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An Exploratory Study on Various
Properties of Graphite–Aluminium
Metal Matrix Composites Fabricated
Through Powder Metallurgy Route

Rajib Gupta, Sourav Debnath, and Akshay Kumar Pramanick

1 Introduction

With the improvement of modern technologies, various lightweight materials have
widely demanded in different sectors for sophisticated designing [1, 2]. In aerospace
and aeronautics, industries have required low-density, high-strength materials for
designingvarious parts.Automobile industries [2] also required lightweightmaterials
for designing the structure to reduce fuel consumption. Not only outer structure,
suitable light metals are preferred for designing engine parts also [1, 2]. Powder
metallurgy is an economic technique by which lightweight, exact dimension porous
metal can be fabricated which will be widely required for designing engine parts,
especially gear arrangements [1–9].

Aluminium is a well-known easily available metal and is being used in various
mechanical, electrical and electronics industries. Aluminium has low-density,
lightweight, good corrosion resistant, moreover easy machinability [1–10] promote
it from other metal and alloys. Low strength [3–8] and low melting point [8, 9]
restrict the applications of pure aluminium from large-scale use. These problems can
be shorted out with incorporating suitable second phase as reinforcement into pure
aluminium [9–20].

The present study focuses on the fabrication and various evaluations of graphite–
aluminium metal matrix composites. In the previous studies, researchers have taken
several attempts towards fabricating aluminium matrix composites with incorpo-
rating TiC, Al2O3, fused silica, Ti-Aluminide and so on through different methods
[1–20], but the fabrication of graphite–aluminium composites followed by powder
metallurgy route is completely rare.

R. Gupta · S. Debnath (B) · A. K. Pramanick
Jadavpur University, Kolkata, West Bengal 700032, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
K. Jha et al. (eds.), Recent Advances in Sustainable Technologies,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-0976-3_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0976-3_1&domain=pdf
https://doi.org/10.1007/978-981-16-0976-3_1


2 R. Gupta et al.

2 Experimental Procedure

2.1 Fabrication of Graphite–Aluminium Composites

For fabricating graphite–aluminium metal matrix composites, constituent materials
have mixed into a hand-driven motor parcel. In this mixing, graphite powder has
varied from 1.5 to 9.0 wt%, and the rest is aluminium. Different compositions of
graphite–aluminium powders (mesh size ~200 µm) have considered separately for
pressing and sintering simultaneously into hot press unit considering 500 °C temper-
atures for 2 h. Samples are permitted to cool slowly into the same furnace. The
stepwise fabrication methodology has elaborated in our previous studies [8, 9, 20].
However, after removing from furnace, fabricated metal matrix composites have
polished and considered for measurement of various properties, finally corrosion
study [6–8] with employing “Potentiostat Galvanostat, Super-PG1000”.

3 Results and Discussions

3.1 XRD

XRD analysis after sintering of graphite–aluminium metal matrix composite is
plotted in Fig. 1. In this diffraction pattern, aluminium has identified at 2θ angle of

Fig. 1 XRD pattern for 4% (based on wt%) graphite–aluminium metal matrix composite
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~38.494°, 44.74°, 65.012°, 78.019°, 82.07°, and graphite is diffracted with low abun-
dance peak at 2θ angle of ~26.7°. The presence of individual phases after sintering
implies that no reaction occurred between the matrix and reinforcement for these
fabricating environments. However, in this study, XRD has carried out from 2θ of
~20° to 80° with continuous scanning 5°/min using “RigakuUltima III analytical
diffractometer”.

3.2 SEM

Surface morphology for the fabricated composites after sintering is shown in Fig. 2.
Systematic distribution of graphite has seen into aluminium matrix. Tendency of
formation of pores has increased significantly beyond addition of graphite by 2.5wt%
as seen in Fig. 2.

3.3 Density Measurement

Density has decreased gradually with graphite reinforcements shown in Fig. 3.
This is quite natural as graphite has less density than aluminium and consequent
improvement of void spaces with reinforcements.

3.4 Hardness Survey

Table 1 has demonstrated the obtained micro-hardness based on the hardness survey
carried out with model no. “LM248SAT”. Hardness has improved gradually up to
2.5 wt% addition of graphite and then tends to deteriorate with further reinforcement
of graphite. Beyond 2.5 wt% addition of graphite, bonding between metal matrix
and reinforcement hampers with consequent improvement of pores as observed in
SEM morphology shown in Fig. 2.

3.5 Apparent Porosity

Improvement of porosity has observed with the addition of graphite as shown in
Fig. 4. Porosity has varied from 0.15% to maximum 0.54% which can be considered
as tolerable limit.
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Fig. 2 SEM (Model: “JSM 6360”) image of a 1.5%, b 3.0%, c 5.0%, d 9.0% (based on wt%)
graphite–aluminium metal matrix composites
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Fig. 3 Variation of sintered density due to addition of graphite into aluminium matrix

Table 1 Variation of
micro-hardness

Sample Hardness in MPa

1.5 wt% graphite–aluminium composite 331.50

2.0 wt% graphite–aluminium composite 337.10

2.5 wt% graphite–aluminium composite 345.00

3.0 wt% graphite–aluminium composite 335.40

4.0 wt% graphite–aluminium composite 331.90

5.0 wt% graphite–aluminium composite 328.60

6.0 wt% graphite–aluminium composite 322.00

7.0 wt% graphite–aluminium composite 312.90

8.0 wt% graphite–aluminium composite 303.79

9.0 wt% graphite–aluminium composite 301.60

3.6 Corrosion Evaluation

All the fabricated materials are considered for chemical property evaluation at
seawater environment, and corresponding Ecorr versus Icorr graphs are plotted in
Fig. 5. It has seen that the corrosion rate is decreased up to 2.5 wt.% addition
of graphite and then tends to make increase as a consequence of interacting with
seawater as plotted in Fig. 6. Variation of corrosion rate with graphite reinforcements
is shown in Fig. 6.
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Fig. 4 Apparent porosity for graphite–aluminium metal matrix composites

4 Conclusion

Aluminium matrix composites reinforced with graphite have fabricated successfully
adopting “powder metallurgy route”. Prepared graphite–aluminium composites have
less weight compared with pure sintered aluminium. Improvement of both hardness
and corrosion properties has observed up to 2.5 wt% incorporating graphite into
aluminium matrix. Beyond the addition of graphite by 2.5% (by wt%), void spaces
increase and realized that materials suffer from lack of stability. Naturally, porosity
tends to improve after 2.5% graphite reinforcement.

Finally, it can be concluded from this study that improvement of physical,mechan-
ical and chemical properties has observed up to 2.5 wt% addition of graphite
and hence, 2.5 wt% graphite–aluminium composite holds all improved properties
compared to the others.



An Exploratory Study on Various Properties of Graphite … 7

Fig. 5 Corrosion behaviour of a pure sintered aluminium, b 2.5%, c 6.0%, d 9.0% (based on wt%)
graphite–aluminium composites into seawater environment
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Fig. 6 Variation of corrosion rate due to addition of graphite into aluminium matrix
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Cost Optimization for Transportation
Using Linear Programming

A. Vamsikrishna, Vigneshwar Raj, and S. G. Divya Sharma

1 Introduction

A company’s transportation services and methods are really important in building a
larger customer group and if an effective logistics or transportationmodel is designed
then it can make a really good turnover for the company. Jonsson [1] (a logistics
and supply chain expert) claim that 10–30% of turnover or profit can be made by
optimizing the direct cost section of the logistics department. In this present situation
where the population is increasing drastically and where the world is becoming a
global village, it is really important for a company to have a cost-efficient and time-
efficient transportation systemwhich strives to produce its services to each and every
corner of the world.

Since transportation is a very important key factor which plays a major role in
the growth of a company, many logistics and supply chain experts have researched
various aspects of the transportation system. Ronald et al. [2] have generated a
genetic algorithm that considers the geographic information system (GIS) which
solves problems regarding the transportation routes. Dorer and Calisti [3] have
worked on the concept of adaptive transportation network which automatically opti-
mizes the existing transportation system accordingly. Authors of [4] have discussed
various methods and aspects of linear programming and its applications. In [5],
Chandrakantha has provided a solution for optimization problems using the EXCEL
solver option. Jonsson [1] have discussed logistics and supply chain management
and the part which deals with direct costing in logistics was really helpful in opti-
mizing the transportation system and reducing its cost. Caris et al. [6] have researched
intermodal freight transport systems and have provided solutions considering routes,
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climate, and the traffic parameters. Authors of [7] have mainly concentrated on
increasing the profits of a company by working on their transportation model using
linear programming method. Authors of [8] have worked on a transportation model
where mosquito coils have to be transported from warehouse to distributors and
they provided a cost-efficient transportation model using EXCEL solver function.
Tatavarthy and Sampangi [9] have worked on reverse supply chain and provided a
better transportation model by incorporating genetic algorithms on reverse supply
chain. Authors of [10] have worked on public transport fare and they have provided
a solution for this by using a simulation which increased the operator profit and
also benefited public transport commuters. Authors of [11] have focused on solving
problems regarding fuzzy transportations where the need for a number of prod-
ucts is uncertain and they provided a solution for fuzzy transportations problems by
generating an algorithm. Martínez-López et al. [12] focused on providing a motor-
ways system of transportation for shipping companies considering the environmental
conditions. Mathur et al. [13] have worked on providing a solution for fuzzy trans-
portation problems by generating algorithms. Authors of [14] have worked on public
transport networks and made a transportation model or design that used the ideology
of integrated optimization that improved urban mobility. Sharma and Tatavarthy [15]
have focused on working on a disaster management problem regarding how to opti-
mize the supply chain of necessary needs during a disaster and they achieved this
by surveying various papers. Mangala et al. [16] have discussed about operational
excellence for a sustainable supply chain. Also, they have mentioned that integra-
tion of various technologies like blockchain, big data, etc., could help create a more
efficient supply chain system.

In this paper, the cost of transportation was tried to be reduced to the cheapest
transportation model while taking all the constraints into consideration during the
process of designing the model. A model of a flavors and fragrance company had to
be optimized which consisted of three plants, three warehouses, and nine markets,
and the optimization of the transportation model was done using the EXCEL solver
function.

2 Problem

The network consisted of three manufacturing units or the plants, three warehouses,
and nine markets. The product flow was such that it was manufactured in the plants
and sent to the warehouses and then from the warehouses it was sent to the market.
Cost of transportation did not remain the same for every transport situation. The
existing model in company approximately costed about Rs. 3,800,000 and was
seeking for an improved model. Hence, out of all possible combinations, it was
necessary to find the cheapest transporting route with the optimal quantities to be
transported as it will benefit the company.
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Fig. 1 Methodology
flowchart

3 Methodology

Initially, the transportation costs for each of the cases were collected and tabulated.
Then the cost function or the target function was formulated for the given case. All
the existing constraints were listed out and then the target function was minimized
using EXCEL solver. Figure 1 shows a simple flowchart of the methodology adopted
in solving the problem.

4 Results and Discussions

Since it is necessary to understand actual product flow, a network diagramwas drawn
as shown in Fig. 2.

In Table 1, the cost of distribution for various cases can be seen. P1, P2, and P3
stand for the three plants,W1,W2, andW3 stand for the three warehouses, andM1
toM9 stand for the nine markets. The cell corresponding to a plant and a warehouse
denotes the transportation cost per unit from the plant to the warehouse while the
cell corresponding to a market and a warehouse denotes the transportation cost per
unit from the warehouse to the market. As mentioned above, this data was collected
from a flavors and fragrance manufacturing industry.

In Table 2, the variables to be determined can be viewed, i.e., number of units to
be transported. For example, x(P1,W1) represents the no. of units to be transported
from the plant 1 to the warehouse 1 while x(W3, M8) represents no. of units to be
transported from warehouse 3 to the market 8.

Further, the cost function was formulated. Cost function or the target function
signifies the total transportation cost. In this case, it is nothing but the summation of
the product of the corresponding cells of Tables 1 and 2, i.e.,

{6 × x(P1,W1) + 5 × x(P2,W1) + · · · + 3 × x(W1,M8) + 2 × x(W1,M9)

+ 3 × x(P1,W2) + 4 × x(P2,W2) + · · · + 4 × x(W2,M8) + 5 × x(W2,M9)
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Fig. 2 Network diagram of
the product

Table 1 Distribution cost of the product (per unit) in Rs

Distribution costs per unit (Rs)

P1 P2 P3 M1 M2 M3 M4 M5 M6 M7 M8 M9

W1 6 5 1 3 8 4 7 9 4 3 3 2

W2 3 4 5 6 6 5 7 9 4 3 4 5

W3 4 3 2 5 8 2 4 4 6 4 4 6

+ 4 × x(P1,W3) + 3 × x(P2,W3) + · · · + 4 × x(W3,M8)

+ 6 × x(W3,M9)} = F(x)

TheMin (F(x)), i.e., minimumof the functionF(x) is to be determined. The values
of x(P1,W1), x(P2,W1), …, x(W3,M8), x(W3,M9) for which the minimum value
of F(x) can be obtained will be the required solution. But for finding the minimum
of F(x), it is necessary to formulate all the constraints. Hence, the company gave the
expected quantities from each market after performing the demand forecast. It can
be seen in Table 3.

It is also necessary to note that every plant has a manufacturing capacity. Plants
2 and 3 can manufacture maximum 100,000 and 150,000 units per annum while the
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Table 3 Demand forecast
values for the markets per
annum

Forecast values

M1 50,000

M2 40,000

M3 100,000

M4 80,000

M5 30,000

M6 35,000

M7 45,000

M8 70,000

M9 65,000

plant 1 can manufacture up to 800,000 units per annum as it is a very big plant.
It is also assumed that the number of units reaching the warehouse will leave the
warehouse and go to the market for the simplicity of calculation.

Considering the plants, it is known that the sum of all the quantities from the
plant must be less than or equal to its capacity. Hence, the formulation can be seen
as follows in Eqs. (1a)–(1c).

x(P1,W1) + x(P1,W2) + x(P1,W3) ≤ 800,000 (1a)

x(P2,W1) + x(P2,W2) + x(P2,W3) ≤ 100,000 (1b)

x(P3,W1) + x(P3,W2) + x(P3,W3) ≤ 150,000 (1c)

With respect to the markets, the sum of all the quantities reaching the market must
be equal to the forecast values of Table 3. So, in total, nine equations are obtained,
one for each market as follows in Eqs. (2a)–(2i).

x(W1,M1) + x(W2,M1) + x(W3,M1) = 50,000 (2a)

x(W1,M2) + x(W2,M2) + x(W3,M2) = 40,000 (2b)

x(W1,M3) + x(W2,M3) + x(W3,M3) = 100,000 (2c)

x(W1,M4) + x(W2,M4) + x(W2,M4) = 80,000 (2d)

x(W1,M5) + x(W2,M5) + x(W3,M5) = 30,000 (2e)

x(W1,M6) + x(W2,M6) + x(W3,M5) = 35,000 (2f)
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x(W1,M7) + x(W2,M7) + x(W2,M7) = 45,000 (2g)

x(W1,M8) + x(W2,M8) + x(W3,M8) = 70,000 (2h)

x(W1,M9) + x(W2,M9) + x(W3,M9) = 65,000 (2i)

It should be noted that the number of quantities entering the warehouse equals the
number of quantities leaving the warehouse. There are three warehouses and hence
three equations are formulated for the same as follows in Eqs. (3a)–(3c).

x(P1,W1) + x(P2,W1) + x(P3,W1) = {x(W1,M1) + x(W1,M2)

+ x(W1,M3) + x(W1,M4)

+ x(W1,M5) + x(W1,M6)

+ x(W1,M7) + x(W1,M8)

+x(W1,M9)} (3a)

x(P1,W2) + x(P2,W2) + x(P3,W2) = {x(W2,M1) + x(W2,M2)

+ x(W2,M3) + x(W2,M4)

+ x(W2,M5) + x(W2,M6)

+ x(W2,M7) + x(W2,M8)

+x(W2,M9)} (3b)

x(P1,W3) + x(P2,W3) + x(P3,W3) = {x(W3,M1) + x(W3,M2)

+ x(W3,M3) + x(W3,M4)

+ x(W3,M5) + x(W3,M6)

+ x(W3,M7) + x(W3,M8)

+x(W3,M9)} (3c)

After defining all the constraints and the target functions, these were calculated in
the EXCEL spreadsheet using existing functions like SUM,AVERAGE, etc. Further,
these equationswere solved using EXCEL solver by defining all the necessary inputs.
Figure 3 shows the dialog box for EXCEL solver.

The cell that corresponds to the target function should be set as the objective.
Since this is a cost function and is to be minimized, the radio button that says ‘Min’
was selected. As defined earlier, the LPP has a lot of constraints. These constraints
need to be added in the ‘Subject to the Constraints’ box. Solving method should be
chosen as ‘Simplex LP’. After setting all these, the solve button was clicked.
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Fig. 3 Solver parameter dialog box for solving the LPP

After the solutions are fount to converge, the values for optimal distribution quan-
tity is obtained for the transportation from each plant to each warehouse and from
each warehouse to each market as shown in Table 4.

For the above condition, the transportation cost estimation was Rs. 3,035,000.
Previously as stated by the company, the cost was approximately Rs. 3,800,000.
Therefore, savings of about Rs. 765,000 per annum was calculated if the new
transportation model was adopted.

5 Conclusion

A transportation optimizationmodelwas developed. It consisted of three plants, three
warehouses, and nine markets and was optimized using the EXCEL solver function
to design the transportation model. The transportation cost was reduced in the best
possible way by using linear programming. The cost obtained was Rs. 3,035,000. A
savings of about Rs. 765,000 per annum was estimated comparing the cost of new
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transportation model to that of the previous one. This paper further creates scope for
research on designing transportation models and solving them with the help of linear
programmingmethodwhich simplifies the cost optimization technique. However, the
scope of the work extends to consider multivariable problems and use EXCEL solver
to consider different optimization techniques to solve multiple problems related to
transportation.
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Experimental Investigation
of Semi-elliptical Arc Groves on Piston
Crown of Direct Injection Diesel Engine
Using Apricot Oil

Sk. Mohammad Shareef , A. L. N. Arun Kumar , and T. Venkatesh

1 Introduction

In this project, experimental work is executed on single cylinder 4-stroke DI diesel
engine with semi-hemispherical bowl in the piston to study the effect of groves on
incidental fluid flow and their by the engine performance. It is proposed to provide
ellipsoidal arc grooves are provided at the periphery of the piston crown also the
result of increasing the quantity of grooves on piston with using the apricot seed oil
as biodiesel.

