chemical agents. In the present review, various
techniques used for the synthesis of self-healingmaterials and physical interactions, hydrogen bond,
hydrophobic interaction, and chemical interactions are discussed. The advantages and disadvantages of self-
healing techniques are reviewed in-depth and discussed for their implementation. Chemical fabrication
methods aremore efficient but also they are not easy to initiate for a controlled healing with respect to physical
processes. In addition to that they takemore curing time. It is found that self-healable nanocomposite
structures could be fabricated by stereolithographic (SL), a 3D printingmethod by combining ultraviolet
(UV) curable resin embeddedwith a solvent containing anisole/poly-mithylvmethacrylate (PMMA)-filled
urea-formaldehydemicrocapsule. Self-healing hydrogels and supramolecular networks between hydrogen
bonds are the key elements of themedicalfield. In self-healing experimentation, the cross-links between
hydrogen bonds improvemechanical properties and demonstrate the self-healing. The applications of self-
healing structures could be somany and are not limited to aerospace, biomedical, robotics, fluidmechanics,
flexible electronics, and tissue engineering. It is reported about self-healing structures that they have
improved fatigue resistance, and therefore, they are used as aerospacematerials. Some autonomic self-healing
hydrogels are also discussed herewith. Primary used as biomedical application biosensors, cells in tissue
engineering and drug delivery. In the review, it is not possible to ignore encapsulation techniques and self-
healing hydrogels for biomedical applications. The importance of DCPD and its blendwith variousmaterials
affects the curing time. Thus, the healing percentage, healing efficiency, andmechanical properties of the
component after healing are two different situations. Therefore,maintaining a balance between these is still a
challenging task. The review promotes researchers to investigate application-based self-healingmaterials and
more focus on self-healing hydrogels for different structural applications. Carbon fiber self-healing
composites need to be used in aerospace applications.
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a b s t r a c t

The present study reviews the possible emission of oxygen to Mars through in situ resource management
(ISRM) using advance bioreactor systems. The advances in bioreactor systems (BSs) are proposed through
in-depth numerical investigations based on simulations using computational fluid dynamics approaches.
The advance BSs is having the potential to support a life system on Mars through efficient conversion of
high-grade iron ores via biological reactions and therefore utilizing a sustainable approach. The advance-
ment is made for the photo bioreactor (PBR) having a 20 L flat plate and weight approximately 400 kg for
its sustained utilization in a 1400 L biomining reactor. The modification proposed here is effectively
demonstrating the significance of agitation velocity on the coefficient of oxygen transfer (kLa) and sug-
gests turbulence flow over transition and laminar flow, as well as Rushton type impeller over inclined
paddles and propellers.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Futuristic Research in Engineering Smart Materials.

1. Introduction

An important technical limitation to mission planning is the
transfer of materials from Earth to Mars. The sustainable approach
to extracting elements of the planet through in situ utilization of its
resources is well appreciated [1,2]. In the review, all criteria are
conceptualized for evaluating a novel biological solution for the
use of in situ resource management (ISRM). In the present study,
the bioreactor structure to be integrated into a habitat on Mars is
reviewed. In Martian, the proposed bioreactor is capable of taking
regolith and the extraction through biological processes of
enhanced iron ore from it [3–5].

There is a need to use biomass (leftover with few percentage of
iron) in the plant compartments. Numerous various compartments
feed through each other, forming an integrated method that
increases self-sufficiency [6–10]. R. Volger et al. (2020) have dis-
cussed the sustainable approach to extract elements of a planet
through in situ management of its resources (ISRM), and used a
numerical technique of computational fluid dynamics to analyze
the behavior after mixing (under reduced gravity) [1]. The method
and the exploratory in silico feasibility assessment are presented in
the present review article.

1.1. Advantages with a biological solution

Biomining activity with photobioreactor (PBR) algae culture and
a plant growth compartment allows waste streams to be recycled
and to supply vital nutrients from in situ supplies for the biomining
process (Fig. 1). Algae transform carbon dioxide (CO2) into oxygen

https://doi.org/10.1016/j.matpr.2021.04.059
2214-7853/� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Conference on Futuristic Research in Engineering Smart Materials.

⇑ Corresponding author at: Mechanical Engineering, S. V. National Institute of
Technology, Surat 395007, India.

E-mail address: nandssm@gmail.com (N. Jee Kanu).

Materials Today: Proceedings 47 (2021) 4149–4154

Contents lists available at ScienceDirect

Materials Today: Proceedings

journal homepage: www.elsevier .com/locate /matpr

https://doi.org/10.1016/j.matpr.2021.04.059
mailto:nandssm@gmail.com
https://doi.org/10.1016/j.matpr.2021.04.059
http://www.sciencedirect.com/science/journal/22147853
http://www.elsevier.com/locate/matpr


(O2) when generating nutrients for the biomining process (to sup-
port a life system on Mars) [1,11–13].

Plant species theoretically use, with lower heavy metal concen-
trations, left-over content from metal extraction as required com-
ponents which can synthesize biomass. The Martian soil (regolith)
is used to support plant life. However, the presence of toxic ele-
ments such as heavy metals in soil may destroy plant life. Less iron
is required to contain the production regolith from the biological
ISRM process. The biomining activity is responsible for the synthe-
sis of bacteria enriched biomass in Martian regolith. Plants can
consume the amino acids found within this biomass, giving them
an additional supply of important building blocks [1,14–16].

The bioreactor device is planned to be mounted within a human
habitat. This would take advantage of radiation protection when
supplying the astronauts with oxygen and edible biomass. The
existing suggested scheme promotes the realization on another
planet of a permanent ecosystem [1,17–20].

2. Materials and approaches

2.1. Algae growth efficiency modeling

The proposed cylindrical biomining reactor could have 1400 L
capacity (internal wall to support the flow and having a separator
of fluid on top). It is estimated that the overall weight of the pro-
posed cylindrical biomining reactor is 300 kg wt [1,21,22]. Eq. (1)
[1] describes the stoichiometry equation of the photosynthetic
reaction of carbon dioxide, CO2, oxygen, O2, and biomass, where
a=0:93, b = 1:42and c = 0:15.

CO2 þ aH2O ! CH1:71O0:4N0:15 þ bO2 þ cOH� ð1Þ

Rphoto ¼ lmax �
CyCCO2

KCO2 þ CCO2

� I
KI þ I

� Kt;I

Kt;I þ I
ð2Þ

The growth rate of photosynthetic reaction is not only bound to
carbon dioxide but also on intensity of light, i.e. ðIÞ:It also depends
on the high light intensity of photoinhibition (Eq. (2)) [1] ðKt;IÞ.

Eq. (3) [1] represents the respiration rate ðRresprationÞ which is
restricted by the concentration of oxygen O2 and reserved by the
intensity of light.

Rrespiration ¼ ps �
C � CO2

KO2 þ CO2

� KI

KI þ I
ð3Þ

where ps is called the maintenance coefficient, ps ¼ 0:28� lmax and
KI ¼ 175lmolm�2

Eq. (4) [1] explains the intensity of light over the diameter of the
culture by using Lambert-Beer equation.

Iz ¼ so � e�eXz ð4Þ
Eq. (5) [1] represents theextinctioncoefficient eo with light atten-

uation coefficient 1 ðh1Þ and light attenuation coefficient 2ðh2Þ:
e ¼ eoð1� h1zÞð1� h2XÞ ð5Þ

where eo ¼ 0:175m2g�1; h1 ¼ 46:165m�1 and
h2 ¼ 9:664� 10�6m3g�1

Eq. (6) [1] shows a balance set of rates of concentration with
convective and reactive terms for biomass, oxygen O2and carbon
dioxideCO2:

@Ci

@T
¼ Dir2Ci � urCi þ Ri ð6Þ

2.2. Biomining performance simulation

Eq. (7) [1] describes the 1 mol composition of carbon of She-
wanella oneidensis biomass [1,23–25].

wC3H5O
�
3 � xFe2O3 þ yNH�

4 þ zHþ ! mC2H3O
�
2 þ nCO2

þ pFe2þ þ qCH1:66O0:27N0:2 þ rH2O ð7Þ

where w ¼ 18:13; x ¼ 35:34; y ¼ 0:154; z ¼ 141:48;m ¼ 17:8;
n ¼ 17:8;p ¼ 70:67; q ¼ 1; r ¼ 88:94

Eq. (8) [1] shows the growth rate of kinematics which depends

on the concentration of iron@q v!
@t þr:ðq v! v!Þ ¼ �rPþ

r½lðrv
� þrvTÞ� þ q g!þ F

!
; lactate cLac .

k ¼ kmax � cFe3þ
KFe3þ þ cFe3þ

� cLac
KLac þ cLac

� KI;Ac

KI;Ac þ CAc
ð8Þ

where cFe3þ is the concentration of iron, KFe3þ is the half velocity con-
stant of iron, cLac is the concentration of lactate, KLac is the half
velocity constant of lactate,KI;Ac is half velocity constant of acetate,
CAc is concentration of acetate.

3. Interpretation of expected outcomes

Each gram of S. oneidensis requires around 4 g of algal bio-raw
material to provide essential amino acids. The proposed cylindrical
biomining reactor results could synthesize 6 g of S. oneidensis
(264 h) and 24 g C. vulgaris enriched biomass in a single run. It
is estimated that a total of 2 plates (20 L, and equivalent to
30.72 g of oxygen/ 24 h) is needed for the synthesis of essential
C. vulgaris enriched biomass in the proposed biomining reactor
[1,26–30].

The proposed biomining reactor will have essential ports, bacte-
ria cultivation chamber, and required regolith ingredients such as
basic nutrients. It will have outlet provisions for discharged fluids
and utilize regolith ingredients. All activities will be monitored
using sensors for required temperature, concentration, optical den-
sity, and osmolality [1,31–33].

An aerobic or anaerobic process is divided into three categories:
the stage of ingestion, the stage of development, and the stage of
removal. In the intake process, the regolith is loaded into the reac-
tor with a known mineralogical composition, and then water is
applied. The mix of bio-raw material is measured and the pH is
modified to 7 by the probes. The reactor is provided with an abun-
dance of lactate and a stoichiometrically calibrated volume of
other nutrients. At the end, bacteria are added to the batch
[1,34–38].

Bacteria use the supplied nutrients and extraction of the desired
components from the regolith in the second step to survive them-
selves. In this step, with the added probes, the process is controlled
and air is circulated regularly to mix the biomass. A measure of
process efficiency and substrate consumption is the concentration
of CO2 in the off-gas. The extraction process is begun when CO2

production stops. Next, to trap the magnetic iron precipitates,
magnets are activated on the reactor walls. The Martian soil (with
low magnetic content) is mounted, kept away from the reactor,

Fig. 1. General description of the three compartments of the process (Reprinted
with permission from Ref. 1. Copyright 2020 Elsevier).
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and could be utilized as a material to support plant life
[1,29,30,39–42].

The magnets are shut to evacuate the settled iron-rich precipi-
tates (metallic in nature). It stores eukaryotic algae, during which
the water is evaporated and collected. The extraction process cou-
pled with the planning for the next sample is estimated to take
approximately 24 h. To calculate the steady state flow profile that
would be achieved for 120 s after aeration initiation, the turbulent
flow pattern of the reactor was calculated [1,2,43–46]. The subse-
quent mixing is ensured by a relatively homogenous concentration
pattern over the reactor. In addition, the tracing of substances
implies that with the flow we have, the molecules will stay in sus-
pension. It leads to the fact that a systematic response and concen-
tration is accomplished by the reactor (Fig. 2).

The contamination of some substances it incorporates and its
capacity to return water are the key obstacles for plant uptake
directly on the Mars soil (inside a confined space). The Mars aggre-
gate appear to behave closely to the aggregate of loess, which may
retain large volumes of water. To minimize the elevated accumula-
tion of heavy metals and to boost the volume of organic molecules,
it is important to change the regolith while being used as a frame-
work growth regulator ground [47–50]. These improvements

should help soil fertile on the provided substrate and make space
exploration more sustainable in the long run (Fig. 3).

A thorough analysis of biological evidence of present or past
species is a primary goal of Mars exploration. However, because
of the complex bacterial population a human being brings, every
human procedure raises the potential for false-positives. The bio-
mass and biomining reactor proposed here would be representa-
tive of a closed community of humanity and would adopt a
certain protocols for interplanetary probes as the whole of the
ecosystem. There is no predicted further rise in inaccurate due to
such bioreactor systems (BSs) [1,51–53].