Vijaya Kumar et al. [1] have conducted experiment on direct injection diesel
engine at constant speed with 20:1 as the compression ratio and 300 bar as injection
pressure at different injection timings. Performance characteristics like mechanical
efficiency break thermal efficiency and emissions like HC, NOx are calculated and
shown in results.

Mamilla [2] have conducted experiment on direct injection diesel engine by
changing the combustion chamber design by using different blends of Jathropa
methyl ester as alternative fuel and results are shown.

Swarna Kumari et al. [3] have done research on direct injection diesel engine for
calculating the performance and emissions characteristics by using sunflower oil as
biodiesel and the results are shown.

SubbaReddy et al. [4] have conducted experiment on direct injection diesel engine
using cotton seed oil as biodiesel by changing injection pressures and concluded that
at 200 bar injection pressure with 20% of biodiesel engine have better performance
and less emissions which are shown in results.

Nurun Nabi and Najmulhoque [5] have conducted experiment on direct injection
diesel engine byusing linseed oil as biodiesel and also done production biodiesel from
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Table 1 Engine specifications

Particulates Specifications

Model AV1

Make KIRLOSKAR

Engine type Single cylinder, four strokes, water cooled Compression ignition engine

Bore 80 mm

Stroke 110 mm

linseed crude oil and concluded that with 20% of biodiesel having high performance
and less emissions.

1.1 Experimental Setup

The experiment is carried out on single cylinder diesel engine with hemispherical
bowl. The specifications of the engine are given in Table 1.

For analyzing the emissions parameters, five gas analyzer is used.

1.2 Piston Modification

Piston is the main part of the engine. The combustion parameters are depending on
the combustion chamber design which will increase the turbulence leads to increase
the efficiency. In this work, the normal piston is modified as elliptical arc groves
piston by adding the semi-elliptical shapes on the crown of the hemispheric bowl of
the piston. In this work, three ellipsoidal arc groves at 180°, 120°, and 72° on the
piston with different widths 10 mm, 8 mm, and 6 mm are created on three pistons of
80 mm diameter and continuing the depth of 3 mm prepared by CNC machine.

Three pistons of elliptical arc grooves at 180°, 120°, and 72° are shown in Fig. 1.

1.3 Alternative Fuels

Apricot seed kernel oil was from apricot, which has been available in world. The
main combination of Apricot seed kernel oil like some edible oil is acyl glycerol,
which is the ester of three fatty acids and one glycerol. The fatty acid composition of
apricot seed kernel oil is given. Apricot seed kernel oil methyl ester has been turned
as an alternative fuel by transesterification process. B10 represents the 10% apricot
oil and 90% diesel.

Table 2 shows that different properties of apricot seed oil which is used as
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(a)         (b)         (c) 

Fig. 1 Two, three, and five groove elliptical pistons

Table 2 Properties of apricot
seed oil

Pproperties Diesel Apricot B10

Density (kg/m3) 831 884.3 848.78

kinematic viscosity 2.4 4.92 2.81

Calorific values (kJ/kg) 4200 39,952 41,528

Fire point (°C) 68 120 76

Flash point (°C) 51 111 67

alternative fuel.

1.4 Nomenclature

• Normal: Normal piston with apricot oil (10% Apricot oil + 90% diesel).
• 2EGPA: Two semi-ellipsoidal arc groove piston with apricot oil (10% Apricot oil

+ 90% diesel).
• 3EGPA: Three semi-ellipsoidal arc groove pistonwith apricot oil (10% Apricot

oil + 90% diesel).
• 5EGPA: Five semi-ellipsoidal arc groove piston with apricot oil (10% Apricot oil

+ 90% diesel).

2 Results and Discussions

The performance parameters are measure in the form of brake specific fuel consump-
tion, brake thermal efficiency, exhaust gas temperature. The emissions of the engine
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Fig. 2 Brake power versus
brake thermal efficiency with
biodiesel
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are measured in percentage of HC and NOx. The results acquired by the elliptical
arc grooves pistons with apricot biodiesel are compared with results of the normal
piston.

2.1 Brake Thermal Efficiency

Figure 2 represents the comparison of brake thermal efficiency of different pistons
with biodiesel. It is clear from the graph that 3EGPA high brake thermal efficiency
as compared to other pistons. The brake thermal efficiency is found to increase by
11.11% for different pistons with pure biodiesel of engine.

2.2 Brake Specific Fuel Consumption

Figure 3 represents the comparison of BSFC of conventional engine with biodiesel
for different pistons. It is observed fromgraph that 3EGPAhas lowerBSFCcompared
to other pistons. The BSFC is reduced about 9.49% compared to other pistons with
biodiesel.

2.3 Mechanical Efficiency

Figure 4 represents the variation of mechanical efficiency with load of different
pistons. There is increase inmechanical efficiency for 3EGPwith biodiesel compared
to other pistons with biodiesel.
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Fig. 3 Brake power versus
brake specific fuel
consumption with biodiesel
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Fig. 4 Brake power versus
mechanical efficiency with
biodiesel
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2.4 HC Emissions

Figure 5 shows the HC emissions of diesel engine by using apricot seed oil as
alternative fuel for different pistons.Byusing 3 elliptical grooves onpiston turbulence
is created and proper combustion is done, due to that HC emissions are less. The

Fig. 5 Brake power versus
HC emissions with biodiesel
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Fig. 6 Brake power versus
NOx emissions with
biodiesel
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graph shows that HC emission for 3EGP with alternative fuel has less compared to
other pistons.

2.5 NOx Emissions

Figure 6 shows the variation of NOx emissions with load for different pistons by
using alternative fuel. It is clear from the graph that 3 EGP has low NOx emissions
compared to other pistons, and this is happened due to low temperatures produced
inside the combustion chamber.

3 Conclusions

The experiment is carried out on single cylinder direct injection diesel engine with
2, 3, and 5 elliptical grooves on piston crown by using apricot seed oil at load of
1.5 kW. The results may be summarized as follows.

1. Break thermal efficiency is increased by 11.11% by changing the normal piston
with three semi-elliptical arc groves piston with biodiesel (3EGPA).

2. Break specific fuel consumption is decreased by 9.49% for 3EGPA piston
compared to normal piston.

3. HC emissions reduction is considerably a lot below normal piston, but it is
reduced by 7.89% for changed pistons (3EGPA) by adding biodiesel.

4. The spiral grooves on changed piston slightly reduced the compression ratio
that control the high temperature of combustion and proper mixture facilitate
to reducing the NOx throughout the combustion. It is determined that the Nox
emissions are reduced 10.61% by using 3EGPA piston instead of normal piston.

5. Mechanical efficiency of the normal piston by 3EGPA piston has increased
slightly.
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By considering all parameters, three ellipsoidal grooves piston with biodiesel
(3EGPA) is better than normal, two and five ellipsoidal grooves piston with biodiesel
(normal, 2EGPA, 5EGPA).
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Hydrogen Storage Techniques
for Stationary and Mobile Applications:
A Review

Aasim Akif Dafedar, Shivam Sudarshan Verma, and Aman Yadav

1 Introduction

The global emission level is reaching record-high levels with no sign of peaks that
have forced the climate action summit tomake concrete and enhanced contributions to
curb emissions of about 40%by the decade end net-zero carbon foot print by 2050 [1].
The research carried on by the University ofMichigan portrays that the annual cost of
running a gasoline-based vehicle is twice the cost of an electrically powered vehicle.
Hydrogen though being the most abundant element in nature is present in forms
of compounds and forms of hydrocarbons. Hydrogen has almost thrice the heating
value compared to diesel, and have no emission. Hydrogen-based fuel cells are the
most efficient solutions for the clean delivery of electricity for automobiles with a
by-product of water. However, it needs a reliable source of transport and storage for
both on-board and stationary applications [2]. The average consumption by humans
is about 2 kW/person. The production of hydrogen by various methods cost almost
three times asmining of fossil fuels. Themodernworld is keenly interested to produce
hydrogen using methane and algae. The critical point of storage remains a barrier
for society to accept hydrogen as a primary fuel for automobiles and industrial
applications [3]. The generation of electricity required to convert all automobiles on-
road as of today in a country like India where electricity is majorly generated using
thermal power plants will increase passive pollution than the primary emission from
gasoline-based vehicle itself [4]. This review paper gives insight on some cutting
edge methods of hydrogen storage for both vehicles and stationary applications.
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2 High-Pressure Cylinder

The work [Wt.] required theoretically for isothermal compression of hydrogen (H2)
is given by

G = RT . ln(P2/P1) (1)

R—Gas constant (8.314 J mol−1 k−1), T—Absolute temp, P2—End pressure,
P1—Starting pressure.

The types of tanks used for hydrogen storage depend on the material combination
incorporated in their design and fabrication. There are four types of tanks having
varying pressure ranges for various applications based on materials. Type 1 tank
is one of the oldest pressure vessels to contain compressed gas [5]. It is made up
of all metal and metallic alloys such a steel and aluminum alloys [6]. These tanks
have a pressure capacity of about 300 bar and are used for CNG, LPG, and other
liquefied fuels for various applications [7]. Type 2 tank has metal construction over
the most surface with hoop wound composite wrap over hoop direction. It has a
pressure capacity of about 200 bars. Metallic alloys and composites such as carbon
fiber were used for the constructional purpose [8]. Type 3 tanks have metallic liners
in innermost layers and complete composite wrap over the entire surface. It has a
pressure capacity of about 700 bars. These tanks are being currently used to store
hydrogen at hydrogen fuel plants and stationary industrial applications. Type 4 tank
having an inner liner and outer cover both made of high-density composite fibers
is a cutting edge storage device with the highest weight to fuel storage efficiency is
being used in mobile applications such as Mirai by TOYOTA [9] (Fig. 1).

Fig. 1 Hydrogen storage device. Copyright—Process Modeling Group, Nuclear Energy Division.
Argonne National laboratory [ANL] [10]
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At 800 bar, the gravimetric density of a high-pressure gas cylinder made up of
using a lightweight composite cylinder is 13%; hence, the volumetric density of
36 kg m3. Among various designs of pressure tanks using hoop wound geometry for
industrial applications, the technical efficiency of such a cylinder is 0.25 m3/kg using
a composite cylinder. This has 55% increased efficiency thenmonolithic conventional
cylinder-like steel and aluminum alloy. Hoop wound design is easy to fabricate and
cost efficient; it is preferred more over other designs for storage applications [9].
Wrapping made up of composite materials is applied along the parallel section,
i.e., the vertical walls of the cylinder. In fully wound design composite, lightweight
material covers the entire external surface of the cylinder using Fiber-reinforced
plastic (CRFP) lamination method [6]. The structure of the tank in Toyota Mirai
helped to improve the weight effectiveness of the entire system by approximately
15% compared to Toyota FCHV-adv.

Plastic liners at the innermost layer to seal in hydrogen gas covered by stay
composite fiber-reinforced plastic layer are capable to withstand the required pres-
sure. This system is further covered by GFRP, layer providing impact resistance and
protection. Aluminum bosses are present at both ends of the plastic liner with a valve
fitting at the top end. Theweight of newly developed tankswas reduced by improving
the CFRP layer and reduction of the amount of material used. Conventionally lami-
natedCFRP tanks used three types ofwinding hoop, low angle helical, and high angle
helical central helical winding wrapped over the centric part of tanks at an angle of
70. Hence, reinforcement efficiency is reduced leading to reduced FOS. However,
using modification in a new structure, 25% of total laminated structure—high cycle
helical winding was eliminated. Hoop winding was used to strengthen the central
region of the tank conventionally in the innermost layer of the tank having high-
stress generation. It helped to have 20% of weight reduction than the conventional
laminated method. The Mirai tank with internal volume of about 122.4 L having
volumetric energy density to be as high as 4.90 MJ/L. The hydrogen tanks require a
high-pressure capacity of around 700 bars to 800 bars hence needs extremely robust
and hence the design of tanks and its size remain critical points of discussion inmobile
applications. High pressure is always at risk especially in mobile applications such as
a trailer or commercial 4 wheeler due to the possibility of a crash and other concerns,
even though the composite fibers like carbon fiber and other composites may not be
toxic in nature.

3 Metal–Organic Frameworks [MOFS]

Storage of hydrogen using effective and highly efficient technology requires high
storage capacity and fast kinetics. Hydrogen can be stored in solid andmaterials using
various methods such as 1. Chemical reactions between host metal and hydrogen
forming chemical compounds. 2. Adsorption of hydrogen in host materials 3. Cage
occupancy where hydrogen is trapped in cages. Sorption and desorption rely on a
critical feature of the total surface area of MOF and its interaction with hydrogen
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[11]. MOFs have been synthesized with metal and organic building blocks from
solvothermal reactions in an organic solvent having boiling points near about 90
to 130 degrees [12]. The solubility restrictions for the results can be eliminated
using high temp reactions condition of solvothermal synthesis [13]. Using various
appropriate combinations ofmetal ions and ligands, a newMOFcontaining two kinds
of metal ions is obtained using two different metal ions and ligands. The framework
structure of MOF is depended on the type of solvent, reaction temperature, rate
of crystal growth, and most importantly on organic building blocks [14]. Various
metallic ions used for the synthesis ofMOFs are zinc Cu,Mn, Cr, and Al. Carboxylic
acids and hetero-cyclic compounds can be used as organic building blocks for MOFs
[15].

3.1 Carboxylate-Based MOFs (Also Known as Low Temp
(77 K) MOFs)

MOFs are synthesized by ions of metals and carboxylic acids having a solvothermal
reaction. Various metal sources are used for the synthesis of metal–organic frame-
works such as Zn, Cu, Mn, CR, Co, Al, alkali metals, and lanthanide metals. Pore
volumes and the surface area play a vital part in the hydrogen adsorption capacity,
the type of metal ions also has an influence on it. MOFs are known for high surface
area and large pore volumes possessing exclusive hydrogen uptake capacity was
constructed using Zn4O and tricarboxylate ligands. Isoretricular MOFs having high
surface area and large pore volumes as well were prepared with dicarboxylic acids.
At a low temp of 77 K hydrogen, adsorption depends upon high pressure and the
surface area incorporated with MOFs [16].

3.2 Zn-Based MOFs

MOF 5 has a crystal structure of inorganic [Zn4O] 6 groups which are joined to the
octahedral array of benzene-1,4-dicarboxylate (BDC) groups to form the frameworks
[17]. 4.5%weight hydrogen adsorption have been obtained at 77 K and 0.7 bar. Later
on, after numerous investigations at 77 K and 50 bar hydrogen adsorption at 4.5–
5.2 wt% as revised by independent groups. MOFs 177 [18] has the highest hydrogen
uptake amount 7.2–7.5% at recorded 77 K and 70 bar. The chemical formula ofMOF
5 is C24H12O13Zn4.
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3.3 Cu-Based MOFs

The very first Cu-based MOFs, HKUST1 also called CuBTC was invented by
Williams et al. however MOF 5 had a higher H2 adsorption amount than HKUST1.
This happened due to the adsorption hydrogen amount at low passage is depen-
dent on the binding stay of the MOFs and surface area determines the amount
of the adsorbed in high pressure [19]. The thermal conductivity (K) of copper is
400 W/(m K) or 0.99 (cal/s)/(cm2C/cm), this low conductivity adds challenges for
the thermodynamicsmanagement in theMOFs storage system. Structural impacts on
which the hydrogen storage capacity are depended on various factors include surface
area, hydrogen adsorption enthalpy, sensitivity to airborne moisture, pore size, and
structural defects (Fig. 2) [20].

4 Metal Hydrides

Metal hydrides are being one of the promising ways to store hydrogen with increased
density compared to compression and liquefaction. It is packed with H–H distance
of as minute as 2.1 Angstroms, concluding the hydrogen density of 170 g H2/L
which is significantly higher than the density of liquid hydrogen by approximately
twice. Metal hydrides can be broadly classified based on the nature of the sorption
mechanism and the identity of the material. Conventional metal hydrides, complex
hydrides, chemical hydrides, and sorbents round off to be distinguished classification
of Hydrides used for hydrogen storage.

Fig. 2 Graph representing excess HP hydrogen uptake versus BET surface area. Reprinted from
Ref. [15]. Copyright—2011. https://doi.org/10.1021/cr200274s [pubs.acs.org/CR]

https://doi.org/10.1021/cr200274s
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4.1 Conventional (Simple Metal Hydrides)

M+ (x/2)H2 = MHx (2)

M—Metal alloy, i.e., hosts metallic alloy for hydrogen storage MHx—Metal
hydride.

One of the most referred conventional metal hydrides LnNih6 possesses the volu-
metric capacity, reversibility, thermodynamic property, kinetics, and efficiency to be
satisfactory [21]. However, gravimetric capacity has significant challenges toward
achievingDOE targets.Hence, gravimetric density of thesemetal hydrides is compar-
atively low, whereas H bounding is either too weak or too strong for addition or
reduction of hydrogen [22].

4.2 Metal Borohydride

The gravimetric capacity of metal borohydride is about 14.9–18.5 wt%. The volu-
metric capacity reported is about 9.8–17.6 MJ/L [23]. These reported values indi-
cate them having the potential for storing hydrogen. According to recorded data
at 105 bar and –143c, a member of the borohydride family, Nanoporous hybride
contains 17.4 wt% of hydrogen [24].

4.3 Complex Hydrides

Complex hydrides are considered as the chemisorptive hydrogen (H2) stage mecha-
nism. They liberate hydrogen endothermatically. Lithium borohydride, i.e., [LiBH4],
sodium alante, i.e., (NaAlH4) and lithium amide (LiNH2) even known as lithium
azanide are examples of complex hydrides. However, complex hydrides initially
were not considered for irreversible hydrogen storage due to the inability of both
reduction and adsorption of hydrogen over cycles because of the thermodynamics
involving unfavorable hydrogen reaction and kinetic associated with it which was
slow than required/expected [25]. Novel approaches that emerged in the last few
years to improve thermodynamic and kinetic properties have spiked interest in
complex hydrides for both mobile and stationary storage applications. Schlesinger
and Brown in 1940 reported of first pure alkali metal tetrahydroboride, synthesizing
lithiumetrahydroboride (LiBH4) [26] by the reaction of ethilithium and diborane
(B2H6).

2MH+ B2H6 − 2MBH4[M− Li,Na,K,etc. ] (3)



Hydrogen Storage Techniques for Stationary and Mobile … 35

4.4 Sorbents

Hydrogen can be stored using physiorptive attraction in porous lightweight materials
(sorbents) involvingmolecular hydrogen having hydrogen stored equivalents propor-
tional to the material’s surface areas. Carbon-based materials and metal organics
frameworks are engaged as two different types of sorbents to store hydrogen [27].

4.5 Chemical Hydrides

They are almost similar to complex hydrides and possess characteristics to store large
quantities of hydrogen in terms of both mass and volume; they are intended for a
single-use or one-time use and later, the by-product must be removed for off-board
regeneration in mobile applications [28]. Promising examples of chemical hydrides
are the thermal decomposition of ammonia borane also named as amminetrihy-
dridoboron (NH3BH3) and the hydrolysis of sodium borohydride also named as
sodium tetrahydroborate (NaBH4). The major disadvantage of chemical hydrides
is irreversible and energy efficiency compared to other storage processes although
some combination may possess reasonable rate of kinetics and being thermoneutral
but majorly are exothermic in nature and tends to require heat management systems
[29].

4.6 Hydrogen Storage in Graphene

Using the physisorption method or forming chemical bonds with the c atoms, i.e.,
chemisorption method, the hydrogen can be stored on single graphene layers [30].
For physisorption, hydrogen is in molecular form, and the binding energy evaluated
for H2 was around in a range of 0.01–0.06 eV. Although the binding of molecular
hydrogen being weak requiring low temperature and high pressures, the London
dispersion forces are had to represent. H2 forms a mono-layer uniformly over the
graphene sheetwith aGDof 3.3% [31]. TheVD is however dependent on compacting
graphene sheets which are conductive in nature in complex structures. Chemisorp-
tion of atomic hydrogen is favorable than molecular hydrogen (H2) on graphene as
it requires dissociative adsorption [32]. Experimental work shows one-sided hydro-
genation of graphene sheets forming graphane and reversibility using annealing.
Nanostructure-based graphene or 3D assemblies as multilayers of graphene are
considered over the quasi-2D layer since its VD is not well defined after ultra-
sonic exfoliation of liquid, at 25 bar and ambient temp the reported value of GD was
2.7% chemical functionalization is one of the proposed theoretical ways to increase
hydrogen adsorption in ambient temp and conditions using alkali atoms like each
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Li adsorbed on graphene and nanostructured graphene can absorb 4 H2 molecules,
whereas GD amounted for about 10 wt% [33].

5 Conclusion

The amount of hydrogen stored is depended on the process and its nature such as
high pressure compressed gas in an HP cylinder, or physiosorption and chemisorp-
tion on Graphene sheets, or in terms of compounds and chemical combinations using
elements like k, Na, Cr, Cu, or aluminum. The storage capacity of metal hydrides
ranges on factors such as type of metal, pore volumes, and total surface area. The
recent adaptation in the HP cylinder using the hoop wound cylinder promises the
weight reduction and satisfies the weight-to-mass storage capacity needed for auto-
mobile applications. However safety is always a major concern while dealing with
such highly volatile elements; hence, the HP cylinder is still least favored among
scientists, and chemical methods like metal hydrides and MOFs are gaining popu-
larity due to high weight percent storage. Graphene has also become a potential
hydrogen storage along with MOFs giving chemical storage method an edge over
conventional cylinder methods. The H2 capacities of various MOFs decrease as
temperature increases to ambient conditions. A synthetic method needs to be devel-
oped for the construction of metal–organic frameworks having a high interactive
surface with large-sized pore volumes, generating surface area of large size with low
dead volumes. Just having large surface area incorporated MOFs cant be classified
for H2 storage, they need to chemically stable under a slight variation in pressure
and temperature many MOFs possess good adsorption capacities at a low temp of
77 K or 85 K. MOFs need to have high isosteric heat at ambient temperature for high
storage of H2 along with high pore volumes and larger surface areas. Some MOFs
have positive values regarding the isosteric heat values but had pore volumes and
surface areas to be too low to store a large amount of H2. With a comparison based
on safety, Gravimetric capacity, and volumetric capacity of the different mentioned
and discussed methods its clear that interest leans toward formulating promising
chemical storage methods over physical. We expect highly stable MOFs and high
storage capacity tanks of lightweight composites and other promising methods to
store hydrogen in the upcoming years which will revolutionize the energy industries
of both the private and commercial sectors. An economy can be envisioned with
paced research and advancements for storage of hydrogen as an alternate fuel.
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Design and Development of High
Pressure Hydrogen Storage Tank Using
Glass Fiber as the Stress Bearing
Component

Aman Yadav, Shivam Sudarshan Verma, and Aasim Akif Dafedar

1 Introduction

Hydrogen has one of the highest energy densities compared to most of the regularly
used fuels [1, 2]. It is around 120 MJ/kg; and that for gasoline is 44 MJ/kg [2].
However, the volumetric density of hydrogen is not so attractive, which is 0.01MJ/L,
whereas the volumetric density of gasoline is 32 MJ/L [2]. Along with this issue,
there are other reasons to answer why hydrogen has not overtaken the energy market
yet [1]. There are numerous cases where hydrogen energy is extensively compared
to battery. And a comprehensive review did present advantage of hydrogen energy
over battery in cost-effectiveness and practicality [3–5].

Therefore, it is necessary that new experiments and critical thinking is put into
place to tackle the challenges pertaining to the growth hydrogen energy in the world.
The common hydrogen storage methods present in the industry are compressed
hydrogen storage, cryogenic/liquefied hydrogen storage and the use ofmetal hydrides
for it [1, 3]. Cryogenic storage has its demerits in efficiency and the difficulty in the
development of fully insulated storage tank which could store hydrogen at its critical
temperature of 22 K [6–9]. Whereas the chemical processes haven’t been much of a
go to one [3].

Compressed hydrogen storage has been a method of choice in vehicular appli-
cation and stationary application also. And to attain the storage targets as set by
US DOE (Department of Energy) for vehicular applications there has been a rapid
development and race among corporations and institutions [2]. The ultimate (2020)
targets are 6.5 wt% gravimetric density and 6.1 MJ/L volumetric density [2, 3]. The
latest design for vehicular application along with the most promising results was
witnessed in the storage tanks of Toyota Mirai automobile which provided 5.7 wt%
gravimetric density and 4.90 MJ/L volumetric density [3].
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It is due to the usage of a multilayer tank design consisting of three layers:

1. an inner polymer/metallic layer depending upon the tank type,
2. an stress bearing carbon fiber reinforced composite layer, and
3. an outer layer which can withhold mechanical and corrosion damage [1, 10].

A prototyping experimental tank was designed in 2011 to replicate the in use
multilayer carbon fiber-reinforced plastic (CFRP) tank which had inner lining of
12.1 mm, a CFRP layer of 25.9 mm, an overwrap of 1 mm glass fiber and protective
end caps of 10 mm foam [11, 12]. These kinds of various tanks which can sustain a
pressure of 700 bar were designed and tested during the time. And one of the best
CFRP materials which was selected from the market possessed tensile strength of
the range from 2000 to 2550 MPa [1, 11–15].

In this development process, S-glass and silicon carbide were selected as the main
stress bearing component of our design. As S-glass has one of the highest tensile
strengths of the range from 4028 to 4650 MPa it is an excellent choice for high
pressure storage applications [16]. Also, the silicon carbide has high tensile strength
and modulus of elasticity [17]. The design was modeled in PTC Creo CAD software,
and the analysis test was performed under an internal pressure of 700 bar. A 700 bar
pressure is a standard followed by all the tanks available in the market as it tends to
meet the ultimate targets of DOE [6, 7]. Also, to completely define the constraints
an external pressure of 0.101325 MPa was applied on outer surfaces which took in
account the atmospheric pressure around the tank.

The main aim of the design was a quest for design optimization. As for example
theworld’s first 77MPa stationary hydrogen storage tank placed in People’s Republic
of China can store 2.5 m3 of the gas and has an internal diameter of 700 mm. But
its wall thickness is about 200 mm [10]. These all call for a design optimization
technique. And this research is a march toward it. Thus, a method was followed and
a deep study into the properties of each of these selected materials was done.

2 Methodology

An identical tank model was created in PTC Creo Parametric CAD (computer-aided
designing) software. The model consisted of various layers, and thus the modeling
as well as assembly module of the software was used to finish the complete model
of the tank. And after that it was put under pressure for the analysis.

The desired analysis was performed using Ansys Workbench software version
16.0. And static structural module of the software was selected to do the final anal-
ysis. The detailed methodology which was followed can be demonstrated using the
flowchart below (Fig. 1).
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     Modeling of different 
parts  in Creo and their 

assembly 

Import and generation of 
the model in static 
structural module

       Selec�on of sta�c 
structural module in

Ansys Workbench and 
the materials from 
engineering data 

   Selection the material for 
each part

     Creation of a mesh of 
desired refinement 

     Assignment of the 
required support 

constraints

  Assignment of the desired 
force/pressure constraints 

        Insertion of the 
solutions you require 

     Solu�on 

Fig. 1 Flowchart showing the steps of modeling and analysis which were followed

3 Design and Material

Two types of design were tested. One of them contained a net like structure for the
central S-glass layer and another one was a smooth layer. It revealed that simpler
design, i.e., the later one was more reliable and easy to manufacture.

The design consisted of three layers:

1. Innermost liner
2. Central stress bearing component
3. External stress bearer (Fig. 2).

Fig. 2 a Transverse placement of the complete assembly of the tank, b sectional CAD design
representing gray inner liner, yellow glass fiber layer, and an external red SiC layer
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Table 1 Arrangement of showing respective properties of different materials in use [2, 16, 17]

Material Properties

Density (kg/m3) Young’s Modulus (MPa) Tensile yield strength (MPa)

Al 7075 T6 2804 71,700 503

S-glass 2475 86,000 4650

SiC 3215 700,000 21,000

This combination of three layers with individual properties had specific functions
to perform and resulted in a total mass of 34.261 kg. The liner prevented contam-
ination of hydrogen with any other layer or chemical. The central and outer layer
provided a combination of rigidity and flexibility to our design in an order that it
made the complete design sustainable.

The dimensions for the tank were taken into account by studying currently avail-
able high pressure hydrogen storage tanks [18–21]. Such as the ones provided by
hexagon composites ASAbased onNorway. The final internal diameter was 291mm,
and internal usable length was 891 mm. Also, the external diameter was 319 mm and
external length was 919 mm.

The material and their respective layers were: AL7075 T6 liner (innermost), S-
glass (central), and silicon carbide (outermost). The design was put under a pressure
of 700 bar from inside and an external atmospheric pressure of 1 bar. The simulation
was performed in static structural module of Ansys workbench module, and the
materials were selected and had the following basic properties (Table 1):

Import of the designed geometry/assembly was done in STEP file format which
exports the structure in the combination of solids, volumes, and surfaces. The proper
assignment of the required material was done, and necessary constraints such as
pressure constraints were applied on the inner surface and outer surface (Fig. 3).

The three-layer design did not take into account the various attachments required
for refilling as the main aim was the assessment of sustainability of the tank.

4 Results and Discussions

The analysis was done, and the results were derived in desired format. The two main
aspects that were examined and which determined the reliability and sustainability
of the design were the amount of maximum deformation and factor of safety. Thus,
these are the two parameters have been discussed as follows:

The solution revealed promising results in the form of deformation.
The deformation solution displayed the result as shown in Fig. 4. As mentioned

on the left side of the figure, the maximum deformation was 0.41015 mm and had
occurred in the regions colored in red. Gradually after that the orange, yellow and
the lists up to blue color show decreasing deformation, respectively. The minimum
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Fig. 3 a Workbench screenshot displaying the application of 70 MPa internal pressure; b Work-
bench screenshot displaying the application of 0.101325 external atmospheric pressure

Fig. 4 Picture depicting deformation in the tank assembly after solution
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Fig. 5 Sectional view of the factor of safety result form for the test tank

Table 2 Desired value of
properties versus acquired
values

Properties (Down) Desired value Acquired value

Deformation (mm) <1 0.041015

Factor of safety 2.25 2.413

deformation which has been noted was 0.23762 mm. Both of these values were less
than 1 mm. Thus, the design was accepted as negligible deformation occurred.

The result in the form of factor of safety is as follows:
The factor of safety for the final tank that was put under test came out to be a value

of 2.413 as shown in Fig. 5. The tank performed well and did meet the criterion of
acceptable high pressure design tank’s factor of safety range which lies around 2.25
[15]. The desired and maximum acquired values from the design have been given
below (Table 2).

Also, the gravimetric ratio for the tankwas 5.9wt%as compared to the gravimetric
ratio of the Toyota Mirai which is 5.7 wt% [2].

5 Conclusion

Therefore, after the analysis various facts were learned and have been discussed
below:

• The design under pressure displayed results that motivate its broader use in
possible markets after a few more research work.

• Hydrogen seems to be the energy of future and it has to be employed in to our
societies as scientists come close to tackling the obstructions that stall its spread.

• The design has been tested under static environmental conditions so it makes a
suitable consideration for all of the three broader classifications of applications.
For more, essential conditions can be simulated and studied.
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There have been questions about embrittlement which can be tackled easily by
employing nickel plating or any other one considering the design [22]. Also, the
materials which have rarely been used for this application turned out to be a good
choice and can also be employed in other high strength applications in future. Thus,
it indicates the design is feasible and would help expand the hydrogen energy usage
eventually [23–25].
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20. Fakioğlu E, Yürüm Y, Nejat Veziroğlu T (2004) A review of hydrogen storage systems based
on boron and its compounds. Int J Hydrogen Energy 29:1371–1376

21. Muradov N, Vezirolu T (2005) From hydrocarbon to hydrogen? Carbon to hydrogen economy.
Int J Hydrogen Energy 30:225–237

22. Dwivedi S, Vishwakarma M (2018) Hydrogen embrittlement in different materials: a review.
Int J Hydrogen Energy 43. https://doi.org/10.1016/j.ijhydene.2018.09.201

23. Bossel U (2006) Does a hydrogen economy make sense? Proc IEEE 94:1826–1837
24. Aardahl C, Rassat S (2009) Overview of systems considerations for on-board chemical

hydrogen storage. Int J Hydrogen Energy 34:6676–6683
25. Gye H-R, Seo S-K, Bach Q-V, Ha D, Lee C-J (2019) Quantitative risk assessment of an urban

hydrogen refueling station. Int J Hydrogen Energy 44:1288–1298

https://doi.org/10.1016/j.ijhydene.2018.09.201


Numerical Simulation of Turbulent Flow
Through a Sudden Expansion Channel:
Comparison Between Three Models

Sandip Saha

1 Introduction

Turbulent water flow through sudden expansion channel has many important appli-
cations on engineering sciences and many industrial applications, namely heat
exchangers, combustors, diffusers, nuclear reactors, electronic cooling equipment’s,
mixing vessels, and so on. Over the past few decades, the change in flow from
symmetry to asymmetry through sudden expansion channels has become very
interesting to researchers [1–6].

In a two-dimensional sudden expansion channel, Abbot andKline [7] numerically
studied the subsonic turbulent flow with the variation of semi-angle. They concluded
that, one or more vortices appear in a three-dimensional downstream region and
classical stall pattern of flow occur in a two-dimensional downstream zone. When
Ar (area ratio) >1.5, they investigated that three different corner vortices appear
for double step configuration. Macagno and Hung [8] investigated the viscous flow
through an axi-symmetric conduit for the Re ∈ [36 − 4500].On the lower and upper
walls, they studied the dynamic interaction between fluid flow and captive eddy. They
noted that the major aspect of eddies is to form the flow transition with significantly
small exchange of energy. In a two-dimensional sudden expansion channel with the
variation of semi-angle, Shapira et al. [9] analytically perform the linear stability
analysis. By energy-based method, they stated that asymmetric solution exist when
Re > Recr.

Foumeny et al. [10] numerically studied the incompressible Newtonian fluid flow
by considering two channels, such as a channel along with no-slip boundary condi-
tions and another one is cascade model along with cyclic boundary conditions.
For both the models, they stated that when Re > Recr(critical Reynolds number),
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flow changes symmetric to asymmetric. Laminar Newtonian fluid flow in an axi-
symmetric expansion channel has been investigated numerically by Oliveira and
Pinho [11]. By finite volume method, they calculated the separation and reattach-
ment vortex length and compared with the experimental results which show a good
agreement between the results of experimental and numerical works. In an expansion
ratio 2, Durst et al. [12] studied the flow bifurcation phenomena for low values of Re
using finite volume method. They experimentally and numerically investigated that
flow bifurcation breaks the symmetry for Re > 125.

The motivation of this study is to investigate the performance of three turbu-
lence models to predict the flow phenomena, velocity profile, and normalized vortex
lengths in case of turbulent water flow through a sudden expansion channel. Fluent
software has been employed to model the computational geometry and numerical
simulations. Current study has been validated with the results of Ternik et al. [13].
Moreover, the simulated results such as normalized vortex length, and velocity profile
have been compared between three turbulent models. Furthermore, Recr has been
calculated for each of the three models to find out the bifurcation point where the
flow symmetry breaks. The paper has been formalized as follows: flow geometry
prescribed in Sect. 2, governing equations are prescribed in Sect. 3, and the results
and discussions have been performed in Sect. 4.

2 Computational Flow Geometry

Two-dimensional computational flowgeometry is depicted in Fig. 1, which is divided
into three sections such as inlet, outlet, lower and upper walls.

Fig. 1 Flow geometry
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3 Mathematical Formulation

To study the turbulent flow characteristics, various authors [14–17] have been used
the following governing equations:

Continuity equation:

∂ui
∂xi

= 0 (1)

Momentum equation:

∂ui
∂x j

u j = − 1

ρ

∂p

∂xi
+ ∂

∂x j

(
μ

ρ

(
∂ui
∂x j

+ ∂u j

∂xi

)
− u′

i u
′
j

)
(2)

where ρ = 1000 kg/m3, μ = 0.00089 Pa s and p denoted as fluid density, dynamic
viscosity, static pressure, respectively. By Kolmogorov formulation [14, 16, 18],
Reynolds stress (u′

i u
′
j ) can be written as follows:

−ρu′
i u

′
j = μt

(
∂ui
∂x j

+ ∂u j

∂xi

)
− 2

3
ρδi j k (3)

Here, μt , δi j be noted as eddy viscosity, Kroenecker delta and kinetic energy (k)
= u′

i u
′
j/2, respectively. Re is defined as Reynolds number, Re = ρud/μ.

3.1 Boundary Conditions

• Inlet boundary condition: k = 0.005u20, ε = 0.1k2, here ε noted as inlet dissipation,
ω = ε/kβ∗.

• Outlet boundary condition: ∂u/∂x = 0, ∂v/∂x = 0, ∂k/∂x = 0, and ∂ε/∂x = 0.
Atmospheric pressure considered at the outside of the channel.

• Wall boundary conditions: ∂k/∂n = 0, ∂ε/∂n = 0.