The creation of biofilms in the photobioreactor could greatly
minimize the optical beam via the BSs, and a surface cleaner will
be introduced to avoid the formation of biofilms. As a low-
maintenance option, solutions using automated magnetic scrapers
are recommended. Laminar flow is created by the currently pro-
posed PBR configuration, leading to redundant zones in the BSs
with limited CO2 and quiet regions. Better axial mixing could be
given by a turbulent flow pattern, resulting in higher overall pro-
ductivity [1,54].

A few suggestions on CFD approaches and preliminary bioreac-
tor characterization: a proposal to improve its suitability to key
disciplines that are using agitation approaches to cell growth

Eq. (9) [2] represents Reynolds number Re where q is the den-
sity of fluid, N is the angular velocity in per second, D is the diam-
eter of the impeller in metersðmÞ and lthe dynamic velocity in
Pa � s:

Re ¼ qND2

l
ð9Þ

Eq. (10) [2] describes the Fick’s law which specifies that the
mass of an element A is roughly equivalent to the concentration
gradient in that particular path [1,2].

JA;y ¼
NA

a
¼ �DAB

dCAj

dy

� �
ð10Þ

where dCAj

dy is the rate of change in the concentration of the element A

in ‘‘y” direction and j is either liquid or gas. The transfer molar rate
is denoted by NA and DAB is the binary coefficient of diffusion [1,2].

Eq. (11) [2] shows the transfer of mass due to force, area, or agi-
tation for the rate of volumetric mass transfer.

Fig. 2. Lactate, Fe 3+, biomass and acetate concentration profiles (mol/L) over the
11-day batch period (Reprinted with permission from Ref. 1. Copyright 2020
Elsevier).

Fig. 3. Schematic description of the bioprocesses that are proposed (Reprinted with permission from Ref. 1. Copyright 2020 Elsevier).
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NA ¼ kaDCA ¼ kaðC�
AL � CAjÞ ð11Þ

Eq. (12) [2] represents the continuity equation for the mass con-
servation in any fluid. @q

@t is the conversion level of matter in the sys-

tem and ther:ðqv!Þ is refers to the mass entering and going out of
the medium by density and velocity [2].

@q
@t

þr:ðqv!Þ ¼ 0 ð12Þ

Eq. (13) [2] represents the equation of momentum, where @q v!
@t

is the rate of change of momentum, andr:ðq v! v!Þ is the fluid con-

vection; �rP þr½lðrv
� þrvTÞ� is the molecular concentration

and q g!þ F
!

term denotes the exterior forces that can affect the
fluid such as gravity [2].

@q v!
@t

þr:ðq v! v!Þ ¼ �rP þr½lðrv
� þrvTÞ� þ q g!þ F

! ð13Þ

3.1. Pattern of flow

There is visible axial flow in the reservoir, in which the stream is
moved relative to the axis of the impeller. This is important
because these patterns appear to rise, crash, and return by hydro-
dynamic force action, enabling currents to develop at the ends of
the impeller (Fig. 4(a)). It should be noticed that the current has
a spectacular disruption over the entire sump, that is advantageous
since the bubbles contained in the system can penetrate the cul-
ture media easily, enhancing diffusion. Similarly, oxygen can stay
in the device longer because of the structure and topology of the
blades [1,2,3–5]. The Rushton impeller, on the other hand, has a
radial behavior due to its blades’ form and geometry. A common
action of radial flow, the impeller, pushes the current to the sump
side, where it interacts and is pushed to the high and low ends of
the sump (Fig. 4 (b)). There is an axial action of the propeller, which
is analogous to the inclined paddles. The movement heads in the
rotational direction in this situation, allowing the current to reach
the end of the sump and bring it back, creating vortices of larger
size than the blades across the inclined paddles. Agitation is impor-
tant for the diffusion of oxygen. There may be mistakes in the cal-
culation, based on where the transmitter is positioned in the tank.
However, it is believed that complete agitation is accomplished
and that, along with the reservoir, the oxygen diffusion is nearly
spontaneous (Fig. 4 (c)). How rapidly the oxygen spreads through

the medium is the most important function of the agitators and,
in particular, the flows produced [2,6–10,55].

3.2. Diffusion of oxygen

With the increase in the flow of air and mixing acceleration, the
average response vector increases. It is predicted that more bub-
bles would be present in the system with more substantial airflow,
facilitating mass transfer. Simultaneously, raising the mixing rate
enhances the system’s turbulence, increasing the medium’s reten-
tion of bubbles (Fig. 5). There is also an important influence of the
type of impeller on the response component. However, where a
propeller-type impeller is utilized, the lowest average is obtained.
About 5 percent is the disparity between the paddle impeller and
the Rushton impeller, which is larger than the average achieved
by using a Rushton style impeller. A Rushton-type impeller with
airflow of 5 L/min and 250 RPM is the design that guarantees a
higher oxygen transfer rate [1,2,56–60].

3.2.1. Coefficient of oxygen transfer (kLa)
As once the BSs-impeller specifications (single or combined)

were acquired, the gassing-out process was calculated using the
mass transfer coefficient (kLa). Initially, experiments were con-
ducted with one impeller, followed by measurements of the impel-
ler variations, with four operating cases for flow of air and agitation
velocity such as (a) 2.5 L min�1, 100 RPM; (ii) 2.5 L min�1, 200
RPM; (iii) 5 L min�1, 100 RPM; and (iv) 5 L min�1, 250 RPM
[2,11–13].

The Rushton impeller is stronger than the paddle, depending on
the situation. Both impellers present positive outcomes for dis-
solved oxygen in most situations. The gap, although is more
impressive at low-speed rates and low air stream and Rushton,
has better results. The selection of the impeller can rely heavily
on the necessary power and the shear rate of both in all other sit-
uations (Fig. 6) [2].

In most cases, the Rushton-paddle combination seems to have
the most important curve. When the stirring speed rises to 250
RPM, however, the inverted velocity increases. The hybrid of pro-
peller and paddle seems to have the outstanding outcome; the
arrangement has the highest slope of all at system parameters of
5 L min�1 and 250 RPM, indicating they have the largest kLa value.
The finding is noteworthy because the propeller’s output is lower
than the others, but in both situations, the hybrid of Rushton-
propeller impellers has the minimum inclination. It is indeed
worth noting that in these calculations, streamlines play a vital
role. The flow patterns are often combined with the hybrid of
two impellers (Fig. 7) [2].

Fig. 4. Flow patterns for the 250 RPM and 2.5 L min�1 Brunswick Bioflo/CelliGen
115 bioreactor for: (A) inclined paddles; (B) Rushton; and (C) propeller (Reprinted
with permission from Ref. 2. Copyright 2020 MDPI).

Fig. 5. The main effects of dissolved oxygen are that the velocity label corresponds
to the velocity of agitation (RPM) and the airflow has L/min units (Reprinted with
permission from Ref. 2. Copyright 2020 MDPI.
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4. Summary and discussions

A concept for ISRM and biological production cycle exploratory
modeling studies intended for the processing of high-grade iron
ores from Mars soil is discussed in depth. The system contains
algae bioreactor systems (BSs), a biomining reactor, and a plant
species growth chamber. With the new configuration, part of the
key nutrient needs for a 1400 L biomining reactor can be sustained
by a 20 L flat plate photobioreactor. It is estimated that the overall
hardware weights are roughly 400 kg. In exchange, the photobiore-
actor system synthesizes 0.031 kg of O2 daily and is expected to
produce 100 kg of iron per year on Mars. However, by supplying
vital nutrients through a photoautotrophic pathway, the photo-
bioreactor enables the BSs quite sustainable, while at the same
time making experiments with plant species on Martian regolith.

The three variables tested, on the form of impeller, the agitation
rate, and flow of air, have a significant effect on the kLa coefficient
of oxygen transport. The velocity of excitement has proven to have
a significant effect on mass transfer due to the diffusion of oxygen
in the BSs growing increasingly beneficial as it rises. This is due to
the rise in turbulence, and the duration of residence of the bubbles
within the stream is more. The Rushton type is the type of impeller
with the maximum efficiency. With the increase in agitation veloc-
ity and the inclusion of a steady flow of air, if only one impeller is
used in the reactor, inclined paddles are illustrated. The hybrid of
paddle-type impellers and Rushton guarantees substantial mass
movement in less duration as it is planned to run the BSs with a
mixing speed of 100 RPM. However, the propeller paddle arrange-
ment works best when the reactor is run at 250 RPM. For bacterial
and yeast cultures, the studied conditions proved promising, but
the shear rate had a harmful impact on mammalian cells (CHO
cells). The review is of interest in the field of BSs engineering, par-
ticularly in the design of the bioreactor, as it demonstrates a fast,
green, and clean alternative to ensure proper mixing and system
accessibility of oxygen, parameters which directly affect cell devel-
opment, yield and bioprocess performance.
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ABSTRACT
Carbon nanotubes diverse applications have been discussed in the present study. Carbon nano-
tubes are a promising material in all façades of life, be it environment, electrical, electronics, 
biomedical energy, food technology applications, etc. Carbon nanotubes open new avenues to 
improve the environment, control pollution, and used in various fields. Increase in the population, 
urbanization and industrialization create several types of pollution. Carbon nanotubes solve 
various problems including environmental issues, pollution, bio-medicals, etc. It becomes an 
inevitable material for the present and future. In this review article, carbon nanotube applications 
to solve water purification, water disinfection, electrical and electronic applications, biomedical 
energy, or in-air purification have been discussed. A plethora of carbon nanotube applications in 
various fields have been discussed in articles covering the fields of water purification, biomedical 
applications in electrical/electronic applications, agricultural yields, etc. Eleven different case 
studies have been discussed in the paper and testimony of the use of CNTs in various fields was 
given by the patent trend.
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1. Introduction
Carbon nanotubes (CNTs) are constantly being used for 
environment protection. Single walled (SWCNTs) and 
multiwalled carbon nanotubes (MWCNTs) were used 
for the preponderance of nanoscale carbon production. 
A single sheet of graphene is used to synthesize single- 
walled carbon nanotubes, which have a cylindrical 
design. Under a transmission electron microscope, it 
appeared as two planes. Carbon nanotubes with several 
walls consisting of multiple layers of graphene arranged 
in a concentric shape all around the smallest nanotube. 
Pure water and air is the utmost important requirement 
for the survival of human beings. Water is being 
polluted day by day increase and over utilization of the 
resources. Air, which we breathe and exhaled, is con-
tinuously polluted because of the excess use of nonre-
newable resources such as petrol and diesel, etc. Increase 
of demand of energy leads to industrialization and alter-
native resources. CNTs have astonishing physical, che-
mical, and electronic properties which act as cost 
effective in various applications. Reduction of waste 
disposal in the environment can be achieved by using 
carbon nanotubes as super capacitors which provide 
small size, high portability, maximum power density, 
long suitability, and high energy [1–5]. The hybrid 
materials manufactured by carbon nanotubes and car-
bon nanofibers in blend with inorganic (metal oxide) 
nanoparticles can be able to solve the maximum number 

of water treatment problems, helpful in preventing air 
pollution, and recycling of waste [6–10].

CNT sponges have high porosity and very low den-
sity and have haphazardly entangled three- 
dimensionally, which is used for removing oil from 
water [11–14]. Camphor is known as an environment- 
friendly hydrocarbon. High-purity carbon nanotubes 
(CNTs) can be produced from camphor hydrocarbons 
using the chemical vapor deposition method. The 
synthesis technique depicted here fully addresses the 
‘12-principle’ protocol of green chemistry [15–19].

Energy generation, which generally occurs through 
fossil fuels, has been recognized as the major issue for 
environmental degradation from global warming. 
Energy storage is also a hot issue for rapid growth in 
developing nations like India. Bio-medically, there is 
always a substantial demand of alternative materials 
for drug delivery, cancer treatment, biosensors, etc. To 
address these issues, carbon nanotubes act as 
a revolutionizing material for energy conversion and 
storage materials. And, it helps in reducing environ-
ment pollution in air and water media because of their 
exclusive structural, electronic, and mechanical proper-
ties [20–24].

Here, the authors can review the applications of 
carbon nanotubes to solve water purification, water 
disinfection, electrical and electronic applications, 

Figure 1. The various environmental applications of carbon nanotubes have been depicted in the figure, which includes water 
purification, waste water disinfection, electrical, electronic, energy, biomedical, and air purification.
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future smart electronics, sensor tapes, and capacitors, 
and batteries, biomedical, energy, or in-air purification, 
etc. Figure 1 represents the various environmental 
applications of carbon nanotubes. Technology and 
equipment run by electricity is a vital issue in our daily 
life. Among a range of electrochemical energy storage 
Li–S batteries are a capable contender for quenching the 
thrust of energy for the next generation [25–35].