3.2 Turbulence Modeling

3.2.1 Standard k-ε Model

The model equations are as below which are proposed by Launder and Spalding
[18]. This model consists of two transport equations such as turbulent kinetic energy
(Eq. 4) and dissipation of turbulent kinetic energy (Eq. 5).
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Here, ui , ei j , and μt are noted as velocity component, deformation rate, and

turbulent eddy viscosity. Whereas μt = ρCμt
k2

εt
and y+ = ρCμt k

1
2 y

μt
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distance of the walls are denoted by y+. The constant parameters [18] of this model
are Cμt = 0.09, C1 = C3 = 1.44, C2 = 1.92, Cμt = 1, and σ k = 1.3.

3.2.2 Realizable k-ε Model
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σk +√
vεt
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where C1 =max[0.43, n/(n+ 5)], C2 = 1, σk = 1, σεt = 1.2, n= Sk/εt in accordance
with [19].

3.2.3 SST k-ω Model
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Dissipation rate:
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Here F1 is taken in accordance with Wilcox [20]. When k-ε model is applicable
then F1 be zero from the walls and turbulent eddy viscosity is formulized in Eq. 9.
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The constant parameters of this model [20] are β∗ = 0.09, α1 = 5/9, β1 = 3/40,
σK1 = 0.85, σω1 = 0.5, α2 = 0.44, β2 = 0.0828, σK2 = 1, and σω2 = 0.856.
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4 Results and Discussions

4.1 Grid Test and Model Validation

Grid test has been studied for low computational cost and to study the effect of mesh
size. From Fig. 2a, it has been clear that total number of elements be 60,820 which
are sufficient for future analysis. Grid test has been done by Standard k-ε model at
Re = 5000 by considering the average pressure coefficients along the y-axis and at
the x-axis total number of elements has been prescribed. For two values of Reynolds
number (Re = 50, 100), the current work has been validated with the results of
Ternik et al. [13] by comparing the normalize velocity profile along the centerline.
Figure 2b, c states a good relationship between the present study and Ternik et al.
[13] which gave an enough confidence for doing future analysis. Pressure drop states
a linear indication which represents the fully developed flow condition. It shows that
at the downstream section pressure increases due to the flow deceleration.

Fig. 2 Avergae pressure coefficients versus total number of elements (a), normalized velocity
profile at ReN = 50 (b), and ReN = 100 (c)
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5 Flow Phenomena

By three different models, velocity streamlines have been shown in Fig. 3a–c at
Re = 10, 000. From Fig. 3a–c, it is clearly observed that, due to friction and wall
shear stress, low velocity and the maximum velocity exist near the walls and away
from the walls. It is seen that velocity streamlines becomes more pronounced when
SST k-ω model is adopted rather than Standard k-ε model and Realizable k-ε model
due to high sensitivity of adverse pressure gradients. In addition, due to the presence
of cross-diffusion term and blending function, SST k-ω model is more suitable to
analyze the flow phenomena near the wall and far away from the walls. Moreover, for
higher values of Reynolds number, SST k-ω model is more comfortable to transform
the inner regionof boundary layer to k-ωmodel. ForStandard k-εmodel, it is observed
that maximum velocity reaches 1.15 times of inlet velocity, but in Realizable k-
ε model maximum velocity becomes 1.17 times. Furthermore, it is also explored
that maximum velocity becomes 1.185 times of inlet velocity when the SST k-ω
model has been employed. Moreover, it has also been observed that recirculation
region length becomes more complex in case of SST k-ω model. For three different
models, centerline velocity profiles have been depicted in Fig. 4a at Re = 10,000.
It is investigated that the SST k-ω model becomes more influenced in terms of
velocity profile rather than other two models. It is also noted that with the increase
of axial distance, velocity profile becomes more stagnant which is clearly shown
in Fig. 4a. For different values of Reynolds number, normalized vortex length (Hi)
has been prescribed in Fig. 4b to reveal the critical values of Reynolds number in
each turbulence model. It is studied that an increase of Reynolds number causes the
increase of vortex length as shown in Fig. 4b.

From Fig. 4b, it is clearly seen that in Standard k-ε model Recr becomes 2370
but in case of Realizable k-ε model, Recr becomes 2315. Moreover, it is revealed
that Recr = 2302 when SST k-ω model is implemented. Furthermore, it is noted that

Fig. 3 Velocity streamlines by three different models, a standard k-ε model, reliazable k-ε model
(b), SST k-ω model (c)
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Fig. 4 Velocity profile (a), and normalized vortex lengths (b) for various Re

when Re < Recr flow becomes symmetric, which indicates that two equal lengths of
vortices exist on the walls. But when Re > Recr flow breaks the symmetry and two
different lengths of vortices exist. Therefore, it is concluded that Recr decreases in
case of SST k-ω model rather than other models.

6 Conclusion

Turbulent water flow through sudden expansion channels have many important
applications in engineering sciences and many industrial applications such as heat
exchangers, combustors, diffusers, and so on. Three turbulence models have been
employed to reveal the flow patterns and normalized vortex lengths for different
values of Reynolds number. The concluding remarks have been described as follows:

• It is observed that due to friction and wall shear stress low velocity approaches
near the wall but the maximum velocity reaches when the flow far away from the
lower and upper walls. Moreover, it is also studied that with the increase of axial
distance, velocity profile becomes more stagnant.

• In Standard k-ε model, it is found that maximum velocity reaches 1.15 times
of inlet velocity, but in Realizable k-ε model maximum velocity becomes 1.17
times of inlet velocity. Furthermore, in the SST k-ω model, it is also revealed that
maximum velocity becomes 1.185 times of inlet velocity. Moreover, it is studied
that an increase of Reynolds number causes the increase of vortex lengths. It is
noted that when Re < Recr, flow becomes symmetric but when Re > Recr flow
breaks the symmetry and two different lengths of vortices alternately exist on the
walls.

• Furthermore, it is revealed that in Standard k-ε model, Recr = 2370 but in case of
Realizable k-ε model Recr = 2315. Moreover, it is studied that critical value of
Reynolds number become 2302 when SST k-ω model is implemented. Therefore,
it is concluded Recr decreases in case of SST k-ω model rather than other models.
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Therefore, from the whole study it is concluded that SST k-ω turbulence model
show the best prediction outcomes in terms of normalized vortex length, velocity
streamlines, velocity profile and to find out the critical value of Reynolds number.
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Tractor-Trailer Gap Optimization
of a Truck for Reduction of Aerodynamic
Drag

Merga Deraro, Ramesh Babu Nallamothu, Seshu Kishan Nallamothu,
Anantha Kamal Nallamothu, and Sewagegn Zewudie

1 Introduction

In the present century, the goods carrying trucks like Sino trucks are being designed
for higher speeds. Due to higher speeds at which they are driven, trucks are subjected
to aerodynamic drag and lift forces. Unwanted aerodynamic forces are affecting the
fuel consumption of the vehicle and lift forces affect the vehicle handling and road
holding capacity of the vehicle. The major target of the aerodynamic design of a
vehicle is to determine the aerodynamic efficient vehicle shapes to improve the
vehicle aerodynamic performance for saving the fuel. It is necessary to improve
the outer shape of the vehicle for reducing the drag, without compromising other
requirements of the vehicle. When a body moves through a fluid medium, it experi-
ences resistance to forwarding motion called aerodynamic drag. Aerodynamic drag
is insignificant at lower speeds. But as the speed increases, the drag increases in a
parabolic fashion. In crosswinds with non-zero yaw angle, the influence of the drag
takes another shape. Stability of the vehicle is affected considerably. With tractor-
trailer combination for heavy-duty trucks, the drag coefficient increases considerably
with increase in yaw angle [1–4]. Trailer side skirts, boat tails, cab side extensions,
roof deflector are some of the addons which are used for reducing the drag. Some of
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them are like roof deflectors, cab side extensions, trailer “boat tails” and trailer side
skirts [5, 6].

There are many other conceptual body shapes and addons which are not well
studied so far. The aerodynamic analysis of body shape of Sino truck is very important
for reducing fuel consumption and improving the stability and handling for the sake
of safety. In particular, in the presence of crosswinds, drag and handling problems
are even severe [7, 8]. The trailer and tractor gap allow the passage of air through
it, which creates more turbulence and increases the flow separation on the hiding
side of the trailer causing eddy formation leading higher drag. In general, in trucks,
major modifications of outer shape are not possible, except very little modifications
like truck front face leading-edge rounding. The drag developed on heavy trucks is
mostly pressure drag [9, 10]. It is mostly focused at the front surface, wheels, trailer
and tractor gap trailer and rear face of the trailer. In general, the loading of the trailer
takes place through the rear surface; the rear surface modification becomes difficult
for the reduction of the drag [11, 12]. In general, the truck drivers are very negligent
about the usage of drag reduction devices which may interfere with their routine
activities like loading, unloading, etc. [13, 14]. Drag reduction on freight-trucks
could lead to both environmental and economic benefits as the energy consumption
is lowered [15, 16]. At the same time, the emissions of heavy trucks and concomitant
fuel combustion can be significantly reduced [17, 18]. All in all, an improvement
of a truck’s configuration could decrease the drag coefficient (Cd), leading to better
fuel efficiency and a cleaner environment [19].

2 Modelling

2.1 Model Geometry Specifications

The specifications considered for modelling are given in Table 1.

Table 1 Aerodynamic
general specifications

No Aerodynamic specifications

1 Minimum tractor-trailer gap 1700 mm

2 Minimum frontal corner 110 mm

3 side trailer edge 95 mm

4 Rear trailer edge 95 mm
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Table 2 Specifications and
detail dimension of Sino truck
model 321

Specification Detail

Length 16.72 mm

Width 3.88 mm

Height 2.80 mm

Table 3 Experimental range Range

Truck speeds 64, 80, 96 kmph

Inclined angle 0°

Model no Sino truck (model 321)

2.2 Specifications of Existing Sino Truck

The specifications of the selected truck are given in Table 2, and the selected
experimental ranges are given in Table 3.

2.3 Original Model 321 (Existing)

The prepared models of the existing vehicle are shown in Figs. 1 and 2.

2.4 Reducing Drag with Aerodynamic Device

The stream lines of the flow over the model, without the device and with the device
are shown in Fig. 3.

Fig. 1 Model 1
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Fig. 2 Model 2

Fig. 3 a A tractor-trailer without device b tractor-trailer with device

Table 4 Different model
modification

Model existing 1 Model 2 Model 3

Overall length 16.72 m 16.72 m 16.72

Number of trailers 1 1 1

Cab No Yes Yes

Gap length 1.700 m 1.300 m 1.00

2.5 Modified Sino Truck 321 Model Testing with Varying
Velocity

Aerodynamic-related aspects and parameters are considered in the models designed.
Frontal area is modified, and the pressure acting on the trailer was reduced by opti-
mizing the gap and improving the flow through the gap. Hence, it has more influence
on the drag force (Table 4).

Step: Experiment
The domain is X = 80 m, Y = 20 m, Z = 12 m. Ground plate, outlet, and inlet
boundary conditions are set. The dimensions are L(X) = 16.72 m, W (Y ) = 3.88 m,
H(Z)= 2.80 m. Initial wind velocity is V = 26.667/s. Sensor position in the domain
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Fig. 4 Modification of truck at v 96 km/h

at X = 40 m, Y = 10 m, Z = 1.4 m, is as shown. Total force momentum at Xpos =
24.9975, Y pos = 10, and Zpos = 1.4. Reference density of 1.189 kg/m3 was used for
calculating drag coefficient from total forces, reference area in x, y, and z is 3.88 ×
2.80 = 10.864 m2.The air in the domain is at 20 °C, 1 atm. KECHEN standard
turbulent model is selected for the solution of the velocity. Velocity and pressure are
used to optimize at the selected position of the probe at a speed of 96 kmph (Fig. 4).

3 Meshing

Grid optimization test was done to reduce the computational difference between the
two models. The truck has symmetry about its longitudinal axis. At more number
of regions, the results were good. Constant velocity was considered at the inlet and
zero-gauge pressure was considered at the outlet. Atmospheric pressure is operating
pressure. The blue face is for velocity inlet and red face is for pressure outlet.

3.1 Total Drag Force

When air flows over the surface of the vehicle, body develops drag force resisting the
forwardmotion of the vehicle. The total drag comprises of form drag and skin friction
drag. Skin friction drag develops due to the viscous effect developed in a boundary
layer formation. The form drag develops due to shape variations, flow separation, and
due to the pressure difference existing between the surfaces. Because the shape of the
outer body of the vehicle is very much varying, integrating the pressure distribution
over the surface is a very complex task. The CFD software helps in this task of
estimating the pressure variations over the exposed surface of the vehicle. But it is
to be adequately validated. After conducting CFD analysis, comparing two types
of models for their drag and lift found that the difference is less. Sino truck may
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generate less or more drag depending on test force acting on the surface, speed, the
density of the air, and projected frontal area. The drag coefficient in non-dimensional
form is defined as:

FD = 1

2
ρACDV 2[10] (1)

CD = FD

(
1

2ρV 2A

)
(2)

where

CD Drag coefficient
A Frontal area of the Sino truck (10.86m2)
P Air density (1.189 kg/m3)
V Total wind velocity
FD Drag force of Sino truck.

3.2 Drag Coefficient (Cd) Calculation Performance Analysis
of Sino Truck Model 321

(
(Cdmodel 1− Cdmodel 2)

1

CD1
model 1× 100

)
(3)

Total resistance force is:

Ft = Fd + Fr + Fg

Fr = (0.015+ 0.00016V )W (4)

where

Fr is rolling resistance
Fg is resistance due to gravitational force
Fd is resistance due to drag
V is cruising speed of truck km/h
W is Sino truck curb weight.

Since Fg = 0 because of at 0° while = W × sin0°. The flow is divided into
two areas on the Sino truck: one inside, the boundary layer and the one outside, the
boundary layer.
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Fig. 5 Grid convergence test

4 Results and Discussion

For both models, the CFD analysis was done for the flow over the surface varying
the speed from 64 to 96 kmph. The grid convergence test result is given in Fig. 5.
At three different velocities, the results were obtained for both models. The shape
of the body is majorly influencing the drag. In this work, the shape of the standard
model of Sino truck 321 was modified by redesigning the front cab surface, rounding
the corners and providing the diffuser angle. Pressure and velocity distribution are
shown in Fig. 6, over two models.

4.1 Optimum Gridtest Use Velocity and Pressure

In any problem, to obtain the right solution, optimization is necessary. Optimization
is to be performed on the design variable for getting an effective solution.

Fig. 6 Modified model velocity distribution
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Fig. 7 Model 1 velocity and pressure distribution (64 km/h)

Fig. 8 Velocity and pressure distribution 96 km/h

4.2 With and Without Cab

An aerodynamic device like cab roof deflector will help in reducing the trailer front
surface area over which airstrikes. Due to which the drag reduces. Due to a reduction
in the drag, the amount of fuel consumed by the vehicle gets reduced. When cab roof
deflector is not present, the front surface of the trailer is exposed and more air strikes
the trailer surface andmore drag is produced leading to higher fuel consumption. The
velocity and pressure distribution of the models with and without cabs are shown in
Figs. 7 and 8.

4.3 Drag Coefficient at Different Speeds

Table 5 and Fig. 9 show that for all models, increase in speed causes an increase in

Table 5 Drag coefficient at
different speeds

Drag coefficient at different speeds (Cd)

Sino truck speed kmph Model 1 Model 2 Model 3

64 0.4643 0.4123 0.3300

80 0.5492 0.512 0.4240

96 0.8943 0.8212 0.7480
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Fig. 9 Drag coefficient

Table 6 Drag force versus speed

Speed km/h Model 1 Model 2 Model 3 Reduction of driving resistance

64 947.9923 841.818 673.783 274.2093

80 1750.65 1632.678 1351.566 281.112

96 339,815.57 3655.226 3330.218 336.48

the drag coefficient. The percentage ofCd reduction in each model which is d/f from
each other due to shape and flow speed.

4.4 Total Drag Force (N)

The variation of the drag force with speed is given in Table 6.

4.5 Total Resistance Force

The variation of the total force is given in Table 7 and Fig. 10.
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Table 7 Total resistance

Speed km/h Model 1 Model 2 Model 3

64 1618.331 1514.1215 1412.457

80 2536.254 2192.654 1923.456

96 3107.783 2611.355 2412.452

Fig. 10 Total resistance

4.6 Power Requirement

The power requirement applied by model 1 is greater than both model 2 and model
3; the power required in model 3 is more less than model Two. Meaning that model
1 consumes more fuel than model 2. Similarly, model 2 consumes more power than
model 3.

4.7 Fuel Consumption

The percentage of fuel reduction is given in Table 8. The amount of fuel saved is
given in Table 9.

5 Conclusions

A 3D model of Sino truck model321 was drawn by using the dimensions measured
from the actual truck. The model was prepared using CATIA-V5. The addons on
Sino truck are investigated for their effectiveness in reducing the drag. The aerody-
namic drag coefficient reduction is observed at 64 km/h, increasing the fuel economy
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Table 8 Fuel reduction Sino truck
model 321

Sino truck
speed km/h

Aerodynamic
drag reduction

% fuel
reduction

Model 1 64 – –

80 – –

96 – –

Model 2 64 28.92 17.35

80 22.79 13.67

96 16.35 9.81

Model 3 64 11.23 7.04

80 6.73 4.28

96 8.17 5.26

Amount of fuel save L/80 km = fuel consumption × percentages
of fuel reduction/100 = 14 L/80 km × 3/5(fuel reduction/100)

Table 9 Fuel saved in L/80 km

Sino truck
model

Speed km/h Drag
coefficient

Aerodynamic
drag reduction to
(Cd)

% fuel
reduction

Fuel save
L/80 km

Model1 64 0.4643 – –

80 0.5492 – –

96 0.8943 – –

Model 2 64 0.4123 28.92 17.35 3.03

80 0.512 22.79 13.67 0.23

96 0.8212 16.35 9.81 0.171

Model 3 64 0.3300 11.23 7.04 0.123

80 0.4240 6.73 4.28 0.75

96 0.7480 8.17 5.26 0.9

by 28.9%. At a speed of 96 km/h, the aerodynamic drag reduced increasing the
fuel economy by 11.89%. The variation of drag coefficient (Cd) was also analyzed
concerning body geometrical shape like advanced aerodynamic shaping, tractor-
trailer gap, trailer underbody, trailer sideplate, frame extension, etc. Side plates device
reduced drag on Sino truck model 1 at a speed of 64 km/h, which lead to the power
saving of 2.0587 kW. And the power saving for model 3 at the same conditions is
6.953 kW. It is observed that as the speed is increasing, power saving is increasing.
It is observed that drag is reduced in all the cases.
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Design Improvement of MacPherson
Strut Suspension System for Lighter
Vehicle

Yonas Hailemariam Alemayohu, Ramesh Babu Nallamothu,
Anantha Kamal Nallamothu, and Seshu Kishan Nallamothu

1 Introduction

The tyres are connected to the frame of a vehicle through a combination of mechan-
ical components called suspension system. In addition to passenger comfort and
safety, vehicle handling and ride, very much dependent on the vehicle suspension
system. Due to this, engineers and scientists are exerting great effort in improving
the suspension system. The suspension system isolates the passengers from the road
shocks and maintains the comfort and safety of them. Also, the suspension should
help in maintaining the contact between the wheels and road to maintain vehicle
handling and steering stability. A good suspension system is very much necessary
when a vehicle is being driven on real roads with potholes, bumps and imperfections.
Vehicles move up and down when it is driven on the bumpy road [1].

In 1949, Earl MacPherson developed a MacPherson strut suspension system for
the Ford Company. Different types of vehicles used this suspension system widely
due to its less weight and compatibility in size (Fig. 1). This kind of suspension
system is very popular in the front suspension of the vehicles. It is also used in rear
suspension [2].

A suspension system is made up of a combination of linkages, springs and shock
absorbers. Suspension allows the relative motion between wheels and the vehicle
body. Also, it isolates the driver and passengers from road bumps and vibrations
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Fig. 1 MacPherson strut
suspension system

associated with the rough road. It helps in keeping the wheels always in contact with
the road. Given below is the major role of the suspension system:

To give better handling and ride performance:

• Handling—ability of the vehicle to corner, brake and accelerate safely
• Ride—vehicle’s ability to run smoothly on bumpy roads

– To maintain steering control during manoeuvring
– To support the weight of the vehicle
– To support the control force produced due to

• Longitudinal acceleration and braking forces
• Lateral (cornering) forces
• Braking and acceleration torques [3].

2 Literature Review

Different works of the literature were reviewed related to MacPherson suspension
system. The coil spring for MacPherson strut suspension system was designed, and
it analysed the modified model for fatigue and static loading conditions. Among the
existing materials, better fatigue strength material was selected for the analysis, by
checking theirmechanical properties.CATIAV5wasused formodelling,Hypermesh
software is used for meshing, and ANSYS was used for the analysis [1].

Conceptual class A vehicle was developed. Optimum location of the roll centre
of the MacPherson strut suspension was determined for class A vehicle by studying
the influence of roll centre height on the dynamic behaviour of the MacPherson
strut suspension. Dynamic behaviour of vehicle with different roll centre positions
was analysed using ADAMS/car software. From the results, it is seen that steering
response, body roll angle and body roll rate are very much influenced by the loca-
tion of the roll centre. Also, it is observed that steering response and body roll are
contradicting [2].

MacPherson strut suspension system which is used in a passenger car was
appraised and optimized kinematically employingmulti-body system approach using
ADAMS/View software. The kinematic characteristics of the vehicle were studied
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in this work. The required results of the camber angle change were not obtained in
this research work. The increased camber angle value affected vehicle performance
and ride stability [4].

For ride control application, a nonlinear model of a MacPherson strut suspen-
sion was proposed. In this model, suspension linkage kinematics was incorporated
along with sprungmass vertical acceleration. The performances of the linearized and
nonlinearized models were analysed and compared with conventional models. It is
seen that the semi-active force has a greater influence in improving the ride quality
better than the active force, whereas their effectiveness in improving the performance
of the kinematic parameters is quite opposite. Using ADAMS software, the varia-
tions in kinematic parameters observed based on the linear model subjected to road
disturbances are compared with that of results obtained with a virtual prototype of
MacPherson suspension. It is observed that the results obtained in both analytical
approaches agreeing with each other [5–8].

The causes of the premature failures of the upper strut mounts of MacPherson
suspension are investigated. The service life of the components of the MacPherson
strut suspension system was estimated by both numerical analysis and experimental
tests [9–11]. Defect-tolerant analysis was used to assess the fatigue life of the compo-
nents. It is observed from the investigation that the failure of the upper strut mount
was not justified by the dynamic and static loads generated because of the irregular-
ities of the road and vehicle manoeuvring during normal working conditions. It was
concluded from the results obtained in the work, impulsive load caused failure of
the upper strut mount that cannot be justified by the normal working condition for
which they were designed [12–14].

The design of the suspension system was improved while discussing the features
of the existing system.Themodelling of suspensionwas done usingUG, and dynamic
analysis was carried out by the automatic dynamic of mechanical systems. In this
work, the parameters changed are like track width, mounting head and other param-
eters. It is concluded that by modifying the parameters the performance of the
suspension system was improved [15–17].

A comprehensive and systematic two-dimensional model of a MacPherson strut-
type suspension was developed. The model was implemented using MATLAB
and Simulink. The dynamics of this model was validated using a realistic two-
dimensional model developed using ANSYS software. The vibrational character-
istics of automobile system sprung mass were studied with the model developed
by dynamic equations with the inclusion of the characteristics like a moment of
inertia, mass, damping, stiffness, etc. The mathematical model was implemented
on Simulink, and the obtained results were compared with results obtained from
ANSYS model. It is seen that the values obtained with the mathematical model are
very close to the values of acceleration and displacement of chassis of the automobile
using ANSYS [18].

Vehicle designers’ economical choice is MacPherson strut suspension. For the
analysis of vehicle suspension and vehicle static characteristics, the leading arm has
been checked previously. In this work, working of the leading arm was simulated
and got the results, considering the dynamic analysis of the suspension in ADAMS
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Fig. 2 Assembly of shock
absorber

software, load transfer and failure condition of the system. It is concluded from this
work that design and analysis of leading arm were done for the sake of reduction of
the weight and the system with leading arm suspension working well with the whole
system. Modifications are done in the suspension system, and leading arm leads to
the development of an effective suspension system [19].

3 Design and Modelling Using CATIA V5 Software

CATIA V5 is modelling software which allows 3D modelling and 2D drafting of
elements. For performing the analysis of the suspension system inANSYS,modelling
of the system is to be done in any of the modelling software like SolidWorks, Pro-
Engineers, or CATIA. CATIA V5 modelling software is preferred for the modelling
in this thesis (Figs. 2, 3, 4, 5, 6 and 7).

3D Models of the Existing Suspension

4 Finite Element Analysis

Modelled mechanical components which are under load are generally analysed by
FEA for specific results. This method is useful in the facelift of the existing product
or in developing a new design for a product. It is also useful for a company to
verify the proposed design as per the specifications given by the client before going
for manufacturing. For improving the service condition or to improve the working
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Fig. 3 Assembly of the
conventional front
suspension

Fig. 4 Assembly of
conventional rear suspension

performance of a product, modification in the design of the existing product is neces-
sary. FEA is very much helpful in determining the design modifications in the case
of structural or product failure, to meet the new working conditions [20].

Existing Front Suspension System
Boundary conditions:

Meshing:
Shock absorber was meshed using tetrahedral elements. For the sake of obtaining

better results, fine mesh is to be generated locally where higher stresses are expected
under loading. Meshing is done with 761,949 number of elements and 1,113,869
number of nodes (Figs. 8 and 9).
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Fig. 5 Assembly of new
shock absorber

Fig. 6 Assembly of the new
front suspension

Fig. 7 Assembly of the rear
suspension
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Fig. 8 Loads and boundary
conditions of the new front
assembled system

Fig. 9 Meshing of the
existing front system

Stress analysis result:
See Table 1.

Existing Rear Suspension System
Boundary conditions:

Meshing:

Table 1 Summarized results
of existing front suspension
system (Fig. 10)

Analysis Existing front suspension
system results

Total deformation 2.774 mm

Maximum shear stress 247.68 MPa

Equivalent (von Mises) stress 491.69 MPa

Equivalent elastic strain 0.0024784

Safety factor 0.50845
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Fig. 10 Equivalent (von
Mises) stress

Fig. 11 Loads and boundary
conditions of new rear
assembled system

Fig. 12 Meshing of new
rear assembled system
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Table 2 Summarized results
of existing rear suspension
system (Fig. 13)

Analysis Existing rear suspension system
results

Total deformation 0.27627 mm

Maximum shear stress 132.47 MPa

Equivalent (von Mises) stress 245.78 MPa

Equivalent elastic strain 0.001295

Safety factor 1.0172

Fig. 13 Equivalent (von
Mises) stress

For the sake of obtaining better results, fine mesh is to be generated locally where
higher stresses are expected under loading. Finally, themeshingwas donewith 27,484
number of nodes and 13,904 number of elements (Figs. 11 and 12).

Stress analysis result:
See Table 2.

FEA of the Assembled New Suspension System
New Front MacPherson Suspension System

Boundary conditions:
Meshing:
For the sake of obtaining better results, fine mesh is to be generated locally where

higher stresses are expected under loading. Finally, 34,707 number of nodes and
7748 number of elements were found in the mesh (Figs. 14 and 15).

Stress analysis result:
See Table 3.

New Rear MacPherson Suspension System
Boundary conditions:

Meshing:
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Fig. 14 Loads and boundary
conditions of new assembled
system

Fig. 15 Meshing of the
newly assembled system

Table 3 Summarized results
(Fig. 16)

Analysis New front MacPherson
suspension system results

Total deformation 0.427N29 mm

Maximum shear stress 106.08 MPa

Equivalent (von Mises) stress 192.13 MPa

Equivalent elastic strain 0.0010421

Safety factor 1.0301
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Fig. 16 Equivalent (von
Mises) stress

Fig. 17 Loads and boundary
conditions of new rear
assembled system

Fig. 18 Meshing of the new
rear assembled system
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Table 4 Summarized results
of new rear MacPherson
suspension system (Fig. 19)

Analysis New rear MacPherson
suspension system results

Total deformation 0.1564 mm

Maximum shear stress 109.51 MPa

Equivalent (von Mises) stress 191.98 MPa

Equivalent elastic strain 0.0010141

Safety factor 1.3022

Fig. 19 Equivalent (von
Mises) stress

Meshing was done using tetrahedral elements. For the sake of obtaining better
results, fine mesh is to be generated locally where higher stresses are expected under
loading. Finally, 34,707 number of nodes and 774 number of elements were obtained
in the mesh (Figs. 17 and 18).

Stress analysis result:
See Table 4.

5 Result and Discussion

Assembled Existing Suspension System
For the existing model, the maximum magnitude of von Mises stress obtained at the
front and rear suspension system is 491.69 MPa and 245.78 MPa, respectively, and
the maximum shear stress magnitude is 247.68 MPa and 132.47 MPa, respectively.
But the factor of safety is 0.50845 and 1.0172, respectively. So, it is not safe for
stiffness and thickness of the structure is not at a reliable stress level. Therefore, it
indicates that it is necessary to change the suspension system of the vehicle.
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Assembled New Suspension System
For the new model, the maximum von Mises stress obtained at the front and rear
suspension system is 192.13 and 191.98 MPa and the maximum shear stress magni-
tude is 106.8 and 109.51 MPa. But the factor of safety is 1.3012 and 1.3022, respec-
tively. So, it is safe for stiffness and thickness of the structure is at a reliable stress
level. Therefore, it indicates that the newly designed model is acceptable for the
suspension system of the vehicle.

6 Conclusion

All the components of new and existing suspension systems are modelled using
CATIAV5modelling software and imported intoANSYSworkbench 16.0 to analyse
different parameters, and the results were compared.

The new models observed to be safe than the existing in all aspects. So, the
problem in the lateral direction which is flexible camber curve is solved, because
the MacPherson suspension system has good camber curve not as flexible as other
suspension system and also the stress in the existing system leads the system to have
flexible camber; this is corrected in the new model. Also, the steering arm position
is corrected to the middle of the knuckle to balance the steering force distribution.
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Design and Analysis of Composite Drive
Shaft for Rear-Wheel-Drive Vehicle

Lelisa Gezu, Ramesh Babu Nallamothu, Seshu Kishan Nallamothu,
Anantha Kamal Nallamothu, and Dawit Tafesse

1 Introduction

The composite material technology is very widely used by automotive industries
for the construction of structural components of the vehicle for reducing the overall
weight of the vehicle for achieving better fuel economy. Reduction of weight of
an automobile, with no compromise in the cost, reliability and quality, is the main
target of automobile manufacturers. Weight reduction of drive shaft also contributes
to the overall weight reduction of the vehicle. Fuel consumption of the vehicle is
directly related to the vehicle’sweight [1]. The values of specificmodulus and specific
strength are high for advanced composite materials like glass, Kevlar, carbon and
graphite with suitable resins. Due to this, they are used in automobile applications
[2]. A drive shaft is a key component of the power train of vehicle, which connects
other components of the power train at different angles using universal joints and
transmits the power to other components. There is a fuel consumption reduction of
about 7% for every weight reduction of 10% of the vehicle 7% [3]. Traditionally,
steel (SM45C) is used to make drive shaft. In a vehicle, power gets transferred from
the transmission system to rear axle through the drive shaft. All components of drive
shaft are rotating and possess a certain amount of mass [4, 5]. In general, energy
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Fig. 1 Two-piece driveline
with bearing support in
between

loss exists in rotating masses of a vehicle, which is about 17–22% of the total power
generated in the vehicle [6]. Heavy rotating parts take more energy in spinning. Mass
of the rotating parts is to be reduced to save the energy [7, 8]. The term drive shaft and
propeller shafts are used interchangeably [8, 9]. The longer trucks with wheelbases
from 3.4 to 4.8 m use drivelines composing of two pieces, consisting of two different
shafts with bearing support in between. There may be an overlap depending on the
type of the vehicle (Fig. 1) [10, 11].

For meeting the requirements of high-performance vans, light trucks
and automobiles, lightweight drive shaft tubes which are made up of
graphite/carbon/fibreglass/aluminium were developed by automotive industries [12,
13]. The specific stiffness of the composite material made of carbon fibre epoxy
is four times more than that of steel and aluminium. Because of higher stiffness,
there is a possibility of usage of composite material in the manufacturing of single-
piece drive shaft [14, 15]. Reduction in drive shaft weight is the major significance of
using composite material. In recent decades, usage of drive shafts made of composite
materials in high-performance race cars is gaining higher attention. Breaking of steel
drive shaft creates havoc, splattering the pieces in all directions, damaging the road
surface, damaging the body of the vehicle and even throwing the car in the air. But
breakage of composite drive shaft does not pose any danger, since it disintegrates
into very thin fibres not creating any challenge for the drivers. The composite shaft
dampens the vibrations, due to which wear in the components of drive shaft reduces,
the traction of the tyre increases and the comfort of the onboard members increases.
Part complexity, assembly time, maintenance cost and inventory cost reduce, due to
the use of single torque tubes made of composite materials [16–18].

2 Design

The properties of steel material are taken from the references.

Specification of the Problem
For avoiding the whirling of the drive shaft, the fundamental natural frequency of
bending of the drive shaft is to be more than 6500 rpm. The amount of torque
transmission is to be more than 3500 N m, in drive shafts of small trucks, passenger



Design and Analysis of Composite Drive Shaft for … 85

Table 1 Specifications of the existing vehicle drive shaft [9]

S. No. Name Notation Value Unit

1 Ultimate torque Tmax 3500 N m

2 Max. speed of shaft Nmax 5700 rpm

3 Length of shaft L 1250 mm

4 Outer diameter of a shaft Do 90 mm

5 Inner diameter of a shaft Di 86 mm

Fig. 2 Transmission of
torque by drive shaft [10]

cars and vans. The maximum size of the outer side diameter of the drive shaft is to be
around 100 mm due to space restrictions. In this, outer diameter is fixed as 90 mm.
Optimum design of drive shaft used in the transmission of power is necessary. The
specified requirements of the drive shaft are given in Table 1.

In general, for drive shafts, steel (SM45C) is used. The properties of this material
are taken from the references. The design specifications to be satisfied by drive shaft
made of steel are as follows:

1. Capability in transmitting the torque.
2. Torque capability in buckling.
3. Bending natural frequency (Fig. 2).

Torsional Strength
Normally, the drive shaft is subjected to torsional load. The maximum shear stress
(τmax) at the outer diameter (Do) and inner diameter (Di) of the shaft is given by:

τ = G × θ × r

�
(1)

where

T is the maximum torque applied in N m.
r mean radius of the shaft in m.
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Total deformation, δ = ∅ ∗ � (2)

Torsional Critical Buckling (TCR)
The cylindrical shell of the composite drive shaft is considered as isotropic, and the
buckling torque is given by equation

Tcr = (
2πr2t

)
(0.272)

(
Ex E

3
y

)0.25
(t/r)1.54 (3)

Bending Natural Frequency
Pinned-pinned beam idealization is used. The equation used to calculate the least
natural frequency is

fnb = π

2

√
gEx Ix
W L4

= π

2

√
Ex Ix
m1L4

(4)

W /g = the mass per unit length.

Mass of E-Glass/Epoxy Drive Shaft

m = m1 × L (5)

Percentage of Mass Saving

=
(
1 − mass of composite

mass of steel

)
× 100 (6)

3 Modelling and Analysis

Modelling in CATIA V5
CATIA supports multiple stages of product development, conceptualization, engi-
neering (CAE), design (CAD) and manufacturing (CAM).

Assumptions Considered in ANSYS
In the mechanical engineering field, for solving different types of problems numer-
ically, ANSYS is widely used. ANSYS is a famous general-purpose finite element
analysis software package. Some of the assumptions are made during this analysis
like the rotational speed of the shaft is constant, the shaft is of circular uniform cross
section, no nonlinear and damping effects are existing, the material is elastic and
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linear. It is considered as a plane stress problem since the loads acting out of plane
are not applied.

Modelling and Simulation
Model of the drive shaft was prepared as per the specifications using CATIA software
(Fig. 3). The analysis was done after importing the model into ANSYS and meshing
(Fig. 4). The model was analysed for stresses, natural frequencies and deformations
after applying boundary conditions and loads. The results were compared among
differentmodels. Themodelwhichhas less torsional stress andwith natural frequency
closer to steel was selected.

It is observed that there exists a maximum deformation of 0.05 m, and the
minimum is 0 m. The diameter of the structural steel shaft is 90–86 mm (Fig. 5).
Maximum strain obtained is 0.0033 (Figs. 6 and 7).

The total deformation for the shaft of glass fibre with diameter 90–86 is maximum
of 0.157e−5 m and minimum of 0 (Fig. 8).

Fig. 3 CATIA modelled drive shaft

Fig. 4 Mesh of the drive shaft
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Fig. 5 Total deformation of steel drive shaft

Fig. 6 Steel drive shaft elastic strain

Fig. 7 Von Mises stress of steel drive shaft

The equivalent elastic strain of the glass fibre of diameter 90-86 is maximum of
0.0080 (Fig. 9).