CNTs are used for delivering bio-fertilizers. When 
bio-fertilizer is delivered with the help of CNTs, the 
unique properties of its provided large surface area, 
superior reactivity, and smaller particle size help in the 
profound delivery of the bio-fertilizer inside the plant 
[36–40]. CNTs are used for delivering biofertilizer. 
CNTs facilitate nutrients delivery, which is helpful in 
humanizing their growth and yields [41–43].

Carbon nanotubes (CNTs), because of their distinc-
tive 1D tubular structure and other inimitable proper-
ties such as electrical, thermal conductivity, surface area, 
etc. have been successfully used for improving the elec-
trochemical characteristics of both the anode and cath-
ode of Li-ion batteries. Various reviews are available in 
the literature which explains CNT-based composites are 
widely used for enrich energy conversion and storage 
capacities, and power density, capability, life cyclic, and 
protection of LIBs [44].

2. Carbon Nanotubes for Water Purification

Water is an important natural resource required for the 
existence of human beings. Human life cannot flourish 
without the availability of clean water. Water is 
a nonrenewable resource. Water contains different pol-
lutants which makes it unfit for drinking water. Water is 
used in all scats of life. Different recent technologies are 
available for cleaning water is not as much effective. 
Carbon nanotubes are able to remove numerous types 
of pollutants in organic, inorganic, or biological materi-
als. Lots of waste water is generated by the industry, 
which creates an ample range of landfills. Carbon nano-
tubes are able to clean industrial wastewater which in 
turn reduces landfills and protects our environment 
[45]. The carbon nanotubes based on specific nano-
technologies discussed in the paper solely focus on site 
remediation and some waste water treatment, for exam-
ple: they have been recognized for their ability to absorb 
dioxins much more strongly than traditional activated 
carbon. They act as excellent adsorbents for the removal 
of numerous pollutants, including microorganisms 
from the drinking and water bodies present on earth. 
They have various magical and unique properties, which 
make it versatile such as excellent thermal stability, 
higher adsorption ability, broad range of pH, etc [45].

Figure 2. Plethora of applications of carbon nanotubes in various fields such as textile, biomedical, health care, food industry, 
electronics, environment, renewable energy, etc.
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Carbon nanotubes have been utilized for the elimina-
tion of various harmful toxic substances from drinking 
and other wastewater, because of their well-defined 
structure and adjustable characteristics. Numerous 
researchers studied the strong exchanges between 
CNTs and heavy metal ions and with organic com-
pounds. This is because of the surface functional groups 
and hydrophobic surface of CNT [46]. Modifications 
can be made in carbon nanotubes to improve its selec-
tivity and removal of metals or ions from aqueous 
stream [47].

Functionalization of carbon nanotubes may also act 
as a promising option for the removal of water pollu-
tants. Carbon nanotubes are used to remove several 
pollutants from water bodies which are harmful for 
the environment. Such compounds are organic in nat-
ure, pesticides, pharmaceuticals, antibiotics, and inor-
ganic ions such as heavy metal ions [48].

Due to the structure and morphology of the carbon 
nanotube, it is useful for the adsorption of various 
organic and inorganic pollutants. They are far better 
than activated carbons in terms of their lesser equili-
brium time, higher adsorption capacity and selectivity, 
and easier regeneration.

Nanocomposites such as magnetic polymer multiwall 
carbon nanotubes (MPMWCNTs) are formed by the 
combination of poly (1-glycidyl-3-methylimidazolium 
chloride) (an ionic liquid-based polyether) and ferrofer-
ric oxide. Such nanocomposite is very effective to 
remove various dyes such as orange II dye, sunset yellow 
dye, FCF, and amaranth dye from aqueous phase [49].

MPMWCNT is also effective in removing dye- 
containing wastewater because of high adsorption capa-
city, fast adsorption rate, and it separates from water if 
an external magnetic field is applied on it. The adsorp-
tion of ofloxacin (OFL) on carbon nanotubes (CNTs) 
has been reported by researchers and scientists by 
means of solubility, pH, and cosolvent effects [50] car-
bon nanotubes (CNTs) are cost-effective, simplistic, 
green, and extremely effective real/fruitful in water and 
wastewater treatment. Figure 2 illustrates the applica-
tions of carbon nanotubes in water purification.

Nano-structured TiO2 are present in size, shape, and 
structure (particles, fibers, wires, rods, porous materials, 
and tubes all in nano dimensions). These morphologies 
are prepared and used in several applications [51]. 
Tubes of titanium dioxide have varied applications in 
the environmental field. After carbon nanotubes, TDN 
is the second most abundant. TDNs synthesized from 
the anodization of metal plates have substantial applica-
tions in water photo-electrolysis, hetero-junction, solar 
cells, gas sensing, and environmental purification 
[52,53], as they provide large surface area. Metal 

impurities in carbon nanotubes are accountable for the 
‘electrocatalysis’ found at nanotube-modified electro-
des. Metal inclusions may have a role in the reported 
‘electrocatalysis’ linked to carbon nanotube-modified 
electrodes in some cases. Edge-plane pyrolytic graphite 
(EPPG) electrodes should be compared to carbon nano-
tube-modified electrodes in all electrochemical investi-
gations. It will either reveal that edge-plane sites/defects 
are to blame, or it will imply that metal impurities may 
facilitate an electrochemical reaction.

The TDN provided is their inner diameter of 
approximately 101 nm and an average length of around 
3.5 μm. Order structure of the TiO2 film gives a unidir-
ectional electrical channel and large surface area, which 
enhances photo-catalysis and photo-electrochemical 
applications [54,55].

Electrochemical oxidation of methyl orange degrada-
tion reported by Zhang can be possible effectively when 
combined with UV irradiation. Percentage will be 56.3% 
in 90 minutes where an initial dye concentration of 
2 × 10−4 M [11]. TiO2 nanotubes are used in electro- 
catalysis and act by electro-activating materials like 
noble metals (Ag, Au, Pd, Pt, and Ru) or metal oxides. 
TiO2 is also used in electrochemistry because of semi- 
conductive properties, longer stability [56]. Gold, silver, 
palladium, platinum, and Ruthenium nanoparticles 
(3 nm) loaded on TDN layers enhance TiO2 PC proper-
ties [57].

3. Carbon Nanotubes in Electrical/Electronic 
Applications

Carbon nanotubes have the symmetry and unique elec-
tronic structure of graphene; nanotubes have a very high 
current carrying capacity. They are extensively used for 
speculate materials of the new century and are being 
used for a number of applications [58] ranging from 
automobiles to nanometer scale electronics. The electri-
cal properties are useful for saving energy and in turn 
decrease the use of wood cutting and the use of tradi-
tional batteries by providing better electrical materials 
for future generations [59,60]. Carbon nanotubes pro-
vide small size, carbon-based nanoelectronics having 
high flexibility compared to conservative silicon electro-
nics. Carbon nanotubes have unusual properties 
because of the low dimensionality [61]. Carbon nano-
tubes can be used to harness electronics devices, which 
is helpful in power saving, radiation, hardness, and 
reduced heat dissipation. Carbon nanotubes can be 
effectively used to relate the phenomena of photocon-
ductivity, thermoelectricity, and superconductivity [61]. 
The basic conducting features of a graphene tubule are 
also known to be dependent on the type of wrapping 
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(chirality) and the diameter (usually, SWNTs possess 
diameters ranging from 0.4 nm to 2 nm). The CNTs 
replace traditional batteries such as electrochemical 
capacitors or super capacitors, which are not only 
given their miniature size, elevated power density, pro-
longed for a longer period of time, and high energy 
density, which decrease the waste disposal to the 
environment.

3.1. CNTs as Super Capacitors

Super capacitors consist of large surface area activated 
capacitors, which are having molecule-thin layer of 
electrolyte as dielectric [62]. The CNT is also used as 
an electrode material for the capacitor to augment the 
ability of the capacitor to store higher energy density 
because of the large surface area [63]. The CNTs possess 
high surface area, stability, and strong mechanical prop-
erties. The CNTs are not acting stronger candidates with 
low capacitance [64]. Therefore, CNTs, but also used 
actively in good specific capacitance transition metal 
oxides, for example, manganese oxide (MnO2) and 
ruthenium oxide (RuO2) [65,66]. The CNTs provide 
capacitances of approximately 5000 F and energy den-
sities up to 5 Wh/kg, which is higher up to 10-fold 
higher than conventional capacitors, with only 0.5 
Wh/kg [67].

3.2 CNTs material has commenced revolutionary 
developments in the field of energy conversion, sto-
rage, and applications

Humanity is facing many issues out of top problems. 
Energy and environment both are in a prioritized list. 
Renewable sources of energy like oil, gas, and coal are 
fulfilling the need of energy until now, but they are 
depleted and exhausted because of the overuse. 
Pollution produced by these fossil fuels are numerous, 
because they increase greenhouse gases, global warm-
ing, and in turn is a major cause of natural disasters and 
environmental degradation. Industrial revolution, agri-
cultural activities, metallurgical activities, and applica-
tion of pesticides and herbicides require energy for 
sustainability.

Growth in any sector requires energy. Energy gener-
ated by conventional sources leads to pollution. 
Contamination of air, water, and soil leads to the deple-
tion of our environmental quality. Quenching the 
requirement of energy for the protection of the envir-
onment is utmost important. Nanotechnology is now 
addressing the problem of energy by giving substituted 
products which are more efficient and have smaller 
dimensions showing new properties and behavior than 
bulk materials.

The CNTs have very distinctive structural properties 
and show unique electronic, chemical, and mechanical 
properties. The main culprit of global warming effects is 
fossil soil, which has been exploited for years. The CNTs 
based material has commenced ground-breaking devel-
opments in the field of energy conversion, which 
includes the development of solar cells, fuel cells. It 
also brings new developments in the field of energy 
storage such as hydrogen storage, lithium ion batteries, 
and electrochemical super capacitors, the hybrid nano-
composites of CNTs have also developed to save 
energy [58].

4. Carbon Nanotubes as Electrochemical And 
Electronic Biosensors

The carbon nanotubes used in biosensors are extremely 
successful and outstanding due to its exceptional prop-
erties such as fast electron transfer rate [68] and high 
electron transfer helping in good conductivity, better 
aspect ratio, elevated conductivity, good chemical stabi-
lity and better sensitivity [69]. The basic requirement of 
biosensors is the control of biomolecules with its sur-
face, which helps in the detection and signal transduc-
tion process. The CNTs improve electron transfer which 
is very useful in combining electrochemical and electro-
nic biosensors [70,71]. Electrochemical biosensors 
developed on CNTs are used for distinguish nitric 
oxide and sensing epinephrine [72,73]. Several 
Scientists such as Bisker et al. 2016 [74] used the 
CNTs for detecting human blood proteins using 20 
distinct SWCNT corona phases. The MWCNTs based 
device has been developed by Scientists Baldo et al. 2016 
for detecting arginase-1. The SWCNTs are severed as 
operative optical probes in biomedicine due to their 
unique photophysical properties, good fluorescence 
emission in the NIR region, and photo stability [75].

5. Biomedical applications of CNTs in various 
fields

Medical field is mainly governed by good drug admin-
istration. Due to less selectivity and low half-life time, 
the drug cannot fulfill the real purpose of the treatment. 
To address the problem of multiplying the administra-
tion of drugs to fulfill the needs of the body, this leads to 
fatal issues. The CNTs are extensively used as nano 
carriers for drugs, gene delivery and cancer treatment 
and other biomedical applications. CNTs are extensively 
used and exploited in various biomedical applications 
such as biosensing, drug delivery, and cancer therapy. 
Presently, in this review we carefully reiterate the devel-
opment of CNTs for biomedical applications [76].
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CNT is used for targeted therapies such as drugs, 
gene delivery and cancer treatment and other biome-
dical applications. It has been seen that carbon nano-
tubes have numerous applications in various fields 
such as removal of water and air pollution, energy 
storage, semiconductors, food science, etc. However, 
the most important application is biomedical applica-
tions which safe the life of the human. Out of abun-
dant applications such as biosensor, cancer treatment, 
tissue engineering, cellular growth, drug delivery, etc. 
Most significant is cardiovascular disease. India is 
considered as the hub for cardiovascular diseases. In 
2016, the estimated dominance for cardiovascular 
diseases in India was approximate to be 
54.5 million. Every fourth death is caused by heart 
disease, out of which >80% heart disease is due to 
stroke [71].