From the ANSYS analysis, it is observed that the conventional shaft made of steel
produced maximum shear and von Mises stresses for a given loading (Fig. 7). The
shaft made of E-glass produced maximum stress and deformation (Fig. 10).

There exists a maximum von Mises and shear stress for convectional steel shaft
(Fig. 7), with the application of given transmission loads,while there existsmaximum
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Fig. 8 Deformation of glass/epoxy fibre drive shaft

Fig. 9 Elastic strain of glass/epoxy fibre drive shaft

Fig. 10 Von Mises of glass/epoxy fibre drive shaft

stress in E-glass composite shaft (Fig. 10) for the given load application but it regis-
tered the maximum deformation. To minimize the weight, a single-piece composite
drive shaft was designed for rear-wheel-drive automobile. A high-strength carbon
composite is used for this purpose.
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4 Results and Discussion

In this work, for carrying out the analysis ANSYS 15.0 was used. In this analysis,
nonlinear parameters like inertia and damping effects were neglected. Loading was
applied to represent rotational moments. No direct load is acting on the shaft; only
it is subjected to a torque. Only static failure was done on the drive shaft (Tables 2
and 3).

From the results, it is observed that the analytical results and FEA results are
in good agreement. The analysis was done for composite materials for the sake
of weight reduction while checking the von Mises stresses and frequency. About
46% of weight reduction was achieved with composite materials when compared to
conventional steel. Whirling of the shaft also can be avoided by rotating the shaft at
lower speeds than the first natural bending frequency. The energy lost in rotating of
the heavy masses is reduced with this design.

Figure 11 shows that natural frequencies are varying for both materials of E-
glass–epoxy composite and steel. It is found that natural frequency increases with
an increase in the mode of vibration from software result (Fig. 12).

One-piece composite tubing may replace a two-piece steel setup due to tailor
ability of thematerial. Average vehicle can also be reduced by downsizing vehicles by
using an alternative material. Reduction in vehicle size and weight can significantly
reduce fuel consumption. Reducing 100 kg weight of vehicles, CO2 emissions can
be decreased by about 5 g/km [11].

Table 2 Validation and comparison of analytical and ANSYS results for steel and composite
material

Results Steel E-glass/Epoxy

Analytical ANSYS Analytical ANSYS

Deformation (m) 0.0318 0.05 0.157 0.2

Maximum shear strain (m/m) 0.0255 0.0033 0.126 0.0080

Maximum shear stress (MPa) 147 83 50 97

Weight (kg) 8.661 8.661 4.66 4.76

Table 3 Comparison of analytical result for torque and natural frequency

Torque transmission
capacity (N m)

Torsion buckling capacity
(N m)

Natural frequency (Hz)

Specification 3500 3500 6500 (rpm)

Steel SM45C 5957.9 12,347.7 129.9

Glass/Epoxy 3500 14,195 124
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Fig. 11 Natural frequency variation graph for both materials

Fig. 12 Chart representation
of both drive shaft weights
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5 Conclusion

Based on the finite element analysis and the analytical calculation done, the following
conclusions were drawn. Weight saving of about 46% was achieved with the usage
of composite material in place of conventional steel. Considering the deformation,
resultant frequency, shear stress-induced and also saving in weight, it is clear that
the prepared composite is possessing required characteristics for replacing the steel
drive shaft by composite drive shaft.

In addition to the benefit of being less weight, the usage of E-glass fibre/epoxy
resin also ensures less noise and vibration.

• It can be considered to replace the conventional two-piece steel shaft with a
single-piece drive shaft made of composite material.

• There is a considerable weight reduction of about 46%.
• The composites are recyclable, so they can be reused.
• Usage of composite materials gives the benefit of less noise and vibration in

addition to the reduction in weight.
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Improvement of Structure and Body
of Three-Wheeler Vehicle

Bekele Eromo, Ramesh Babu Nallamothu, Anantha Kamal Nallamothu,
and Seshu Kishan Nallamothu

1 Introduction

In urban and rural areas these days, three-wheeler vehicles (TWV) became an impor-
tant means of transportation. In some of the second-grade cities, these vehicles are
used as intermediate public transport (IPT), on selected routes. Even these vehicles
are being used as means of transportation between villages, small towns and city
borders. Mostly, they operate in the outskirts of the cities. Most of the three-wheelers
also designed as ameans of transporting goods for transporting goods between cities.
These three-wheeler vehicles became very popular due to their ability to manoeuvre
in small space in narrow streets. Running cost and the initial cost of the three-wheeler
vehicles are very less. Another advantage of these vehicles is the less space required
for parking. For short-distance travel, three-wheelers are best and even better and
faster than the city busses and travelling expenses are less compared to a four-wheeled
taxi. Particularly in India, three-wheeled vehicles are predominantly used in every
part of the country. The demand for such vehicles is growing day by day, and even
the sales of these vehicles very much higher than sales of all other vehicles together.
The usage of these vehicles in African countries also growing at a higher rate [1].
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2 Literature Review

The vehicle structure is subjected to various types of static and dynamic loads during
its operation. So, the structure of the vehicle is to be designed so that it can withstand
such loads towhich it is subjected. The outer shape of the body is to be designed aero-
dynamically to reduce aerodynamic drag, to improve fuel economy and reduce the
emissions. The interior space should be able to comfortably accommodate passen-
gers. The suspension system is to be designed to isolate the road vibrations from the
body of the vehicle. The vehicle body is to be designed to avoid the transfer of the
aerodynamic noise and vibrations to the occupants. The structure of the vehicle has
to be integral enough and should be able to protect the occupants during crashes.

The structural design of the vehicles improving year by year to meet the ever-
growing needs and requirements of the market. The design of the vehicle structure
is a compromise between the contradicting requirements. Many parameters are to
be considered while designing a vehicle structure like availability of the materials,
type of energy source for propulsion, regulations related to safety and emissions,
manufacturing facilities, availability of the funds, access to engineering technology
and competition in the market.

There are mainly two types of categories of the structures: one is body over the
frame and the second one is uni-body structure. Body over the frame of a sport utility
vehicles and passenger cars are consisting of body, frame and front sheet metal. The
vehicle body should be rigid enough to provide the necessary resistance to bending
and torsion. Passenger cars have a crumple zone, which gets crushed absorbing most
of the impact energy and protects the passenger compartment. Crumple zone deforms
plastically during the frontal crash and absorbs most of the energy avoiding the
transfer of the energy to the passenger compartment safeguarding the passengers.
All modules of the structure are bolted together. For the sake of isolating high-
frequency vibrations, shock-absorbing body mounts are being used between the
body and the frame. Since the early 1980s, the passenger cars produced are mostly
uni-body structures. Uni-body structures combine all like body, frame and frontal
crumple zone. The parts are constructed with pressed sheet steel and fastened with
spot welding and other fastening methods. The major advantages of unit-body are
less weight and it is very much rigid [2–4].

Impact Analysis

Frontal Impact Analysis—In general, steel members are used for the construction
of the frame. The frame consists of ties and struts. The ties are subjected to tension
and struts are subjected to compression. The members are joined with each other so
that they are subjected to pure tension and compression. The frontal impact load is
estimated by colliding the vehicle at a speed of 65 kmph with a rigid body. Generally,
vehicle collision includes two events, primary and secondary. In the primary, vehicle
collides with other vehicle or object and the vehicle crumple zone gets crushed
absorbing the impact energy [5–7]. The secondary event includes the free movement
of the passengers and colliding with other parts inside the vehicle. The secondary
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impact may cause injury if restrain systems are not used properly. Torso of the
occupants absorbs some part of the energy. The torso releases the energy slowly so
that the impact is non-injurious. The energy of the second impact is proportional to
the mass of the occupant and the relative speed concerning the interiors. Impact in a
short period results in higher force and may cause injuries [8–10].

Rollover Impact Analysis—Rollover is another type of crash, during which vehicle
turns upside down causing injuries to the occupants. Rollover is the most dangerous
crash, in which the fatality rate is very high compared to other types of crashes [11–
14]. Rollover may be caused by kerb nudging, collision with kerb wall or collision
with another vehicle. This type of rollover is called a tripped rollover. Another type
of rollover called untripped, which is generally caused by the speed of the vehicle,
instability in steering force input, friction with the ground, etc. [15–18]. When the
vehicle slides sideways and strikes kerb, lateral force develops, which causes rollover
of the vehicle. When the vehicle slips into soft ground, rollover may occur. Slopes,
particularly steeper than 33% also, may cause rollover [19–22]. When one wheel of
the vehicle hits a large obstacle, it may roll over. Rollover case is a more serious
crash causing a higher rate of deaths. The roof of the vehicle gets crushed towards
the heads of the passengers during a rollover and causes serious injuries.

3 Methods and Materials

Methods—To fulfil the objectives of this study, the method followed includes the
following activities.

• Data Collection: Data collected from different sources.
• Preparation of CAD Model: The CAD model for existing structure and also new

structure was prepared by using CATIA V5R19 software.
• Importing of CADModel to ANSYS: The model prepared in CATIA was imported

to ANSYS workbench following appropriate procedure before analysis.
• Structural Analysis: Structure analysis was done by finite element analysis with

ANSYS 16.0 workbench.
• Impact Analysis: The impact analysis such as frontal and rollover static impact

analysis was done by using finite element analysis.
• Modal Analysis: A modal analysis of the vibration characteristics of a structure

was done by using ANSYS 16.0 software.

Modelling Existing Three-Wheeler Structure (CAD Model)
The model has been done using the overall dimensions length is 2625 mm, width
1300 mm and height 1710 mm and circular cross-sections and diameters of 25 and
3 mm thickness.
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Fig. 1 3D CATIA model of the existing structure

Modelling a New Bajaj Three-Wheeler Structure (CAD Model)
Circular cross-sections and diameters of 36 and 3 mm thickness have been modelled
in CATIA V5R19 software (Figs. 1, 2 and 3).

Fig. 2 3D CATIA model of
new structure

Fig. 3 CAD drawing for
models
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4 Results and Discussions

Static structural analysis results of existing model are given in Table 1 (Figs. 4 and
5).

Table 1 Simulation result of static analysis

Result type Equivalent or von
Misses stress (MPa)

Maximum principal
stress (MPa)

Total deformation
(mm)

Safety factor

Minimum 2.1829e−5 −138.01 00.16535 0.50906

Maximum 491.1 481.43 24.421 –

Fig. 4 Equivalent stress

Fig. 5 Total deformation
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Rollover impact simulation—For improving passenger safety, the strong roof struc-
ture is necessary. A rollover impact analysis is required for this purpose, to know
whether the designed roof structure is strong enough to protect the passengers or not.
First, side impact and front impact analyses were conducted and the results obtained
from this are used as input to roll over-analysis (Figs. 6 and 7). 50% of the frontal
impact load is applied for the rollover case (Figs. 8 and 9) [12].

Impact force, F = 0.5 ∗ Frontal impact load.

Fig. 6 Loads and boundary
conditions rollover impact of
existing model

Fig. 7 Equivalent stress
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Fig. 8 Deformation (total)

Fig. 9 Safety factor

Static structural analysis of new model

The results are given in Table 2. The variation of equivalent stress is shown in Fig. 10
and deformation in Fig. 11.

Table 2 Static simulation result of the modified structure

Result type Equivalent or von
Misses stress (MPa)

Maximum principal
stress (MPa)

Total deformation
(mm)

Safety factor

Min 0.14118 −20.993 0.0045389 2.0862

Max 119.84 119.89 17.29 –
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Fig. 10 Equivalent stress

Fig. 11 Deformation

Rollover impact analysis—Strong roof structure for maximum safety during
rollover incidents was ensured by performing rollover crash analysis. For impact
loading analysis of the rollover, input parameters used are obtained from side impact
and front impact analysis (Figs. 12 and 13). The rollover impact analysis load is
obtained (Figs. 14 and 15) as follows.

Impact force, F = 0.5 ∗ Frontal impact load.

Modal Analysis
It is necessary to make a vibrational analysis of the structure to find out the natural
frequencies and mode shapes. The following equation is used to calculate natural
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Fig. 12 Loads and boundary
conditions rollover crash
static analysis of the new
model

Fig. 13 Equivalent stress

Fig. 14 Total deformation
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Fig. 15 Safety factor

frequency.

ωn =
√

K

m

where ωn is natural frequency, m is mass and k is stiffness.
The obtained mode shapes are as follows.
The first mode explains about vibration of rear part of the chassis with a zero

natural frequency (Fig. 16).
Second mode is the longitudinal vibration of the frontal part of the frame with

zero frequency (Fig. 17).

Fig. 16 First mode
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Fig. 17 Second mode

Third mode is the vibration of entire upper frame and beams connecting them
with zero natural frequency (Fig. 18). Fourth mode is the vibration of the frontal
structure with a frequency of 3.1412e−003 Hz (Fig. 19).

In the fifth mode, vibration of the entire upper frame and beams connecting them
occurs with a natural frequency of 4.4876e−003 Hz (Fig. 20). In the sixth mode,
vibration of the upper frame and the beams connecting the rear end occurs with a
frequency of 5.5354e−003 Hz (Fig. 21).

Fig. 18 Third mode
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Fig. 19 Fourth mode

Fig. 20 Fifth mode

5 Conclusions

• This work concerns the following parameters while keeping in mind the strength,
performance, weight and safety. The primary goal was to build the lightest frame,
to make passenger safety and to maximize the performance of the vehicle.

• The designed structure is analysed for the static and impact loads. The parameters
obtained from each analysis are given as input to the next analysis following the
order of front, side, rear and rollover impacts, respectively.

• The chassis and body frame was designed as the vehicle can withstand the better
crash and static types of loads.
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Fig. 21 Sixth mode

• The body structures have been improved by optimizing the number of tubes
using FEA analysis. The important option of the structure of this vehicle is to
be performed using the tubular space frame.

• With this work, it is understood that tubular structure increased the strength of
the structure with a weight reduction. It can withstand high dynamic stresses with
great rigidity. It can also withstand heavy loads with great strength. Bending and
torsional loads also can be supported by this system.
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Aerodynamic Analysis of Body
of Passenger Bus for CO2 Reduction
and Fuel Saving

Dawit Tafesse, Ramesh Babu Nallamothu, Anantha Kamal Nallamothu,
Seshu Kishan Nallamothu, Lelisa Gezu, and Bekele Eromo

1 Introduction

Transportation of the people by bus became one of the most successful commercial
activities in the field of transportation. This means of transportation is increasing day
by day at a higher rate. The fuel consumption share of the busses and contribution of
harmful emissions increasing at an alarming rate. Technology in bus manufacturing
is improving. Now, there are busses, which are used for travelling long distances
between cities at higher speeds. Due to their bluff body shape, the fuel economy of the
busses is very poor compared to other vehicles. As the speed of the bus is increasing,
the aerodynamic drag increases drastically in a parabolic manner. Normally, the
drag grows with the square of the relative speed of the vehicle concerning the air.
At higher speeds, the consumption of the power in overcoming the aerodynamic
resistance mounts to 70% of the total brake power produced by the engine. For
saving the depleting resources of the fossil fuels and reducing the greenhouse gas
emissions and other harmful emissions, the engineers and scientists in automotive
industries are vigorously working for improving the fuel economy of the busses by
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optimizing the aerodynamic shape of bus outer body. Drag on the body of the vehicle
develops in two mechanisms, skin friction drag and pressure drag. About 80% is the
contribution of pressure drag and the remaining 20% drag is from skin friction drag
[1–3]. Various types of commercial CFD software available in the market can be
used for the aerodynamic analysis of the commercial buses. Several researchers are
working in the field of the aerodynamics of the vehicles, for reducing the aerodynamic
drag coefficient. Various types of numerical and computational methods are being
used by the researchers and scientists in the study of vehicle aerodynamics. In this
work, the vehicle body ismodifiedbyattaching anewlydevelopeddevice for reducing
the drag and for vehicle aerodynamic performance improvement. Lateral guide vanes
are attached near the rear end of the vehicle, for the sake of guiding the air smoothly
into rear wake zone. Due to entering of the air into the wake zone, the pressure in
the wake zone increases, thereby pressure drag reduces, contributing to the vehicle
overall drag reduction. Vehicle drag is a very important and necessary activity, as the
more than half of the energy is spent in aerodynamic drag.

Aerodynamic drag comprising of skin friction drag and pressure drag. Pressure
drag is the major portion of the total drag, which amounts to 80% of the total drag.
The geometry of the vehicle shape causes pressure drag, due to separation of the
boundary layer where there is a sudden deviation of the contour of the vehicle body,
on windscreens of front and rear, on the sides and rooftop, etc. Due to flow separation
near the after body, creates a wake zone with very low pressure, causing increased
pressure drag. The size of the wake depends on the geometry of the after body and
the location of the flow separation [4, 5]. In this present work, novel rear end spoilers
are developed and attached to the rear end of the bus. Two different spoilers were
attached to the rear end and analysed their influence on bus aerodynamic drag. The
obtained results were compared with the baseline model of the existing vehicle. The
test was done varying the speed from 80 to 120 km/h.

Flow separation and its control is a very important concept in the various engi-
neering applications of fundamental fluid dynamics. Flow separation from the body
of the vehicle aggravates aerodynamic drag. Different types of passive and active
flow separation controlling devices are developed. Passive control techniques include
modification of the shape of the vehicle, attachment of some add on devices etc. But
these methods are dedicated to a particular application.

From the results obtained in the CFD analysis done in this work, it is observed
that changes in velocity and pressure near the front and rear parts of the vehicle have
a significant influence on lift and drag forces acting on the vehicle. It is observed as
the rounding radius of the bus edge is increasing the coefficient of drag gets reduced.
Decreasing flow separation is observed with modifications done on the vehicle body.

2 Literature Review

On vehicle body aerodynamics, lot of research works are reported in the literature.
But, the research works related to heavy vehicle aerodynamics are considerably less.
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Fig. 1 Frontal shape design to reduce CD [5, 6]

Fig. 2 Bus body rear side
vanes and splitters [7]

This is the motivation behind the execution of this work. With fine-tuning of front
edge radii, an optimum radius of the edge was obtained, which is 150 mm. Further
increase in radius, observed insignificant influence on aerodynamic drag (Fig. 1) [5,
6].

Add on devices are added on busses and trucks and then experiments were carried
out. The influence of extended vertical and horizontal splitter panels extended from
the vehicle rear body, non-ventilating cavities and vanes near the rear end was inves-
tigated as shown in Fig. 2. It is observed that non-ventilating cavities helped in
reduction of drag coefficient by 5% [7].

These days, availability of commercial CFD software packages are very common
in themarket. These software packages are reliable, rapid and proved to be successful
in many engineering applications solving multiple tasks. There are internal and
external flow categories in the automotive wind flow. The efficiency of the vehicle is
verymuch dependent on aerodynamic drag.Aerodynamic analysis of vehicle became
one of the important and critical research areas these days. In the twentieth century,
wind tunnel testingwas themostwell-knownwayof analysing vehicle aerodynamics.
Due to the recent development of software packages, to deal with aerodynamic anal-
ysis, a lot of work is being done by adapting numerical simulations. With such
practice, one can save the cost and time in testing [8].

Styling of vehicle outer body is a complex phenomenon which is an integration
of artful, stylish and aesthetic appearance besides engineering design requirements
of strength and other aspects [9–11]. A vehicle with an aerodynamically designed
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body, with less aerodynamic drag, can exhibit higher performance, runs faster and
longer with less fuel. Due to this, a great importance is given to aerodynamic body
design of a vehicle [12].

Aerodynamic flow simulation is one of the proven conventional methods to see
the field of flow around the body of the vehicle which helps in identifying the critical
zones where there is a possibility of drag reduction for reducing the fuel consumption
[13, 14]. Panels and spoilers are added at the rear end to reduce the drag and altering
the front face of the conventional bus model [15–17]. These alterations were done
with less investment and without interfering the internal passenger space. The fuel
consumption criteria were also studied by many researchers [18, 19].

3 Model Preparation and Meshing

3.1 Specifications of the Model

Scaled-down 3D models were prepared using CATIA software. The specifications
are given in Table 1. Outer dimensions of the bus are given in Table 2. Bus model was
prepared, then converted into STL format and imported to Pheonix CFD software
and aerodynamic analysis was done.

Table 1 Specifications of the model

S. No. Model specifications

1 Front edge radius, minimum of 100 mm

2 Coverage of underbody and smooth. From 11.5° to 15°

3 Trailing corner radius. Minimum of 100 mm

4 Tapering of side panel 100 mm

5 Tapering o rear roof 1000 mm

6 Front end curved

7 Lowering of roof ends

8 Rake angle increment from 30° to 45°

Table 2 Existing bus
specifications

Parameter Size (mm)

Length 11,955

Width 2550

Height 4000
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Fig. 3 Grid convergence

3.2 Grid Mesh

Grid mesh was generated in the selected flow field. Grid was optimized to avoid the
difference between two models (Fig. 3). Vehicle has symmetry in the vertical plane
along the longitudinal axis. This symmetry made the work simpler.

3.3 Application of Initial and Boundary Conditions

The conditions like rotating wheels, road touching are imposed on the mesh for CFD
analysis. The inlet condition was taken as constant velocity and outlet condition was
zero-gauge pressure. Atmospheric pressure is the general operating condition. The
blue face shows velocity inlet and a red face shows the pressure outlet.

3.4 Aerodynamic Drag

The resistance force due to wind experienced by the vehicle opposite to the motion
of the vehicle is called drag. Theoretical estimation of the total drag over the exposed
surface area is a very complex task. The drag has two components pressure drag and
skin friction drag. CFD helps in making this task simple. But CFD model developed
around the body of the vehicle has to be adequately validated.

Comparing the drag and lift acting on two different vehicles does not give good
information. Becausemany parameters like density, projected frontal area, test speed,
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etc. influence the drag and lift. So developing a non-dimensional drag is necessary
for comparison purpose.

The coefficient of drag in its non-dimensional form is given below [13]

Fd = 1/2ρv2CdA

4 Simulation Using CFD

4.1 Setup

Using CFD, it is possible to find the solutions of many flow problems like
laminar/turbulent, compressible/incompressible, reacting/non-reacting, etc. The
problems like chemical reactions, heat transfer, fluid flow and mass transfer can
be successfully solved by CFD [14].

Controlled domain size is X = 80 m, Y = 22.55 m, Z = 14 m. Boundary condi-
tions like inlet, outlet and ground plate are set. Importing the model of vehicle with
dimensions L(X) = 11.995 m, W (Y ) = 2.55 m, H(Z) = 4 m, into CFD software.
Initial condition wind velocity was set V = 27.78 m/s. Position of the sensor was
set at X = 41.995 m, Y = 11.275 m, Z = 1.5 m as shown in Fig. 4. Momentum of
the forces calculated at Zpos = 1.5, Xpos = 25.9975, and Y pos = 11.275. From all the
forces, the drag coefficient was calculated with a reference density of 1.189 kg/m3,
reference area in x, y and z are 4× 2.55= 10.2 m2. The fluid in the domain is treated
as air at 20 °C, 1 atm. Turbulence model KECHENwas selected. Single-phase simu-
lation, using question formulation ELLIPTIC STAGGERED. Several iterations tried
are 1000 with 0.01 global convergence criteria and 0.001 as tolerance.

Fig. 4 Existing bus (Model 1)
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Fig. 5 Modified bus (Model
2)

4.2 Grid Optimization

Optimization of the grid was done at the position of the probe for pressure and
velocity at a speed of 100 km/h (Fig. 3).

4.3 Modelling and Testing

The baseline model was prepared as per the dimensions of the existing bus (Fig. 4).
This model is named as Model 1. This model has a relatively flat front surface, sharp
corners at rear and front.

Model 2 is a modification of the baseline model. Modifications are done on the
roof, frontal area, rear side and rear panel shape (Fig. 5).

5 Aerodynamics Analysis

5.1 Drag Coefficient (Cd)

CdModel - 0 − CdModel - i

CdModel - 0

× 100(%)

See Table 3 and Fig. 6.

5.2 Total FD (N)

Fd = 1/2ρACdV
2

See Table 4 and Fig. 7.
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Table 3 Cd at various speeds

Drag coefficient (Cd) at various speed

Speed in km/h Speed in m/s Model 1 Model 2 Cd percentage reduction
(%) from baseline

80 22.22 0.456279 0.421341 7.567

90 25 0.597414 0.559264 6.386

100 27.78 0.622502 0.570847 8.298

110 30.56 0.702459 0.598573 14.788

120 33.33 0.759947 0.632431 16.782

Fig. 6 Cd versus speed of
models
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Table 4 Fd at various speeds

Drag force (Fd) at various speed in N

Speed in km/h Speed in m/s Model 1 Model 2 Reduction of driving
resistance (N)

80 22.22 1366.063 1261.4612 104.6018

90 25 2264.162 2119.576 144.586

100 27.78 2913.113 2671.3835 241.7295

110 30.56 3978.137 3389.814 588.323

120 33.33 5119.246 4567.220 552.026

Fig. 7 Fd versus speed of
models
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Table 5 Total resistance Total resistance at various in N speeds

Speed in km/h Model 1 Model 2

80 1719.123 1614.5212

90 2637.542 2492.956

100 3306.837 2710.7535

110 4392.157 3803.834

120 5553.586 5001.560

Fig. 8 Total resistance
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5.3 Total Resistance [15]

Ft = Fd + Fr + Fg

Fr = (0.015 + 0.00016V )W

Because of the same curb weight, Fg is taken as zero and due to same velocity
for both models Fr is treated as constant. Curb weight of the vehicle is 12700 kg,
including 70 kg of driver’s weight. Variation of total resistance force is given in Table
5 (Fig. 8).

5.4 Power Requirement

P = FtV/ηt or

ηt = Transmission efficiency (taking assume 0.9)

Psav = (FModel - 1−FModel - 2) × VBus

See Table 6 and Fig. 9.
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Table 6 Saving of the power

Total resistance at various in N speeds Power saving m (kw)

Speed in km/h Model 1 Model 2

22.22 1719.123 1614.5212 2.324

25 2637.542 2492.956 3.615

27.78 3306.837 2710.7535 16.559

30.56 4392.157 3803.834 17.979

33.33 5553.586 5001.560 18.399

Fig. 9 Power requirement
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5.5 Consumption of Fuel

Fuel saving is calculated from power saved.

ṁfuel = Powersaved/
(
QLHV × ρfuel × ηengine

)

The lower heating value of diesel fuel QLHV is 42.5 MJ/kg.
The fuel density at ambient temperature is ρ (860 kg/m3). Engine thermal

efficiency is 35% (Tables 7 and 8).

Table 7 Fuel saving (L/h) Fuel save (L/h)

Speed in km/h Power saving (kW) Model 1 Model 2

80 2.324 – 0.654

90 3.615 – 1.017

100 16.559 – 4.659

110 17.979 – 5.059

120 18.399 – 5.178
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Table 8 Annual fuel saving Annual fuel save (L/year)

Speed in km/h Power saving
(kW)

Model 1 Model 2

80 2.324 – 2354.429

90 3.615 – 3662.333

100 16.559 – 16,775.817

110 17.979 – 18,214.410

120 18.399 – 18,639.909

5.6 CO2 Reduction

The amount of CO2 from the engine depends on fuel consumption, the carbon content
of the fuel and oxidation factor.

CO2 emission = AL ∗ CL ∗ OF ∗ 44/12

where

AL combusted fossil fuel amount
CL fossil fuel carbon content, 0.77 ton/kL
OF fossil fuel oxidation factor [16].

6 Result and Discussion

The analysis by CFD was carried out for the speeds from 80 to 120 km/h for both
models at five different speeds. The bus was modified at the front end, corners and at
the rear end. Velocity and pressure distributions are shown in Figs. 10 and 11. From
Fig. 10, it is observed that the rear wake region is considerably reduced due to the
modification done at the rear end.

7 Conclusion

3D model of the passenger bus was prepared using the actual dimensions of the
existing vehicle. CATIA-V5R20 is used for the preparation of the models. From the
CFD analysis, it is observed that the modification of the bus resulted in a reduction of
the drag force. Using the CFD, the fluid flow field around the body of the vehicle is
visualized. Modification of the vehicle body caused a significant change in velocity
and pressure field. The variation near the rear end is very significant, which helped
in the reduction of drag. The separation near rear end reduced. The flow field was
well modelled. The variation of the flow field is not that much with a variation of
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Fig. 10 Velocity distribution

Fig. 11 Pressure
distribution

the speed. But body shape modification caused many variations. Coefficient of drag
reduced with modification of the bus body. It is found that 18,639.906 L of fuel
were saved per year due to modification of the body shape. CO2 emission reduction
achieved was 52.1 ton/year.
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Computational Evaluation
of Aerodynamic Performance of Isuzu
Midi Bus Body

Natnael Bekele, Ramesh Babu Nallamothu, Engidayehu Wotango,
Surafel Kebede, Seshu Kishan Nallamothu, and Anantha Kamal Nallamothu

1 Introduction

Only, in designing race cars, vehicle aerodynamics was taken into consideration by
automotive industries. In 1973, a group of oil-exporting countries formed a cartel and
increased the prices of crude oil drastically. Then, automotive industries started seri-
ously attempting to reduce the aerodynamic drag of vehicles for the sake of reducing
the fuel consumption [1]. The automotive industries were very much frightened due
to the shortage of fuel in the market at that time. Automotive manufactures started
producing higher efficient vehicles with lower fuel consumption. A moving vehicle
causes the displacement of the surrounding air and generates a resultant resistive
force called drag which accounts for the major parts of the resistance force to the
motion.

A major objective of the aerodynamic design of vehicles is to reduce drag and
preventing underneath lift forces at high speeds. Focusing on the surface of the body
is the most effective approach for the reduction of an aerodynamic drag because the
outer surface contributes the largest percentage of the overall drag. Recent mech-
anisms like drag reduction attachment for both commercial vehicle and passenger
cars and aerodynamic streamlining of the outer body surface lead to a reduction
of drag acting on the body of the vehicle [2]. With the improvement in outer body
shape of the vehicles, there is a significant reduction of drag coefficients from earlier
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vehicles to recent vehicles. Reduction in drag contributed a lot for the realization
of fuel economy. The redesign and modification of car bodies help to reduce the
overall aerodynamic drag. Moreover, the add-on devices effectively reduce drag
force. Aerodynamic body shape design of cars is very much necessary [3].

Optimal aerodynamic shapes of the vehicle body can be designed by using aero-
dynamic analysis. Optimum streamlined body shapes help in the reduction of fuel
consumption and related harmful emissions [4]. Today’s car companies are now
basing their vehicles on beingmore aerodynamically fit with themain goal to develop
clean, efficient and sustainable vehicles for urban transport. Moreover, the perfor-
mance, handling, safety and comfort of a passenger car are significantly affected
by its aerodynamic properties. Getting high power under normal conditions is not
enough to judge the performance of the car. Aerodynamic properties of a vehicle
must be considered for studying the drag and stability performance [5].

There aremanymotor vehicles available inEthiopia andmost of themare imported
from foreign countries, but some of those vehicles are locally fabricated (body)
without the engine compartments and chassis layout. Most of the vehicle body-
building companies are not considering aerodynamic aspects when designed the
outer body shape of the vehicles.

The light truck Isuzu (Fig. 1) is the most commonly available truck in Ethiopia
which is imported from a Japanese commercial vehicle and diesel engine manufac-
turing company found in Japan. However, the outer body of the light truck Isuzu
is modified to midi bus without changing the chassis layout at different bus body-
building companies andgarages as shown inFig. 2.This study focuses on thevehicle’s
aerodynamics, especially to reduce the overall aerodynamic drag force of the existing
Isuzumidi bus that directly influences fuel consumption.Modifying the outside body
design and using drag reduction devices were the main ways of reducing the drag
force of this bus [6, 7]. Higher drag reduction can be achieved by diverting the airflow
and avoiding flow separation, with the attachment of the extra parts on the outer body

Fig. 1 Existing Isuzu light truck
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Fig. 2 Existing Isuzu midi
bus during an assembly at
Kemal bus body building
company

of the vehicle. This extra device called “Rear Spoiler”, which is aerodynamic equip-
ment that is designed to spoil unfavourable air motion across a car body to decrease
the overall drag. The main fixing location is at the rear end of the bus. At higher
speeds more than 60 kmph, aerodynamic drag is very high, and it is responsible for
the fuel consumption up to 50% of the total fuel consumption of the vehicle [8, 9].

An analysis was done on an intercity bus for body styling and aerodynamic perfor-
mance by redesigning the outer body of the bus. Fluent, a commercial CFD code was
used to compute the aerodynamic performance [10, 11]. There was a drag reduction
from 0.53 to 0.29, with redesigning of the exterior body. The combined effect of
lowered Cd and frontal area aerodynamic drag reduction by 60% [12, 13].

An examination was done on the flow structure around a bus model using the CFD
method. They developed three different models to reduce the drag of the bus [14]. In
their study, they determined the drag coefficient of the base model bus as 0.53. They
lowered the drag coefficient to 0.49 by modifying the front and rear surface of the
bus. They have achieved to decrease the drag coefficient to 0.39 by adding the side
panel, 0.40 by the rear spoiler. Thus, they achieved an aerodynamic improvement as
6.57, 25.82, and 24.42%, respectively [15, 16].

They added panels at the rear end of the vehicle along with modification on the
front face of one of the conventional bus models and achieved the reduction of the
drag. It is observed that, without altering the interior space required for passengers,
it is possible to reduce the drag with the least investment [8].

2 Methodology

Due to its flat and blunt front surface, the existing Isuzu midi bus has more air
resistance to forwarding motion, and it is experiencing higher drag force at higher
speeds This work aims to solve this problem, bringing up a novel outer body shape
design, with the existing vehicle used as a benchmark. The baseline model of an
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Fig. 3 The baseline model
of an Isuzu midi bus 1/20
scaled down

Isuzu midi bus 1/20 scaled-down model was generated using SolidWorks as shown
in Fig. 3. Smooth underbody was used for the model. The analysis was done, with
closed wheel wells, with no openings for cooling airflow and with no side-view
mirrors.

Four bus body models were prepared for this analysis, with the appearance and
exterior body styling. The first bus model “Model I” (Fig. 4a) designed with its front
surface tapering more towards the rear end. This model was similar to the baseline
model but different in inclination angle of the windshield, and the inclination angle

(a) I (b)

(c) (d)

II

IVIII

Fig. 4 CAD models of four modified an Isuzu midi bus
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of the baseline model was 11.31° whereas the inclination angle of model one was
15.64°.

The second bus model “Model II” (Fig. 4b) designed with a curved front surface
and smooth rounded corners on the front and rear end of the roof. The third bus
model “Model III” (Fig. 4c) designed with a more curved front surface and more
smooth rounded corners on the front and rear end of the roof. The fourth bus model
“Model IV” designed with the same as the third bus model with the rear spoiler at
rear end of the roof as shown in Fig. 4d. Rear spoiler, which is externally attached to
the rear end of the roof, is meant to push the flow separation a bit rearward and reduce
the amount of drag by minimizing the wake region and by throwing the turbulent
air behind the bus. The spoiler airfoil shape was selected from NACA catalogue.
NACA 4412 airfoil was selected, and the coordinates are imported to SolidWorks
for modelling. The main criteria for selecting NACA 4412 airfoil was, becomes it’s
more efficient for practical application and has lower drag and lift coefficients [9].

The simplified baseline model of an Isuzu midi bus is designed in SolidWorks
as shown in Fig. 3. The sizes of the midi bus model are 345 mm long, 110 mm
wide, 148.5 mm high and wheelbase of 117.5 mm. After the vehicle model has been
uploaded into the ANSYS environment, an enclosure was generated surrounding it.
For the experimental study, the enclosure was designed based on a recommendation
from Fluent for accurate results. A real wind tunnel is created by a virtual air-box
(Fig. 5) created around the 3D CAD model. The size of the bus has a relation to the
dimensions of the tunnel. There are ground surface, inlet, an outlet and walls exist in
the wind tunnel. From the front of the bus body, the flow inlet plane was located three
car lengths away. The outlet of the tunnel exists at a distance of five car lengths from
the rear of the vehicle. To provide a very wide simulation domain, the side plane was
located sufficiently far from the car body side surface (about two car lengths). The
height of the domain is equal to two times the length of the car body [10]. The set
distance between the car body bottom surface and ground is 0.0001 m.

Fig. 5 Virtual wind tunnel targeted for CFD simulation
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The computational domain is discretized by using tetrahedron elements. The trian-
gular mesh is the base format for the established mesh. A fine mesh is necessary to
have a converging simulation. The fineness of the entire mesh is described by rele-
vance used. The relevance of 100 means high accuracy and low speed of processing,
while a relevance of 100 means low accuracy and higher speed of processing. For
this study zero relevance with fine relevance, the centre was used. The advanced size
function is curvature and proximity, which is used for progressing from least size
of elements, near the curvature of the vehicle to big size elements far away from
the vehicle and as approaching the wind tunnel domain walls. Smoothing is done
by using smoothing iterations many times. Quality of the elements improved by
moving the nodes and elements in the vicinity. In the inflation creation, the vehicle
surfaces and ground surfaces are included. The boundary layer formed on the vehicle
surfaces and the ground is simulated by meshing called inflation. The default values
applied by programme-controlled inflation are enough for accurate simulation of the
boundary layer near the surfaces and ground [11]. The growth factor of 20% is used
with a maximum layer thickness of 5 mm and one time of 5 levels maximum. Three
boxes are developed, to increase the mesh density in critical areas and refining the
meshing, underbody and wake-box shown in Fig. 6.