5.1. Carbon Nanotubes for Drug Delivery and 
Cancer Therapy

CNT has gained attention in recent years because of its 
ability to attach to drug molecules via various types of 
bonding or functionalized CNTs and deliver drugs into 
living cells. Considerable attention was gained by 
CNTs because of noninvasive penetration across bio-
logical membranes [77,78]. CNTs act as a nano carrier 
in the last recent years, which shows exceptional cell 
transfection capabilities. Several researchers such as 
Liu et al. loaded the anticancer drug doxorubicin 
(DOX) with poly (ethylene glycol) (PEG) conjugated 
SWCNT which reaches to timorous tissue [79,80]. 
Some more examples are given which is covalently 
linked to MWCNT anticancer drug, 10- 
hydroxycamptothecin (HCPT) [81]. The CNTs are 
good in intracellular drug delivery and gene and pro-
tein delivery. Xu et al. also wrought magnetically direc-
ted nano carriers consuming a paramagnetic surfactant 
coating [82]. By seeing these examples, it can be con-
cluded that CNTs are effectively used in drug delivery 
systems and act as nano carriers. Versatile properties 
of carbon nanotubes make it suitable for biomedical 
applications. They are used in delivering drugs for 
anticancer drugs, genes, and proteins [76]. SWCNTs 
are a kind of SP2 hybridized carbon that looks a lot like 
fullerenes. The hexagonal composition of the structure 
is similar to that of graphite, forming six-atom carbon 
rings. MCNTs, on the other side, are made up of 
multiple tubes arranged in concentric rings in 
a cylindrical structure.

5.2. Potential Applications of CNTs in Tissue 
Engineering and Cellular Growth

Brain is a part of the body which to be delicately 
handled. Growth of the brain cell cannot be possible 
on any of the media. CNTs have been used as 
a promising material for neural signal transmission 
and it provides a good surface for cellular growth. 

Figure 3. The figure represents the biomedical applications of 
CNTs such as targeted therapy, cellular growth, tissue engineer-
ing, cancer therapy, drug delivery, biosensors, etc.

Figure 4. The figure represents the use of cardiovascular disease.
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Several researches and scientists such as Mazzatenta 
et al. worked and concluded that SWCNTs stimulates 
brain circuit activity when SWCNTs and hippocampal 
cell combines [83]. Neurons would better grow on dou-
ble walled carbon nanotubes (DWCNTs) because of the 
surface texture and good adsorption of culture medium 
than on SiO2 surface, which helps in protein tolerating 
the growth of neuron networks [84]. Figure 3 represents 
the biomedical applications of CNTs.

5.3. Biomedical Importance of CNTs in 
Cardiovascular Diseases

Carbon nanotubes (CNTs) are novel materials which 
could save the world from cardiovascular diseases. It is 
widely used in various cardiovascular diseases. The 
nano-compatibility of the carbon nanotube proofs it as 
a novel candidate for future advance research in the field 
of medicine and biology.

Indeed, it is a fact that carbon nanotubes (CNTs) 
have a brilliant prospect in the field of revolutionary 
product research [85]. There are certain ways in which 
carbon nanotubes are used as they are represented sche-
matically in Figure 4.

5.4. Cardiac Effects of MWCNTs by Direct Injection 
in the Rat’s Body

The investigation of the cardiac effect of MWCNTs by 
direct injection has been seen in rats. When the CNTs 
are directly injected in rats, it was found through elec-
trocardiogram (ECG) signals that the heart rate 
increases significantly. The CNTs do not cause any 
inconvenience to the autonomic nervous system 
(ANS), However scientists have to work with biocom-
patible nanotubes in the heart [85–89]. The CNTs have 
established that they have a strong ability to act as 
scaffolds to endorse cardiomyocyte propagation, 
maturation, and survival [41].

The CNTs fibers have the ability to transfer electrical 
signals to the myocardium. The CNTs provide electrical 
conductivity, strength, and flexibility to facilitate signals 
from blood vessels. They improve the conduction of 
ventricular and atrioventricular blood vessels. They pro-
vide uplifting solution to avoid ventricular tachycardia 
[42,43,90,91].

Furthermore, there is a constant need to check the 
biocompatibility of the CNTs inside the body. Many 
researchers are working hard in the field of materials- 
based improvements. They are facing many challenges 
to improve atrioventricular conduction (a pacemaker 
suffices), which is the main reason for the intramyocar-
dial delay. Integration of the neuroscience surface 

modification is the need of the hour. In vivo reconstitu-
tion should be studied further for the biocompatibility 
of CNTs. However, the positive results of the CNTs 
based materials send new ray of light which is helpful 
in avoiding sudden death. After the survey of the litera-
ture, it is impossible to overlook CNTs based materials 
are having vivid applications in the biomedical field. 
CNTs can be used for practical applications on sensitive 
parts of the body [91]. Since, the development of bio-
compatibility of CNTs and surface improvement are 
required. Therefore, to preserve the balance in the struc-
ture of CNTs and modifying the CNTs to contemporary 
needs is still a challenging task. Moreover, it is likewise 
essential to improve the biocompatibility of CNTs while 
retaining natural properties. The review can also moti-
vate researchers to explore improvements in various 
arenas of biomedical, environment, energy storage, 
semiconductors, food science, etc.

6. Air Pollutants Removal by Using Carbon 
Nanotube Filters

The impact of air pollution on human and other ani-
mals, plants living on earth is large. Greenhouse gases 
present in the environment make the mother earth hot. 
Greenhouse gases are the major reason for global warm-
ing. Greenhouse gases such as water vapor, carbon 
dioxide, methane, ozone, nitrous oxide, chlorofluoro-
carbons, etc. are the major contributors. In urban areas, 
diesel and gasoline fuels are mostly used as 
a nonrenewable source of energy, which is the major 
contributor of air pollution. Incomplete combustion of 
fuel emitted from automobiles and vehicles are the 
major contributor. Nitrogen oxides as NO combine 
with the ozone layer and deplete the ozone layer.

A volatile organic compound (VOCs) contains the 
organic compound benzene, which is very toxic for 
living organisms. Volatile organic compounds (VOCs) 
are generated by fuel combustion and incomplete com-
bustion. Epidemiologic studies have reported that car-
diopulmonary diseases and lung cancer are caused by 
air pollution. Daily increases in air pollution in cities, 
which are the major contributor of deaths [92]. Air 
purification is a subject of interest for environmental-
ists. They are looking for substitute technologies to 
overcome the conditions that happen seriously in 
human life and for the entire biosphere. Sorption pro-
cess for storage and purification are used for decades. 
Carbon nanotubes (CNTs) are novel materials used for 
controlling pollutant emissions because of the unique 
chemical and physical properties. Carbon nanotubes 
(CNTs) are used as sorbents for controlling environ-
ment pollutions [93]. Carbon nanotubes (CNTs) are 
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developed on membrane support of diverse materials 
with pore sizes of around 10.5 mm. CNTs are used to 
remove gases harmful and competence depends on 
diverse variants. Varied range of new filters has been 
developed using different materials such as metal or 
ceramic trusses. The CNTs based filters developed on 
Si/SiO2 stainless steel or glass fiber show good filter 
efficiency for various particle sizes [94–96].

Various materials originated from carbon, for exam-
ple, active carbon and carbon fiber, have extensively 
used in the gas sorption processes. In the current 
years, CNTs are extensively used for controlling pollu-
tant emissions and they are acting as very good sorbent 
for environmental applications. Nanotube filter was 
efficaciously produced and exploited to remove bio- 
aerosols and acted well with biological agents from the 
water for filtration [93,97–106].

7. Cases and Studies on the Toxicity Through 
CNT

Nano sized particles as being naturally present in the 
environment for millennia in the form of viruses, vol-
canic ash, and forest fire ash, etc. Human exposure to 
nano-sized particles leads to health-related problem. 
Industrial Revolution has increased the count of nano- 
sized particles noticeably. Polymer fumes, fumes pro-
duced by burning of metals, incinerators, or combustion 
engines. Nanoparticles are produced naturally as bypro-
ducts from these reactions. Growth of nanotechnology 
applications in various fields and exposure of nanopar-
ticles to human and living beings is enviable. These 
exposures create several health-related issues in the liv-
ing being. Health related should be taken care when 
there is use of nanomaterials such as CNTs.

7.1. Water soluble Carbon Nanotubes Increase 
Agricultural Yields

Agriculture sector is facing difficulties because of the 
lack of advanced technologies. Boost in agricultural 
production could be possible using nanotechnology- 
based applications. Nanotechnology is useful in control-
ling the delivery of nutrients which in turn increases the 
crop production. High-tech farming is supported by 
their direct and indirect applications of nanomaterials. 
When the plants are able to absorb a good amount of 
nutrients from the soil, the agricultural production is 
increased [107,108]. Studies had proved that CNTs play 
a supporting role in both in vitro and in vivo. Both types 
of CNTs such as MWCNTs and SWCNTs are useful in 
delivering nutrients to plants as they are able to cross the 
plant cell walls and reach cellular organelles. MWCNTs 

are shown to be much stronger than SWCNTs in experi-
ments, Water solubility of CNTs is increased by chemi-
cal modification [109]. Chemical modification can be 
possible by introducing a variety of functional groups 
(covalently and non-covalently) on their outer surfaces. 
Some of the methods for the modifications in the gas 
phase are ozone-induced oxidation of CNTs; the second 
known methods are UV-ozone oxidative dielectric bar-
rier discharge.

Internal translocation means a chromosome is trans-
ferred to another chromosome using CNTs. CNTs are 
used for delivering biofertilizer. When biofertilizer is 
delivered through CNTs, the unique properties of 
CNTs will provide large surface area, superior reactivity, 
and smaller particle size, which support the profound 
delivery of biofertilizer inside the plant [110]. The CNTs 
facilitate nutrients delivery, which is helpful in huma-
nizing their growth and yields. When CNTs are admi-
nistered at low concentrations, the positive response is 
shown by the plants. However, if the concentration of 
CNTs is more, then sometimes it causes damaging 
effects on plant growth. The CNTs effects on the sur-
roundings should be investigated before extensive use in 
agriculture. Protection of plants should be on a priority 
base before large-scale use of CNTs is there [111].

7.2. Role of Carbon Nanotubes in Reducing 
Environmental Pollution

Carbon nanotubes (CNTs) play an imperative role in 
the removal of environmental pollutants. Protection of 
the environment and health is the major concern for 
scientists and environmentalists in the route of protect-
ing the environment [1]. Nanotechnology has a broader 
perspective for protecting environmental health and 
sustainable development. The scientific data has been 
collected from various sources such as Google Scholar, 
Scopus, Elsevier, and PubMed and analyzed to evaluate 
the results. Out of the reviewed data, it was concluded 
that general methods of sewage treatment are not ade-
quate to remove the environmental pollutants totally. 
The CNTs used adsorption methods are simple and 
require less energy consumption in comparison with 
conventional methods. It is extensively used in various 
applications such as drinking and sewage water treat-
ment, and in removing pharmaceutical pollutants, in 
the treatment of leachate, in the removal of petroleum 
compounds, heavy metals, in dye removal, and in 
removing leachate contaminants [2,3].

With the increase in urbanization and population 
exploitation, there is a constant need for the protection 
of the environment for long-term survival of human 
beings. Controlling pollution generated by human 
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intervention is needed on the priority base. Easy, fast, 
high problem solving, cheap technologies are in 
demand. The research can be concluded as effective in 
establishing an impression that CNTs as effective adsor-
bents, have high prospective in removing pollutants 
which helps in sustainable development. It can be 
reused, recycled, and reduced consumption of fossil 
fuel. CNTs are painstaking eco-friendly materials 
which reduce carbon footprint in the environment [4,5].

7.3. The Toxic Effects of Carbon Nanotubes in 
Water Purification

The elongated-term use of carbon nanotubes (CNTs) 
for water purification requires nanosafety guidelines. 
Risk measurements decrease the toxic effects of CNTs. 
Different purification methods of waste water treatment 
by CNTs involve certain types of risk, which need to be 
studied through risk assessment of CNTs [11]. Scarcity 
of knowledge in terms of health risks associated with 
CNTs made scientists to design risk estimates. There 
should be universal CNT safety guidelines for analyzing 
the CNTs risk [12]. To narrow down the gaps, various 
new risk analysis routes and CNT-based water purifica-
tion technologies have been developed to optimize the 
results. The CNTs safety clock has been designed to 
assess risk evaluation and organization. The CNTs 
safety guidelines have been designed by taking concerns 
about the diameter of CNTs, its length, aspect ratio, 
charge, hydrophobicity, functionality, etc. It helps in 

establishing CNTs actions in waste water treatment 
plants and consequent discharge into the environ-
ment [13].

In Figure 5, the life cycles of the CNTs, in brief has 
been discussed in six stages. The first, second, third, and 
sixth are the stages of occupational exposure. The fourth 
and fifth stages come under consumer exposure. The 
first stage in which the CNTs are manufactured occurs 
in a closed furnace without oxygen intrusion to avoid 
exposure to CNTs. The master batches and CNT- 
dispersed solutions are the intervening products that 
have been synthesized in the second stage. In the third 
is the product formation stage in which the handling of 
the CNTs will reduce. The fourth and fifth stage is the 
processing of products and final use of the product. And 
the last stage is disposal or recycling [14].

Many safety issues, risk assessment, and control mea-
surements for E-CNT (Environmental CNTs) have been 
discussed in the research paper. With diverse applica-
tions, different types of risk are also a concern for the 
scientist. Application-specific risk assessment is utmost 
important in the case of nanomaterials such as CNTs. 
Risk associated with the use of nanomaterials creates 
a type of nano phobia among people. Scientists and 
researchers are working hard to remove such types of 
nano phobia by providing safe water facilities, conser-
ving our environment.

The CNTs in water purification require proper hand-
ling, utilization, and discarding of nanomaterials in 
a more precise way. To address the safety challenges 

Figure 5. The life cycle of CNTs is related to risk assessment studies in which the first, second, third, and sixth are the stages 
of occupational exposure. The fourth and fifth stages come under consumer exposure (Reprinted with permission from Ref 
[11]. Copyright 2018 Springer Nature).
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associated with nanomaterials, there is a constant need 
of safety guidelines and regulatory frameworks. These 
safety guidelines and regulatory frameworks not only 
categorize and differentiate nanomaterials but also 
assess the impact on human health and the environ-
ment. Case-to-case study measures the profound risk 
assessment of nanomaterials’ structure–property rela-
tionships. The assessment helps in fixing the universal 
safety guideline which accurately keeps an eye on the 
prospects of the CNTs [112].

7.4. An Insight into Sustainable Applications of 
Carbon Nanotubes in Protecting the Environment

In line with the sustainable environment and green 
technology perspectives, carbon nanotubes (CNTs) act 
as a promising material for recent developments. The 
CNTs, due to its distinctive properties, are set to be 
a benchmark in the field of pollution control and mon-
itoring, waste management, composites, water treat-
ment, biotechnology, super capacitors, renewable 
energy etc. and act as popularly known materials for 
decades. The CNTs have astonishing physical, chemical, 
and electronic properties which act as cost-effective in 
various applications. The potential hazards of these 
nano materials have been discussed in the review. 
CNTs are wonderful materials used in various environ-
mental fields which come to know from the literature 
[113,114].

Reduction of waste disposal in the environment can 
be achieved by using the CNTs as super capacitors 
which provide small size, high portability, utmost 

power density, extended suitability, and elevated 
energy. Figure 6 shown here is composed of maximum 
surface area activated capacitors with a very emaciated 
layer of electrolyte as dielectric. The CNTs act as 
superior electrode materials for capacitors. Generally, 
the CNTs are coupled to a thinner layer of the elec-
trode, increasing the capacity of the capacitor to accu-
mulate higher energy density. The CNTs are placed in 
between the electrode and electrolyte. Vertical align-
ment of the CNTs increases the capacity of the super 
capacitor by increasing the surface area of the elec-
trode. The CNTs alone are not suitable to use the 
electrode due to their little capacitance. However, 
CNTs combines with transition metal oxides to pro-
duce sustainable energy. The metal oxides are such as 
manganese oxide (MnO2) and ruthenium oxide 
(RuO2), etc. The energy density (5 Wh/kg) up to 10 
folds increased using capacitors, with only around 1.0 
Wh/kg [115].

The green energy produced by clean combustion is 
the need of the hour. Biofuel cells created by biomass 
catalytic activity, photovoltaic devices formed from 
renewable sources such as solar, hydrogen fuel cells 
using hydrogen as feed produces energy without produ-
cing toxic gases to the atmosphere. These alternative 
energy producing devices prohibit the elevated demand 
for fossil fuel. On the other hand, these technologies are 
still required to cross many roads to fulfill growing 
energy demands. These technologies are on the emer-
ging stage of development, practically needing more 
commercialization. The CNTs-based super capacitors 
produced superior power density bestowed as an 

Figure 6. Schematic diagram of a super capacitor cell shown here is composed of high surface area activated capacitors with 
a very emaciated layer of electrolyte as dielectric. The CNTs act as superior electrode materials for capacitors (Reprinted 
with permission from Ref [115]. Copyright 2013 Elsevier).
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alternative fueling replacing traditional batteries. Super 
capacitors have high capacity and extended usage time 
that reduces the generation of waste in the environment. 
The involvement of CNTs as a nanocomposite design 
which is green in nature can fulfill the 3 R (reduction, 
reuse, and recycle) capability of raw materials. Low cost 
of CNTs also favors the usage of CNTs in various fields. 
Source reduction of CNTs should be avoided for safe 
human health hazards of CNTs [116,117]. It also 
demonstrates that MWCNTs perform even easier in 
corrosive environments. When used as a catalyst for 
fuel cells, MWCNTs exhibit lower loss or oxygen deple-
tion than SWCNTs.

7.5. Environmental Applications of Carbon 
Nanotubes

Carbon nanotubes are the most studied materials in 
modern times. The CNTs have astonishing physical, 
electronic, and chemical properties, which creates an 
extensive diversity of applications. Here, the contribu-
tion of CNTs in various fields has been discussed, such 
as air pollution, water pollution, and safe renewable 
energy, developed energy, super capacitors, and green 
nanocomposites, etc [118]. It also works extensively in 
the field of biotechnology, providing sustainable envir-
onment and green technologies [119]. For deliberation 
of CNTs at a large scale, we need to discuss various 
aspects of charge and impending hazards. Based on 
the studies, it could be easily given the impression that 
CNTs have immense potential and are capable materials 
for large-scale application in various environmental 
fields [120].

Figure 7 shows a monolithic CNT sponge prepared by 
chemical vapor deposition via ferrocene as precursor. The 
CNTs sponges have elevated porosity and very little den-
sity and have haphazardly entangled three-dimensionally. 

The CNTs sponge is useful in removing oil in large quan-
tities, i.e., 80 to 180 times their own weight, and can 
effectively be used in an extensive range of solvents and 
oils. The CNTs sponges have high floating-and-cleaning 
capability because of high hydrophobicity. Regeneration 
of CNTs sponge is easily possible by mechanical compres-
sion. Waste products could be easily burned in air without 
destroying the sponge structure [121].

The CNTs have been established as a large amount of 
practical and effectual material in diverse applications. It 
helps to create a simple process out of the complicated 
one which reduces the usage of material and resources 
which in turn decrease the exploitation of resources. 
Apart from this, the potential application of materials, 
health hazards, and production is also an area of con-
cern. It covers all areas right from pollution control, 
environmental engineering, and biotechnology. It is 
very well said that nonmaterial would rule the world 
in technological development [122].

7.6. Future Applications of Carbon-Based 
Nanomaterials in Protecting the Natural 
Environment

Environmental challenges make human beings in search 
of new materials to solve their problems. Carbon-based 
nanomaterials are promising materials that address all 
challenges related to the environment [123]. The review 
touched out the arenas of environmental applications, 
such as water purification, membrane sorbents, envir-
onment sensors, and different modified filters for water 
and air purification, electronic materials which in turn 
helpful to save the renewable energy and prevent pollu-
tion [15]. In view of the unique physical, chemical, and 

Figure 8. Hybrid filter for effective water purification in 
which a porous ceramic supports will provide the CNTs 
cross-linked filtration layer (Reprinted with permission 
from Ref [123]. Copyright 2008 American Chemical Society).

Figure 7. Application of CNT sponge in the cleanup of oil 
from water which shows a monolithic CNT sponge prepared 
by chemical vapor deposition via ferrocene as a precursor 
(Reprinted with permission from Ref [118]. Copyright 2015 
Premier Publisher).

SMART SCIENCE 11



electronic properties of the CNTs, the present article 
fully explains the jest of future opportunities of nano-
materials’ in protecting the environment.

Hybrid SWNTs ceramic filters have been developed 
and open new avenues in this field. They are having 
tapered diameter, large surface area, and good thermal 
resistance which combines the porous aggregate struc-
ture of SWNTs. In Figure 8, a porous ceramic support 
can provide the CNTs cross-linked filtration layer. 
These layers are highly permeable SWNTs filters 
demonstrated good efficiency in removing biological 
disease causing organisms from water. They are demon-
strated elevated resistant to high temperatures and ade-
quately durable for repeated reuse in water treatment 
applications [16].

Incorporation of green technology in product design 
and manufacturing is utmost important for saving our 
environment. Various opportunities for product design; 
regeneration for secondary applications has been 
explored. Nanomaterials which are used once could 
find it potential application in the form of ‘Best out of 
waste’ in various other fields like structural reinforce-
ment or road construction. To minimize the disposal of 
nanomaterial’s in the environment, certain types of 
strategies should be fixed. The multidisciplinary colla-
boration may act as a gift for future generations, which 
is possible by the joint effort of the product development 
engineer, environmental scientists, and toxicologists 
[17]. Several challenges act as barriers in this road for 

scaling up the technology from lab to industry. High 
price availability of nanomaterials is always a challenge 
in coming times. Waste management in the existing 
infrastructure system according to the present need is 
not sufficient to provide lodging for new nanomaterial’s 
products. The risk of these new technologies is always 
a matter of concern for the scientist. Public awareness 
and concern about the risk of nanomaterials is also 
screwing up the minds of stake holders. Efforts are 
made to earn people approval and enhance the arena 
for nanomaterials, which is helpful in creating 
a conducive environment [18].

7.7. Life Cycle Assessment of Semiconductor 
Devices with Carbon Nanotubes

The use of carbon nanotubes (CNTs) in electronic 
applications is very much rampant due to its inimitable 
mechanical, thermal, and electrical properties. The 
environmental impact and health hazards of carbon 
nanotubes (CNTs) have been a concern with the 
increase in the commercialization of nanomaterials. 
There is should be short of the rate of information 
concerning the potential health hazards and environ-
mental impact caused by the CNTs. The study of life 
sequence environmental impacts of CNT helps to eval-
uate the possible adverse effects caused by CNTs [19]. It 
enhances and motivates scientist researchers to develop 

Figure 9. The figure shows life cycle assessment of semiconductor devices with carbon nanotubes. The present figure 
estimates the impending application of CNT switches to contemporary cellular phone flash memory (Reprinted with 
permission from Ref [10]. Copyright 2013 American Chemical Society).
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new products which minimize the adverse effects of 
CNTs.

The present Figure 9 estimates the impending pur-
pose of CNT switches on contemporary cellular phone 
flash memory. Life cycle assessment (LCA) is an impor-
tant tool to assess the environmental flow of nonvolatile 
bistable electromechanical CNT switches by studying 
the stages right from the beginning of fabrication appli-
cation and end-of-life [20]. The study of the life cycle 
from first-order anticipated use of the CNTs product 
and end-of-life (EOL) stages indicates that there is 
a constant need of reducing the environmental burden 
at every stage.

The CNTs switch technology could be replaced by 
using NAND flash FGMOSFETs, which provides better 

improved results and in turn decreases the environment 
landfill and circumvents the release of CNTs. EOL (end- 
of-life) management of the CNTs switch designated in 
the separation and metallurgical processes used in the 
present day needs to be modified for proper release of 
the CNTs in the environment [21]. Lots of efforts need 
to be done at the modeling level to measure, control, 
and optimize the release of emissions from nanomater-
ials starting from the fabrication to the end of life level. 
There is always a need of qualifying each stage of the life 
cycle for better environment sustainability [22]. The fact 
is that CNTs technology is useful in reducing the energy 
expenditure and increasing usage in lots of applications. 
Knowledge of the life cycle will help scientists to start 
from the fabrication level through the development 

Figure 10. Step wise process for the manufacturing of MWCNTs from camphor in a small CVD reactor.

Figure 11. 
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stage until the final stage. The negative environmental 
impact is reduced by EOL management and brightens 
the future of CNTs-enabled technologies [23,24].

7.8. Potential Applications of Promising Carbon 
Nanotubes Prepared Using Organic Camphor

Environment friendly process is the need of the hour. 
Saving the environment is the paramount task for the 
human race. The synthesis technique depicted here fully 
addresses the ‘12-principle’ practices of green chemistry. 
Camphor is known as an environment-friendly hydro-
carbon. Elevated-purity carbon nanotubes (CNTs) can 
be produced from camphor hydrocarbons using 
a chemical vapor deposition method. The process can 
be accomplished in a small chemical vapor deposition 
(CVD) reactor (around 1.5 m long and around 25.5 mm 
wide). Approximately yield of 1.62 g multiwalled carbon 
nanotubes (MWCNTs) of diameter ~10 nm can be 
obtained by 3 g camphor by optimizing the temperature 
of 650°C at 1 h. Generally, the camphor-to-CNTs man-
ufacture efficiency is 50%. However, optimizing the 
process efficiency would be increased up to 88% [124].

Figure 10 clearly depicts the manufacturing of cam-
phor in a small CVD reactor (around1.5 m long and 
25.5 mm wide). The process requires around 3.5 g cam-
phor which is vaporized at around 201°C under 
a tolerant argon flow of around 51 cm. It is further 
pyrolyzed at around 0.35 g Iron cobalt saturated zeolite 
support at around 655°C. The process can blow up the 
zeolite bed more than fifty times by volume, this leads to 
help in obtaining the yields of around 1.63 g MWCNTs 
of diameter ~10 nm. The purity is further increased by 

88%, which is clearly demonstrated in the characteriza-
tion process shown by transmission electron micro-
scopy (TEM) images, and thermogravimetric 
analysis (TGA).

Figure 11 clearly demonstrates the characterization 
process with TEM (transmission electron micro-
scopy) image and TGA (thermogravimetric analysis) 
curves of camphor and zeolite beads (Reprinted with 
permission from Ref [124]. Copyright 2007 IOP 
Publishing)

Nanotechnology opens all avenues and is widely used 
in all applications. As we all know that the carbon 
nanotubes (CNTs) are single-layer carbon atoms (gra-
phene) and are rolled-up sheets in a cylindrical manner. 
Carbon nanotubes (CNTs) have incredible potential in 
nanotechnology and a gigantic amount of effort has 
been invested in producing CNTs worldwide [125– 
127]. The above technique fully is in line with the 12- 
principles of green chemistry. The described process is 
achieved and highly handled for all parameters of fab-
rication such as maximum yield and elevated purity 
growth control. It is the easiest process ever known 
which claims to produce high-quality CNTs by saving 
time, money, energy, and the environment [128].

7.9. Applications of Smart Materials Based on 
Carbon Nanotubes and Nanofibers

Industrial development requires a constant need for 
advanced materials for the advancement of science and 
technology. For fully filing with the ever-changing and 
increasing demand of better and advanced materials, the 
production of hybrid materials is a superior option. 

Figure 12. The figure depicts the application of hybrid materials in water purification. Hybrid materials are the synergy of 
two or more individual materials for the production of advanced materials (Reprinted with permission from Ref [129]. 
Copyright 2020 Frontiers in Chemistry).
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Hybrid materials (HMs) are formed by combinations of 
different structural components which inherit some of 
their properties and functions [129]. After 
a combination of two or more different materials, the 
new material is structurally different from that of their 
constituent materials. Among many hybrid materials in 
the category of filamentous forms, hydride materials 
formed with carbon nanotubes and carbon nanofibers 
and some inorganic nanoparticles create a center of 
attention. Its structure and morphology, unique charge 
and energy transfer processes lead to synergistic effects. 
The review of these types of materials is useful in various 
ecological applications [130].

Figure 12 depicts the picture of the hybrid materials 
fabricated and utilized for environmental applications. 
The carbon nanofibers (CNFs), and carbon nanotubes 
(CNTs) and inorganic nanoparticles form a filamentous 
structure which render to a high specific surface area, 
unique properties better than the conventional 
nanomaterials.

Hybrid materials are the synergy of two or more 
individual materials for the production of advanced 
materials. It provides an additional degree of freedom 
which opens new avenues for the development of new 
materials. Hybrid materials have enhanced properties 

such as good conductivity, high sorption, better cataly-
tic, mechanical, optical, and magnetic properties [131]. 
The hybrid materials manufactured by carbon nano-
tubes and carbon nanofibers in blend with inorganic 
(metal oxide) nanoparticles can be able to solve the 
maximum number of water treatment problems, helpful 
in preventing air pollution, and recycling of waste. 
These hydride materials act as proficient sorbents and 
help in photo catalysis which reduces the usage of 
materials. Environment electronic magnetic applica-
tions of hybrid materials could only be possible by 
developing enhanced compatibility among the materials 
used in making hybrids [132]. There is a need of devel-
opment of novel protocols which proliferate new ideas 
for an inexpensive and trustworthy approach to the 
fabrication of advanced hybrid materials [133].

7.10. Diverse Applications, Present Trends, and 
Future Viewpoints of Nanotechnology in Food 
Science

Nanotechnology is a face-changing technology in 
various applications of food, medicine, and agricul-
ture sectors [134]. Qualitative and quantitative pro-
duction of healthier, safer food can be easily 

Figure 13. Nanotechnology-based solutions for the detection and prevention of microbial infections. In the figure, preven-
tion of bacteria spread, ultrasensitiveanalyte advanced drug delivery, and pathogen removal from blood has been depicted 
(Reprinted with permission from Ref [134]. Copyright 2020 Springer Nature).
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produced with the help of nanotechnology. 
Nanotechnology is helpful in food technology in 
various ways such as it increases the shelf life of 
food, checks, contamination, and produce of super-
ior food quality. Better-quality food can be pro-
duced by nanotechnologies that are unpreserved or 
semipreserved in nature [135]. Conventional food 
technologies have certain voids which are easily 
filled by these nanotechnologies. Nanotechnologies 
are helpful in food technology in various arenas 
such as processing, packaging, security, and storage. 
It also helps in enhancing the esthetic look of the 
food. It increases the taste and consistency of food 
through inner modifications of particle size, surface 
charge, etc. Nanotechnology is also useful in food 
protection and conservation through advanced 
methods of food packaging, etc [136].

Nanotechnology is helpful in preventing, detect-
ing, and treating bacterial infections. Various metal-
lic nanoparticles are silver, gold are helpful in 
prevention, ultrasensitive detection, drug delivery, 
and pathogen removal from blood. Figure 13 clearly 
depicts the nanotechnology solutions usage at every 
stage in preventing disease drug delivery and 
detection.

Right from the food production, processing, sto-
rage, conversation, and packaging of food, nano-
technology plays a pivotal role [137]. Nanosensors 
help in detecting the stability of food, nutritional 
status, etc. Generally, food is biodegradable in nat-
ure, nanotechnologies raises the shelf life of food. 
Targeted deliverance of food bioactive compounds 
can be easily achieved by nanotechnology. 
Nanotechnology provides nano foods which are 
widely accepted by consumers. Uses of nano- 
colloidal particles in diverse branches of the food 
industry are prevalent. Sustainability and enhanced 
quality of foods can be achieved by colloidal parti-
cles in nanotechnology [138]. In a few countries, 
standard regulatory rules are implemented for the 
maximum use of nanotechnology in food products. 
Insufficient scientific investigations generate ambi-
guity among the producers as well as consumers 
and about the efficacy of nanosystems. 
Advancement of technologies like nanotechnology 
also creates a danger that it may come into the 
food chain through various sources of air, water, 
and earth. It can also damage DNA as well as cell 
death, etc. In vivo studies of nano foods in humans 
and animals may help in leading to certain conclu-
sion. Scientists suggested that if nanotechnology is 
used in a regulated manner, it has been supporting 

and enhancing the quality of food which will benefit 
human health in the long run.

7.11. Conversation of Low Value Biomass with High 
Activated Carbon and Carbon Nanotubes

In the case study, carbon nanotubes were synthesized 
from low-value Miscanthus giganteus lignocellulosic 
biomass. The CNTs are synthesized from high-value 
materials out of low-value products. The characteriza-
tion techniques such as XRD, SEM, FTIR, thermal ana-
lysis, TGA/DSC, and FTIR techniques were given here 
fully explained and provide testimony of the conversion 
of Miscanthus×giganteus lignocellulosic biomass into 
CNTs.

Universal energy requirement is accomplished by the 
constant use of fossil fuels. However, the use of fossil 
fuels replenishes our renewable resources at a very high 
speed. Certainly, there is a need for alternative fuels with 
low CO2 and particulates to save our renewable 
resources and environment. The low biomass 
Miscanthus giganteus lignocellulosic has been con-
verted into high-value materials such as activated car-
bon and carbon nanotubes. The

Miscanthus contains high alkali silicate content 
which generates a high amount of silica ash, emits 
NOx, SOx, and particulates [139]. The emissions related 
are spoiling our health, energy resources, and environ-
ment. An alternative approach has been tried here in 
which activated carbon has been synthesized by low 
biomass (Miscanthus giganteus). The formed activated 
carbon enhanced physical and chemical properties such 
as high surface area and pore volume of around 
0.93 cm3g−1.

Utilization of waste biomass into useful products is 
an illustration of a circular economy. Circular economy 
means using waste product in generating useful pro-
ducts which in turn reduces pressure on the environ-
ment, safe renewable energy, utilization of waste, hence 
constant supply of raw materials, motivating innova-
tion, making better economic growth. Waste lignocellu-
losic biomass has been converted into high surface area 
activated carbon multiwalled carbon nanotubes. To get 
the desired result, activated carbon with a contact angle 
of around θ = 9.89° was mixed with nitrogen-based 
material and iron precursor. The synthesized materials 
were tested for heavy metal removal tests using a lead 
solution, 90% removal capacity has been seen after the 
first hour of testing. The material form may have a wide 
range of applications in the arena of wastewater treat-
ment and other uses where activated carbon/carbon 
nanotubes are frequently used [140].
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Table 1. Potential applications of CNTs in various fields.
Sr. No Name of Material Application in specific field Roles Reference

1 Carbon nanotubes for water 
purification

Water purification Carbon nanotubes are able to remove all types 
of pollutants in organic, inorganic, or 
biological materials

[45]

2 Carbon nanotubes in electrical/ 
electronic applications

Electrical/electronic applications Carbon nanotubes provide small size, carbon 
based nano-electronics having high 
flexibility compared to conservative silicon 
electronics. Carbon nanotubes have unusual 
properties because of the low 
dimensionality

[61]

3 Carbon nanotubes in electrode 
materials

Electrode materials The CNT is also used as an electrode material 
for the capacitor to augment the ability of 
the capacitor to store higher energy density 
because of the large surface area

[63]

4 Carbon nanotubes in energy 
conversion storage applications

Energy conversion storage applications The CNTs material has commenced ground- 
breaking developments in the field of 
energy conversion, which includes the 
development of solar cells, fuel cells, 
hydrogen storage, lithium ion batteries, and 
electrochemical super the capacitors.

[67]

5 Carbon nanotubes as 
electrochemical and electronic 
biosensors

Electrochemical and electronic biosensors The CNTs improve electron transfer which is 
very useful in combining electrochemical 
and electronic biosensors

[70,71]

6 CNT is used for targeted therapies 
such as drugs, gene delivery, and 
cancer treatment, other 
biomedical applications

Drugs, gene delivery and cancer 
treatment, other biomedical 
applications

CNTs are effectively used in drug delivery 
systems and act as nano carriers. Versatile 
properties of carbon nanotubes make it 
suitable for biomedical applications. They 
are used in delivering drugs for anticancer 
drugs, genes, and proteins

[76]

7 Carbon nanotube filters used in 
controlling air pollutants

Air pollutants Carbon nanotubes (CNTs) are novel materials 
used for controlling pollutant emissions 
because of the unique chemical and physical 
properties. Carbon nanotubes (CNTs) are 
used as sorbents for controlling 
environment pollutions

[93–96]

8 Carbon nanotubes increase 
agricultural yields

Agricultural sector CNTs play a supporting role in both in vitro and 
in vivo. Both types of CNTs such as MWCNTs 
and SWCNTs are useful in delivering 
nutrients to plants as they are able to cross 
the plant cell walls and reach cellular 
organelles.

[97–99]

9 Carbon nanotubes in reducing 
environmental pollution

Reducing environmental pollution CNTs are painstaking eco-friendly materials 
which reduce carbon footprint in the 
environment

[4,5]

10 Environmental applications of 
carbon nanotubes sponge

CNTs sponge in the cleanup of oil from 
water

The CNTs sponge is useful in removing oil in 
large quantities, i.e., 80 to 180 times their 
own weight, and can effectively be used in 
an extensive range of solvents and oils.

[110]

11 Hybrid SWNTs ceramic filters has 
been developed and open new 
avenues in this field.

They are having tapered diameter, large 
surface area, and good thermal 
resistance which combines the porous 
aggregate structure of SWNTs.

Efforts are made to earn people approval and 
enhance the arena nanomaterials, which is 
helpful in creating conducive environment

[112– 
184]

12 Green carbon nanotubes Carbon nanotubes prepared using organic 
camphor

Elevated-purity carbon nanotubes (CNTs) can 
be produced from camphor hydrocarbons 
using chemical vapor deposition method

[113– 
115]

13 Smart materials based on carbon 
nanotubes and nanofibers

Hybrid materials Hybrid materials (HMs) are formed by 
combinations of different structural 
components which inherit some of their 
properties and functions

[118]

14 Nanotechnology in food science Food Science Nanotechnology is also useful in food 
protection and conservation through 
advanced methods of food packaging, etc.

[125]

15 Waste biomass into useful products 
with high activated carbon and 
carbon nanotubes

waste biomass into useful products with 
high activated carbon and carbon 
nanotubes

Such CNTs have wide applications in the field 
of water adsorption applications, 
wastewater remediation, numerous 
industrial applications, for example, 
microelectronics, tissue engineering, 
composites, etc.

[128– 
132]
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Figure 14. (a). The XRD diffractogram patterns of carbon nanotubes. (b). The SEM images of carbon nanotubes. (c) shows the FT-IR of 
the CNTs in the range of wave numbers of 400–4000 cm-1. (d) shows the thermal analysis under the N2 atmosphere (e). The 
differential scanning calorimetry (DSC) curves with different heating rates under the N2 atmosphere. (f) DSC curves with different 
heating rates under air atmosphere along with (g) the calculated ignition, burnout temperatures and heat liberated during the 
combustion (Reprinted with permission from Ref [139]. Copyright 2020 Springer Nature).
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7. Future Applications of CNTs

In this review article, the recent applications of CNTs in 
various fields, such as in water purification, water dis-
infection, electrical and electronic applications, biome-
dical energy, air purification, etc. have been discussed. 
They have given the 3 R (reduce, reuse, and recycle) 
concept. At the end, it is considered that the CNTs have 
been in use for decades for various applications. 
Nanomaterials, especially CNTs, act as an alternative 
material for future sustainable energy sources. The 
CNTs used in various applications serve as an excellent 
adsorbent, energy storage material, and energy transfer 
material. It can also be exploited in various applications 
of biomedical fields, such as biosensor, drug delivery, 
cancer treatment, etc. The CNTs are already commer-
cially available and it is inevitable to escape from the 
application of CNTs. These technologies such as CNTs 
will hopefully open the gate to more successful and less 
costly toxicant technologies. As it can be seen, although, 
the success of these CNTs is reliant on a better under-
standing of their potential health impacts. The future 
application of CNTs have been discussed in Figure 15, 
which briefly portraits the trend of patents filed from 
2001 to 2020. Summary of potential applications of 
CNTs in various fields are illustrated in Table 1 given 
below.

8. Conclusions

The material used in the future requires an extraordin-
ary quality such as extraordinary mechanical, thermal, 
and chemical properties which can resist the adverse 
conditions of the environment as well as economical 
in use. The carbon nanotubes (CNTs) reinforced 

functionally graded composite material (FGCM) is 
a new generation material with uncharted potential 
and can be effectively used in various applications, 
such as aerospace, biomedical, industrial, and chemical 
applications. FGCM have numerous applications as its 
reinforced materials with the use of nanotechnology. 
Such types of materials are in demand and CNTs serve 
as an excellent candidate for future use [141,142].

To analysis the use of materials in the present and 
future, patent documents serve as a testimony of the 
materials. It helps to check the importance of the mate-
rial in its current and future trends. It also serves as 
a source of data for use in innovation, technological 
change, and research and development. In the conclud-
ing paragraph, Figure 14 shows the trend of patents filed 
from 2001 to 2020. The data was collected from 
Derwent World Patents Index. The analysis not only 
proves that CNTs is an important material in the field of 
research and development but also provides 
a comprehensive picture of the CNTs innovation in 
the last 20 years [143–147].
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Abstract: Maharashtra is the third largest state in India and 

nearly 58 % of population lives in the rural area which depends 

largely on agriculture for their livelihood. Due to various negative 

externalities of lack of water availability Government of 

Maharashtra declared a comprehensive water conservation 

programme named as Jalyukta Shivar Abhiyan (JSA). In this 

study, the methodology adopted to identify the strengths and 

weaknesses of JSA by conducting theoretical assessment of 

various water conservation activities carried out under JSA in 

three villages in Purandar taluka in Pune district and also few 

works as per Shirpur pattern in Dhule district, Maharashtra, 

India. Firstly, it was studied to know whether various activities 

conducted were based on scientific and engineering principles 

and the effectiveness of water conservation activities carried out 

on the village. Secondly, the effect of local community 

participation in these activities was studied to suggest ways for 

increase in participation for enhancement in groundwater 

recharge in the study area. The strengths and weaknesses were 

identified from assessment of JSA, which include technical gaps 

observed in planning and actual implementation of these works. It 

was also seen that public awareness regarding JSA in drought 

affected villages was poor due to which community participation 

was also poor. It is concluded that these strengths and weaknesses 

could be used to make some changes in policy and structure of 

JSA to improve effectiveness of scheme and also increase local 

community participation for enhancement groundwater recharge 

and also to increase effectiveness of water conservation activities 

under JSA. 

 

Keywords: assessment, community participation, groundwater 

recharge, water conservation 

I. INTRODUCTION 

Maharashtra state have 82 % of total area falling under 

rainfed zone and 52 % area falling under drought prone zone, 

due to uncertain, insufficient and irregular rainfall pattern, 

which adversely affects agriculture sector alongwith creates 

water stress on drinking water supply and other water usages 

too. Therefore, availability of water became a major 

challenge for Maharashtra. To overcome this challenge 

Government of Maharashtra decided to implement Jalyukta 

Shivar Abhiyan (JSA) to make “Maharashtra Drought Free by 

2019”, in order to permanently overcome drought situation by 
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integration and convergence of the various schemes 

implemented by various departments using the funds from all 

resources like Central Government, State Government, 

NGOs, CSR donations, peoples contribution, etc.. 

Inconsistency of the rains during the period of crop growth 

and discontinuity of rains create drought-like situation and 

agricultural field is heavily impacted. JSA was mainly a 

programme of watershed development and enhancement in 

groundwater recharge by implementing various water 

conservation activities.  

The GIS layers, in which various data like soil, geology, 

geomorphology, land use etc. were available, could be very 

useful in understanding the nature and causes of water 

scarcity, water quality problems, impact of water 

conservation structures etc. Village plans talk about financial 

convergence between various departments, but this need to be 

extended to convergence of data, capacities and so on [16]. 

Theoretical training about the watershed concept was 

imparted to the local community; which gave them insight to 

how to plan and implement different collective action and 

strategies for maintenance and conservation of natural 

resources like water [4]. Replenishment of groundwater by 

artificial recharge in the arid and semi-arid regions is 

essential, as the intensity of normal rainfall is grossly 

inadequate to produce any moisture surplus under normal 

infiltration conditions [1]. The global supply of available 

freshwater is more than adequate to meet all current and 

foreseeable water demands, its spatial and temporal 

distributions are not. It is going to require all as a society to 

identify, through research, develop, through engineering and 

science and implement, through governance, the 

technological, economical, political and social measures that 

will set a course toward the achievement of a desirable and 

more sustainable and secure future [15]. The successful 

implementation of potential treatment maps will lead to 

practicing transparency in scheme execution, generating 

awareness about water utilisation amongst farmers and 

absolute increase in groundwater levels that sustain for a long 

duration [3]. The fundamental point of the investigation is to 

compute complete water demand of the village, water balance 

sheet and remaining runoff calculation [6]. In order to create 

public awareness it is important that along with the JSA 

promotion-vehicle travelling to the villages, village maps 

showing all the proposed and existing interventions should be 

displayed in the village council office and village school [2].  

 

 

 

 

Identification of Strengths and Weaknesses of 

Jalyukt Shivar Abhiyan by Assessment of Works 

in Tal-Purandar, Dist-Pune 

Shivaji G. Patil, Ravindra K. Lad 



Identification of Strengths and Weaknesses of Jalyukt Shivar Abhiyan by Assessment of Works in Tal-Purandar, 

Dist-Pune 

159 

Published By: 

Blue Eyes Intelligence Engineering 

and Sciences Publication  

Retrieval Number: F4831049620/2020©BEIESP 

DOI: 10.35940/ijitee.F4831.0891020 

 

The most important step in the direction of finding solutions 

to issues of water and environmental conservation is to 

change peoples’ attitude and habits. Water conservation 

basically aims at matching demand and supply of water [8]. 

There is a need for an accurate and reliable water use model 

that could help water planners in developing both responsive 

and strategic water conservation programmes to meet both 

short and long-term water security outcomes [9]. 

Implementing Jalyukta Shivar Campaign in other parts of 

country will be helpful to overcome permanently drought and 

water scarcity problems [12]. Due to Jalyukt Shivar Abhiyan 

runoff and soil erosion decreased and groundwater recharge is 

increased alongwith improving productivity and 

socio-economic condition of farmers [13]. The country still 

requires continued efforts of the government alongwith 

external aids especially in the issues of global climate change 

and consumer awareness on water conservation [5]. The 

location of cement nalla bund was not selected properly. The 

slope was not provided properly and some of the cement nalla 

bunds were located on curves [14]. Due to construction of 

farm pond, water is available for longer period and hence 

farmers can produce new crops other than traditional crops 

[7]. Success of any development programme depends on 

degree of involvement of the people and at what level of 

knowledge they have about it [11]. To make water available 

for assured farming and for drinking, solutions under water 

conservation if strategically designed and implemented in 

integrated manner with coordination of all departments, 

provision for drinking water and protected irrigation for crops 

can be definitely made [10]. 

II.  MATERIAL AND METHODOLOGY 

A. Material 

Various details about Jalyukt Shivar Abhiyan used in this 

study were downloaded from the websites of respective 

Government departments engaged in planning and 

implementation  of JSA, news published in local newspaper 

and   information booklets, guidelines made available by the 

Government of Maharashtra and its’ appointed other 

consulting agencies . 

B. Methodology 

Numerous water conservation works were executed 

throughout the state of Maharashtra under the aegis of JSA. 

Main focus of these water conservation works to provide 

proper solution to the local problems of water scarcity for 

irrigation, drinking and other purposes. Action plan for water 

conservation works was prepared at village level for water 

harvesting and replenishment of groundwater by 

implementing these works comprehensively through 

coordination of all the concerned departments and other 

stakeholders. After completion of the works in the village, it 

has to undergo a third party assessment for the completed 

works as per the guidelines prepared by the Indian Institute of 

Technology (IIT), Mumbai and submit a water compliance 

report to the District Administration.  

In present study, the water conservation works carried out 

under JSA in three villages in Purandar taluka in Pune district 

and few works carried on the basis of Shirpur Pattern in Dhule 

district were assessed for identifying the strengths and 

weaknesses of JSA and knowing the scale of community 

participation in these works and appropriate measures are 

suggested for the shortcomings observed in the planning and 

implementation of these works. It was planned to undertake 

various water conservation woks under one umbrella of JSA 

with Water Conservation Department as a pilot and 

comprising of other Government Departments, 

Voluntary/Non-Govt. Organisations (NGOs) like Paani 

Foundation, Tata Trust, etc, donations under CSR fund by 

companies and most important is people’s contribution 

through community participation.  

Brief Details of Jalyukta Shiwar Abhiyan 

A chart [Figure 1] is self-explanatory showing overall 

methodology.  

 
Fig. 1. Overall methodology of JSA 

Figure [2] and [3] show aim and objectives of JSA and works 

proposed under JSA respectively.  

 
Fig. 2. Aim and Objectives of JSA 

 
Fig. 3. Works to be undertaken in JSA 

In JSA all the villages has to undergo the assessment exercise 

after completion of the planned water conservation works. 

For this assessment Technology and Development Solutions 

Cell, Centre for Technology Alternatives for Rural Areas, IIT, 

Mumbai has drafted guidelines; which comprises of three 

components viz. (1) Rapid assessment of village plans, (2) 

Structure level assessment and (3) Village level assessment.  
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Steps of assessment were consisting of data procurement, 

desk assessment of JSA plan, preparation for assessment, 

field visit assessment, post-visit analysis and report writing. 

This assessment was to be done by third party and was 

supposed to be looked after by the District Collector. 

However, at different places different third party agencies has 

prepared reports after assessment, which are of varying 

content and quality. It is significant that village action plan 

requires approval of Gramsabha of respective village. Three 

cases for participation of the local community in the water 

conservation works was considered and the information of 

local community participation was studied for identifying the 

strength and weaknesses from this study so as to arrive at 

certain clues so as to decide the strategy for improvement in 

the implementation of JSA works. In the JSA, initially 

potential treatment plan was prepared after analysing various 

inputs from different resources and depending on this plan, an 

action plan was prepared, which ultimately includes the 

approval of the Gramsabha (General Meeting of the 

Villagers) for finalisation of the implementation of entire 

water conservation works under JSA.  

Assessment of water conservation works executed in three 

villages in Purandar taluka in Pune district, Maharashtra, 

India was carried out as under. 

C. Case Studies from villages in Tal-Purandar and    

        Dhule district 

 

1) Village Pingori, Tal-Purandar  

Various water conservation works carried out in Pingori 

village during the implementation of JSA were mapped as 

shown in Figure [4] to [9], which show comprehensive efforts 

were put in by the Government Departments, NGOs, and local 

community for succeeding in this public interest campaign. 

 

 
Fig. 4. Satellite Image of Pingori 

 

 
Fig. 5. Various features of water conservation in Pingori 

 
Fig. 6. Cement Concrete Nalla Bund in Pingori 

 

 
Fig. 7. Continuous Contour Trench (CCT) work 

 

 
Fig. 8. Earthen Bund in Pingori 

 

 
Fig. 9. Gabion Bund in Pingori 

In addition to above cited mapped water conservation works, 

more unmapped works were also carried out in Pingori such 

as nalla deepening, silt removing from existing lakes, ponds, 

tanks, etc. In this village there was a mere one percolation 

tank in existence [Figure 10], which was constructed during 

the severe drought period in the year 1972, having spread 

over on nearly 16 hectares of land.  
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In Pingori, initially villagers tried to de-silt this percolation 

tank at their own, however unable to do it due to 

non-availability of funds and poor community participation. 

However, villagers got helping hand from one NGO by 

receiving financial aid of INR 40 Lakhs. This financial help 

boosted the enthusiasm of the villagers and they actively 

involved with bigger community participation and completed 

the work of silt removal from this percolation tank and during 

immediate monsoon percolation tank was filled with the water 

[Figure 11]. Then villagers also participated in the Jalyukta 

Shiwar Abhiyan and obtained second prize of INR 35 Lakhs 

by actively participating and implementing effectively water 

conservation works under JSA. Now this village is not 

required a single water tanker even during summer season and 

fulfils their water demand from the water resources developed 

by them. The villagers here have shown tremendous and 

spontaneous support to this movement and made it peoples’ 

movement, which paid them a very good reward in the form of 

raised groundwater table alongwith big increase in vegetation 

cover throughout the village.  

 
Fig. 10. Percolation Tank prior to desiltation in Pingori 

 

 
Fig. 11.  Percolation Tank after desiltation in Pingori 

2) Village Belsar, Tal-Purandar  

The village Belsar in Purandar taluka of Pune district has very 

less rainfall (average annual rainfall of below 600 mm) and 

subsequently had very little water conservation till the 

implementation of JSA in this village [Figure 12]. Though 

there was poor participation of local community in JSA works 

due to the big number of villagers are now migrated to the 

nearest town/city which hampered the active local 

participation. However, the efforts were taken by the villagers 

to cope with this gap of community participation; the attempt 

was made to increase community by inviting the migrants 

with their likeminded friends in a group to bridge the gap as 

stated above. To overcome the jinx of scarcity of water, after 

arranging awareness programme, the villagers of Belsar took 

active participation in the water conservation works under 

JSA and executed various works such as continuous contour 

trenches, nalla bunds, removal of silt, farm ponds, storage 

bund, compartment bunding, etc. as shown in Figure [14] to 

[15]. In the beginning, nalla deepening and continuous 

contour trench works were taken in hand with the help of local 

villagers and the volunteers. It was observed that there was 

little response of local community, may be due to absence of 

proper awareness amongst the villagers and also poor 

communication between them and the implementing 

authorities of JSA. Hence it was observed that it is necessary 

to impart awareness training to the local community regarding 

the water conservation activities so as to increase the 

awareness amongst local villagers and also to bridge the gap 

of communication to increase the effectiveness of the 

implementation of JSA. 

 
Fig. 12. Various features of water conservation in Belsar 

 
Fig. 13. Registration of Volunteers in Belsar 

 
Fig. 14. CCT work by Volunteers in Belsar 

 
Fig. 15. CCT work by Volunteers in Belsar 
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3) Village Ambale, Tal-Purandar 

While implementing JSA, initially action plan was prepared 

[Figure 16] and implemented in a planned manner in which 

numbers of water conservation structures were constructed 

[Figure 17], which have delivered very good results to the 

villagers, due to which area under cultivation has been 

increased and during summer season the villagers were free 

from water scarcity situation and not to run for water tankers 

for drinking water. In this village active participation of the 

volunteers from other places was significant and these 

volunteers has completed more than 1200 m long continuous 

contour trench at their own and the villagers carried out works 

such as deepening of nallas, farm ponds, concrete bunds, etc. 

with the help of some social organisations and Government 

administration [Figure 18]. 

 
Fig. 16. Action Plan for water Conservation in Belsar 

 

 
Fig. 17. Various features of water conservation in Ambale 

 

 
Fig. 18. CCT work by Volunteers in Ambale 

Area under cultivation, number of cattles, open dug wells and 

bore wells were increased as a result of additional available 

water due to the efforts taken by the villagers and Government 

administration together during implementation of water 

conservation works of JSA. Farmers in the village got the 

training on how to manage the available water for the crops 

and allied activities so as to make them water sufficient in 

their own village and thereby make their village drought free.  

4) Works carried as per Shirpur Pattern under JSA 

Due to low, erratic and poorly distributed rainfall, the 

availability of water resources in Dhule district is low. 

Moreover major part of the district is covered by hard rock 

like Deccan basalts. It has low primary porosity. Hence the 

groundwater potential is dependent on the thickness of 

weathering. Deposition of alluvium is restricted to the both 

banks of Tapi River and the lower reaches of her tributaries.  

All above geographical, geological and climatic conditions 

are unfavourable for availability of surface and groundwater. 

Therefore, it is very difficult to fulfill the household, 

irrigation, industrial and livestock water needs of the study 

area. The rivers and streams become dry immediately after 

monsoon season. Dug wells hardly yield up to November to 

January and during summer season the situation becomes 

worst. Shirpur Pattern is based on the construction of check 

dams on every stream whether it may be small or big and 

should be with gate and weir to augment huge storage. Mr. 

Khanapurkar, who worked as a Geologist in Groundwater 

Surveys and Development Agency, experimented with the 

soil, its conservation and its structure geologically. This 

project was spread over 100 Sq. Km. area around the 

catchment of river Arunavati and Tapi. As per texture and 

structure of soil they manage to remove upper layer of soil 

that is known as alluvial. But the problem with next layer, i. e. 

yellow silt, it cannot help to peculate water. So it was also 

removed vertically up to 15 to 20 m as per the geological 

structure of soil. The surplus water of dam was injected into 

59 dry dug wells having the depth of 50 m directly with proper 

filtration. This process helps both in alluvium and basalt area 

to increase those greater levels even dry bore wells 150 m 

deep. To overcome these issues, various works for water 

conservation at Arunavati and Tapi River & at the southern 

footage in Shirpur taluka in Dhule district were undertaken by 

Mr. Khanapurkar, initially with the support and financial aid 

from few renowned local industrialists. The main vision of the 

project was to recharging the groundwater by using different 

techniques like dry dug well near the river bank. Deepening, 

widening and even straightening of Rivers and nalla courses 

was mainly undertaken through this pattern, which is known 

as Shirpur Pattern. 

 
Fig. 19. Map showing problems in Dhule district 
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Then Shirpur pattern was implemented over an area nearly 

200 sq km area, 35 villages, 59 dug wells and 36 km small 

streams with the cost of Rs. 15 Crores in Dhule district. The 

Shirpur pattern addresses the immediate but its impact on the 

long-term could be even more important to contemplate. 

The Shirpur pattern, as propagated by Mr. Khanapurkar, has 

been widely criticised but also accepted by many villages in 

Maharashtra. The Shirpur pattern addresses the immediate 

but its impact on the long-term could be even more important 

to contemplate. 

III. RESULTS AND DISCUSSIONS 

During the study of the abovementioned works under JSA at 

three villages and works as Shirpur pattern in Dhule district, 

some observations are made, based on the information 

received from various Government Departments and news 

published in local newspapers. Due to low, erratic and 

unevenly distributed rainfall, the availability of water 

resources in the study region is on lower side and major part 

of the study area is covered by Deccan basalts which causes 

low primary porosity. Hence the groundwater potential is 

dependent on the thickness of weathering, as deposition of 

alluvium is restricted in the region. All above geographical, 

geological and climatic conditions are not conducive for 

availability of surface and groundwater. Therefore, it is very 

difficult to fulfill the household, irrigation, industrial and 

livestock water needs of the study area easily. Dug wells 

hardly yield up to November to January and during summer 

season the situation becomes worst. From the study 

conducted, the strengths and weaknesses were indentified and 

are discussed as below. 

(a) Strengths 

 JSA has been designed by considering various aspects 

such as geological, hydrological, meteorological, 

agricultural, community participation, remote sensing and 

GIS, water resources, topographical, etc. 

 Structured programs are designed by I.I.T., Mumbai for 

proper and efficient functioning of JSA, irrespective of the 

different settings at different locations of the projects. 

 All the Government Departments and NGOs working 

under one roof for achieving various objects set for JSA 

(b) Weaknesses 

 JSA was designed based on the certain scientific and 

engineering criteria, however it is observed that which was 

not properly followed during the implementation of JSA 

works by various agencies, organisations and workers to 

the full extent, which causes irregularities in execution of 

the project  

 Manner in which various works carried out were not 

monitored by the field experts during the execution and as 

such timely corrective action/s for rectification required 

could not be taken, if any.  

 There were mismatching as regard to the knowledge about 

various terms of works and actual implementation of 

works, creating gaps in planning and execution causing 

conflicting situation in regard to effectiveness in utility of 

JSA. 

 Due to lack of proper pre-feasibility study the activities for 

each location were not fixed as per site conditions, but 

were carried out at all the locations on the similar lines 

causing undesired results at some locations.  

 There was outcry of some environmental and 

hydrogeological experts in regard to the execution of 

specific works at certain places such as deepening and 

straightening of nallas and rivers and according to these 

experts ecological balance is disturbing due to execution 

of such activities and may have adverse effect on 

surrounding ecology, geo-hydrology and geomorphology. 

This is big concern having great adverse impact on 

ecological and geo-hydrological settings of the region and 

this may be considered as major adverse factor. 

 JSA was mix of number of schemes of different 

government departments and therefore the JSA schemes 

were mostly not executed on the scientific basis; due to 

which desired results in regard to enhancement of 

groundwater recharge from the schemes, as planned, were 

not achieved.  

(c) Community participation 

 Community participation was more where awareness 

programmes regarding importance of water conservation 

activities under JSA were arranged well before 

commencement of the activities under JSA. 

 Also, due to lack of proper coordination, especially for the 

works carried out with large scale community 

participation without supervision, leads to generate 

unwarranted things such as excessive or un-required 

excavation, improper disposal of the excavated stuff, 

backfilling of nallas due to fall of excavated stuff back in 

nalla course causing choking of nallas in short time.   

 Participation of local community is enthusiastic in some 

part and less in other parts, which needs to be addressed by 

adopting suitable measures. 

IV. CONCLUSIONS 

From the study following conclusions are drawn: 

1) Though the various water conservation works considered 

under JSA were belonging to the category of artificial 

recharge structures, proper study for identifying each of the 

appropriate recharge structures and its proper location 

considering the local topographical, geological, 

geomorphological, hydrological, slope and soil conditions 

was not done. All these factors shall be taken into 

consideration while deciding the water conservation structure 

and its location using Geospatial tools and available data of 

the region.  

2) Village was considered as unit for JSA works, which shall 

be got tested on various norms of influential factors of water 

conservation and if necessary this unit shall be changed to 

watershed or mini watershed so as to make each work under 

JSA sustainable and efficient.  
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3) Participation of local community needs to be increased by 

prompting them for their active participation by various 

means such as offering some incentives to the community 

members in the form of concession in property tax, priority in 

government scheme benefits, etc.  

4) Also, local community shall be imparted with training 

regarding technicality of the influential factors of water 

conservation so as to make them aware about the best inputs 

and bets output from these works and getting more benefits by 

them from JSA works. 

FUTURE SCOPE OF STUDY 

The research carried out in this study will address the impact 

of scientific and engineering basis in water conservation on 

village scale. Though this study is carried out on Indian 

region, it is important to acquire information on water 

conservation globally. 
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