In this work, for analysis, CFD software Fluent was used. Three-dimensional
RANS equations are solved by using realizable k-ε turbulence model with non-
equilibrium wall function set up. For all developed models, in the simulation using
Fluent, the used model is the turbulence model. The simulations were run with a
velocity of 80, 100 and 120 kmph.

In the simulation, the airflow is from the velocity-inlet towards the pressure-outlet
with a selected amount of velocity. The intensity of the turbulence was reduced to
1%, for velocity inlet. The couples scheme was employed. The set Courant number
was 50. Explicit relaxation factor of 0.25 was set for both momentum and pressure.
The turbulent viscosity relaxation factor was set to 0.8 during the first upwind and
changed to 0.95 for second upwind. The numerical computation was first begins

Fig. 6 Three boxes car, underbody and wake for mesh refining
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with the first-order scheme to certain numerical stability. For better truthfulness, the
scheme was shifted to the second-order scheme, after the execution of one hundred
iterations. This scheme was continued for another 1000 iterations. Most of the scaled
residuals and the global aerodynamic quantity such as the drag coefficient converged
to 1e-5 long way before the 1000th iteration. Once the convergence was reached,
the solution could be analysed to determine which model is effective. The non-slip
wall boundary condition is set on the vehicle surface. The boundary conditions on
the rest of the wind tunnel surfaces are set as the inviscid wall.

3 Result and Discussions

To determine the reduction in the drag coefficient from different models of the bus
with modifications, the drag coefficient and flow field of a baseline model examined
first. After simulating the baseline model, the modified models were simulated next.
After the simulation, all models were compared for the drag coefficient and the flow
field of the baseline model.

Due to the stagnation of the approaching air, pressure builds up on the front surface
of the vehicle (Fig. 7). Stagnation is the region that comes in contact with the air in
the first instance when the car is in motion. Later, as the air is flowing over the body
of the vehicle, air accelerates and pressure drops to negative values. Due to sudden
deviation of the body surface, flow separation takes place, and wake is created near
the rear end of the vehicle. Due to this, the pressure near the rear end is lower than
the pressure on the front side of the vehicle. The pressure drag, which is a pulling of
the vehicle towards back develops due to the pressure difference between the front

Fig. 7 Pressure contour of the baseline model at 120 kmph
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Fig. 8 Model I pressure contour at 120 kmph

and rear sides of the vehicle. The size of the low-pressure wake zone near the rear
end is to be reduced for the sake of reducing pressure drag. The concepts like radius
improvement, roof tapering, roof end lowering, etc., are tried with the reduction of
the pressure drag, as reported in the literature.

Due to the pressure variations on the surface of the vehicle body, the pressure drag
developed is higher than the other form of drag called skin friction drag. In particular,
the pressure difference between the front and rear parts of the vehicle is very high.
Pressure contour of all models indicates that flow stagnation caused high pressure on
the frontal surface of the vehicle (Figs. 8, 9, 10 and 11). Wake formation due to flow
separation near rear end leading to reduction of the pressure. On the other hand, a low
level of static pressure takes place where separated flow exists at the back of the bus
model. It is known that the pressure differences between forwarding and backward
faces of the bus model cause drag force. The maximum pressure increases with
increasing speed. The increase in the surface pressure increases the drag coefficient
which can be seen from Table 1.

The pressure difference of baseline, model I, model II, model III andmodel IV are
6449.3, 6035.2, 4843.5, 4096.8 and 3409.4 Pa at speed of 120 kmph, respectively.
The proposed modified design resulted in a reduction of the pressure difference. The
pressure difference of model III is lowest than all the baseline model, model I and
model II. The presence of a rear spoiler in the rear upper part of the bus, the pattern of
the flow behind the bus has slightly improved than model III. Consequently, which
minimize the low-velocity area in the wake region and delay the turbulence zone
away from the bus model. In all models of the bus velocity streamline contour shows
that the wake region gets stronger and wider as the speed increases.

The locations where the flow is disturbed can be identified by the visualization of
the airflow around the vehicle. The most significant is the nature and the formation
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Fig. 9 Model II pressure contour at 120 kmph

Fig. 10 Model III pressure contour at 120 kmph

of the flow. Flow structure information can be obtained by visualization of path lines.
The nature of the flow can be completely understood by visualizing the locations of
streamlined flow, separation, and recirculation, vorticity generation, etc. Streamlines
are the lines that are tangential to the flow velocity. As can be seen, the streamlines
are in direction with the car surface and some streamlines tend to bend towards the
rear side of the car. Also, the wake region in the back of the bus can be observed
clearly. The colours indicate the velocity magnitude. The velocities close to inlet
velocity are indicated by green colour and red colour indicates high-velocity zones.
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Fig. 11 Model IV pressure contour at 120 kmph

Table 1 Comparative coefficients of drag for all models

Models Speed (kmph) Drag coefficient
(Cd)

Average Cd value Percent of Cd
reduction from the
baseline model (%)

Baseline Model 80 0.72872 0.72881 –

100 0.72877 –

120 0.72895 –

Model I 80 0.54672 0.56010 25.01

100 0.54906 24.66

120 0.58452 19.81

Model II 80 0.38114 0.38293 47.69

100 0.38354 47.37

120 0.38412 47.31

Model III 80 0.33598 0.34184 54.01

100 0.34142 53.15

120 0.34813 52.24

Model IV 80 0.33014 0.33266 54.69

100 0.33239 54.39

120 0.33547 53.98
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However, blue colour sections in the contour represent low-velocity areas present
on the bus body. The low-velocity area can be seen on the front of the bus at the
stagnation point, underbody of the bus, and on the back of the bus. Drag acting on
the bus increases with the development of turbulence in low-velocity areas.

From the velocity distribution shown in Figs. 12 and 13, it is seen that sudden
change in the shape near the rear end caused flow separation. Recirculation and
vertices are observed in the flow separation zone. Flow accelerates on the roof of
the bus causing a reduction in the pressure due to converging flow. Pressure drag

Fig. 12 Baseline model velocity contour at 120 kmph

Fig. 13 Model I velocity contour at 120 kmph
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is induced due to the separation of high-speed flow near the rear end. In model IV
(Fig. 16), due to the presence of a rear spoiler in the rear upper part of the bus, there
is a slight improvement of the flow pattern behind the bus than model III (Fig. 15).
Consequently, which minimize the low-velocity area in the wake region and delay
the turbulence zone away from the bus model. In all models of the bus velocity
streamline contour shows that the wake region gets stronger and wider as the speed
increases (Fig. 14).

The comparison between the drag coefficient of the baseline model with the
other four models at speeds of 80, 100 and 120 kmph was summarized in Table 1.

Fig. 14 Model II velocity contour at 120 kmph

Fig. 15 Model III velocity contour at 120 kmph
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Fig. 16 Model IV velocity contour IV at 120 kmph

Also summarizes the drag coefficient of four models with the percentage difference
from the baseline model. Both at low and high speeds, model IV has the lowest
drag coefficient, and the baseline model has the highest drag coefficient. Due to the
exterior body modifications on the baseline model, the coefficient of drag reduced by
model I, model II, models III and IV were approximately 23.15%, 47.46%, 53.09%,
and 54.35%, respectively.

There is a maximum of 32.81% fuel can be saved in model IV from a baseline
model at 80 kmph and 32.61% of fuel can be saved in model IV at three average
speeds from a baseline model. The other high reduction was from model III with
32.41%, 31.89% and 31.34% at speed of 80, 100 and 120 kmph, respectively. Model
II reduces the amount of fuel consumption with 28.61%, 28.42% and 28.38% relative
to a baselinemodel at speeds of 80, 100 and120kmph, respectively.However,model I
has the least fuel reduction with 15.01%, 14.79% and 11.88% of fuel when compared
to the baseline model at speed of 80, 100 and 120 kmph, respectively.

4 Conclusions

After the analysis of all models, the modified models and a model with rear spoiler
reduced the amount of swirling air in the back of the bus and hence reduced the
amount of drag coefficient compared to the baseline model. On the backside of
the baseline model of Isuzu midi bus, there is a formation of a large wake zone
and it caused higher pressure difference between the front and the rear of the bus,
causing high drag. To improve the aerodynamic performance of the existing bus, four
modifications of the exterior body were prepared. The last prepared model employed
rear spoiler, which was meant to push the flow separation a bit rearward and decrease
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the amount of drag by minimizing the wake region and by throwing the turbulent air
behind the vehicle.

• The results show that bymodifying the exterior shape of the bus body, it is possible
to improve aerodynamic performance. Also, by using add on a device like a
spoiler, one can improve the performance of the bus. These modifications helped
considerably in reducing the coefficient of drag, i.e. Cd which improved fuel
consumption and reduced to exhaust emission.

• It was found that model IV has the least drag force. Bus model II and III gave
an intermediate result. The average drag coefficient of the baseline model, model
I, model II, model III, and model IV were 0.72881, 0.56010, 0.38293, 0.34184
and 0.33267, respectively. Due to the exterior body modifications on the baseline
model, the coefficient of drag reduced by model I, model II, models III and IV
were approximately 23.15%, 47.46%, 53.09%, and 54.35%, respectively.

• The maximum of 32.81% fuel can be saved in model IV from a baseline model
at 80 kmph and 32.61% of fuel can be saved in model IV at three average speeds.
This reduction in exhaust emission has a significant effect on the environment.
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Wear Characteristics of Aluminum
Composite Reinforced by Multiwall
Carbon Nanotubes

Sunil Kumar Tiwari, Ankit Dasgotra, Vishal Kumar Singh,
Akula Umamaheswararao, and Jitendra Kumar Pandey

1 Introduction

Many researchers have shown their interest in the area of metal matrix nanocom-
posites more specifically toward aluminum composite because of their enhanced
properties as compared to the involved individual components [1, 2]. Increased
properties of composites like strength, hardness, corrosion resistance, dimensional
stability, thermal stability, etc., make them suitable for their use in automotive indus-
tries [3–5]. In addition to this, low density, low specific weight, stiffness, and wear
resistance properties of aluminum composites make them an appropriate candi-
date for aerospace and marine industries [1, 6, 7]. They are mostly used in the
parts where reciprocating and rotating motions are common to happen like, piston,
brakes, drive shafts, etc. [8]. Researchers have opted several methods to fabricate
aluminum composite broadly liquid and solid processing. They have used SiC,
B4C, Pb, TiB2, Al2O3 in micro- and nanosize as reinforcing material for fabri-
cating aluminum composite [6]. Looking in the scenario of introducing new and
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emerging nanoreinforcements, authors have synthesized aluminum composite with
carbonnanotubes. Particularly, they have usedmultiwall carbonnanotubes reinforced
aluminum composite for industrial applications because of the decreased cost of
production of MWCNT [9, 10]. Carbon nanotubes possesses excellent mechanical,
thermal, and wear resistance properties [7, 8, 11, 12]. Researchers have success-
fully fabricated Al-CNT composite through different fabrication routes but they
have found the common problem of agglomeration of CNT in aluminum matrix,
poor wettability, and porosity in final part [2, 13]. Many researchers have found
enhanced mechanical, thermal, electrical, and corrosion resistance properties when
they reinforced aluminum with CNT, and few studies have also reported enhanced
wear resistance properties of the composite. Bustamante et al., have fabricated Al-
2024-CNT composite through milling process, and they have found that with highest
weight percent of carbon nanotube in aluminum matrix, better wear resistance prop-
erty of the composite was achieved [6]. Choi et al., have also explained that the
presence of CNT shows effective contribution toward improving the wear resistance
properties of Al-CNT composite [9]. Aranke et al., found that addition of CNT has
not shown positive effect in enhancing wear resistance properties of the composite.
Moreover, reinforcing aluminum with CNT beyond 0.7wt% resulted in decreased
wear resistance [2]. Kim et al., have also explained that excessive CNT in aluminum
resulted in decreased hardness and increased wear in the composite [14]. It has been
studied that, along with the CNT dispersion, CNT agglomeration, size and fraction
of CNT, carbide formation in the composite, wear-resistant property of the material
also depends upon the working environmental conditions and load applied on the
material [15, 16]. Xu et al., proclaimed that addition of CNT in aluminum strengthens
the matrix and thereby enhances the wear resistance property of the composite. This
study reflects the fabrication of aluminum composite through melting process and
also explains the effect of reinforced carbon nanotube on wear resistance property
of composite.

2 Materials and Methods

In present study, Al-7075-t6-51 and multiwall carbon nanotubes (MWCNT) were
used as matrix and reinforcing material, respectively. MWCNTs (with > 99% purity,
diameter 10–12nm, and length 4–8µm)were reinforced inmatrix through stir casting
technique in open environment at room temperature as shown in Fig. 1 [17–19].
Crucible, mold, and stirrer were prepared from graphite to prevent contamination
in the composite. Four class of composites, Al-0 wt%CNT, Al-0.1 wt%CNT, Al-
0.15 wt%CNT, and Al-0.2 wt%CNT, were prepared to compare and study their wear
properties. Samples for wear test were prepared according to ASTM G99 standards
(F 6 mm, length 30 mm). The contact surfaces of prepared samples were polished
and cleaned using different grades of silicon carbide grit papers (from 120 to 1000).
They were cleaned prior testing using acetone. Test was performed on pin-on-disk
tribometer in dry sliding condition. Parameters used for conducting wear tests for all
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Fig. 1 Stir casting setup and operating processes

samples were, track diameter 70 mm, load-10 N, RPM 454, time 15 min and disk of
high-speed steel. Experiment was conducted at room temperature at constant load,
RPM and for same time. Figure 2 shows the setup of pin-on-disk tribometer along
with disk and samples.

Fig. 2 Pin-on-disk setup with samples and disk
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3 Results and Discussion

Results of wear and friction force obtained from the instrument has been shown
in Figs. 3 and 4, respectively, as (a) Al-0 wt%CNT, (b) Al-0.1 wt%CNT, (c) Al-
0.15 wt%CNT, and (d) Al-0.2 wt%CNT. Data points on X-axis represent time in
seconds. From Fig. 3, it can be clearly seen that, the pure sample (without reinforced
CNT) has shown the maximum wear after 15 min of continuous sliding on the disk.
With increase in reinforcement (by wt%), wear loss decreased and composite with
0.2 wt% CNT has shown the minimum wear loss.

From the results obtained, we can say that the overall impact of reinforced CNT
on wear resistance properties of composites is nearly same for all samples. This can
be understood well in the way that the wear characteristic of the Al-CNT composite
depends on the homogeneous mixing of CNT in the matrix and synthesis process

Fig. 3 Wear results of the composites
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Fig. 4 Frictional results of the composites

[6]. One of the good properties of CNT is to provide self-lubricating property, which
resist wear in the material. Inhomogeneous mixing and clustering of CNT in Al
matrix results are non-uniform distribution of reinforcement and thus decrease the
lubricating effect while fabricating through stir casting technique. Because of this,
less impact of CNT on the tribological property in the composite has been observed.
This decrease in the wear loss of the composite with increase in reinforcement can
also be the result of depth of wear groove or flatness of the wear track of the disk
due to its continuous rotation. Shivaramu et al. have explained a relevant theory
related to this technique. Result of microhardness test has shown a gradual increase
in the hardness of the composites as the ratio of reinforcement in the composite
was increased up to 0.15 wt%CNT. Beyond this the hardness was decreased due to
the agglomeration of CNT [19]. Results of hardness test have been summarized in
Table 1. It can be explained in the way that the presence of CNTs in aluminummatrix
results in increasing the brittleness and hardness of the composite. Microscopic
results show that the size and structure of grains are almost same in every samples
when seen at 100×Fig. 5.Moremicrocracks and pitswere seen in samples reinforced
with carbon nanotubes as shown in Fig. 6. Due to the presence of microcracks near
grain boundaries in reinforced samples, the bond between reinforcement and matrix

Table 1 Hardness of
composites

S. No. Sample Hardness value (Hv)

1 Al-0 wt%CNT 54.483

2 Al-0.1 wt%CNT 68.625

3 Al-0.15 wt%CNT 72.808

4 Al-0.2 wt%CNT 61.933
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Fig. 5 Surface structure of a Al-0 wt%CNT, b Al-0.1 wt%CNT, c Al-0.15 wt%CNT, and d Al-
0.2 wt%CNT at 100×

was weak which minimized the effect of reinforcement in the composite. From the
results of frictional force obtained from the setup, it can be seen that at the starting of
every sample testing, we have observed increased frictional force. This is due to the
uneven surface finish in disk and tip of pin and due to the formation of debris at worn
surfaces. Once sliding time from 100 to 200 s passed, approximately constant range
of frictional force has been obtained. This is due to the smoothing of contact surface
of pin while sliding on the disk due to constant amount of temperature generated at
the contact surfaces.

4 Conclusion

• Composites with different ratio of CNTs were fabricated using stir casting
technique.

• Composite with 0.2 wt%CNT has shown better wear results as compared to other
samples.

• Results obtained from the experiment suggest that reinforcement of CNTs in
the matrix has not shown a remarkable result differences due to inhomogeneous
mixing of CNT in the matrix.
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Fig. 6 Surface structure of a Al-0 wt%CNT, b Al-0.1 wt%CNT, c Al-0.15 wt%CNT, and d Al-
0.2 wt%CNT at 500×

• Temperature rise between sample and disk was approximately same for all the
samples.

• Presence of MWCNT in the matrix is responsible for reflecting good results of
wear in the composite.
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Advancement in Digital Flight Control
System

J. V. Muruga Lal Jeyan, Akhila Rupesh, Sabiha Parveen, and Ajith Kumar

1 Introduction

The main aim of the paper is to create an aircraft which gives the expected actuation
by overcoming the overloading. This is to be done with the help of microcontroller
and to design the feedback unit using comparators. In aircraft with hydraulic and
pneumatic actuators, it requires an additional air or oil chamber in order to provide
the required actuation. This increases the size and cost of construction. The expected
actuationmay not be obtained due to the aerodynamic loading in the control surfaces.
So, in commercial aircrafts, the pilot in the cockpit has to move the control stick
until the required actuation is obtained. In order to overcome these difficulties, in
this paper, electronic actuators with digital flight control system and light intensity
are implemented [1–4].
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1.1 Flight Control Systems (FCS)

A system that includes all aircraft subsystems and components used by the pilot or
other sources to control one or more of the following:

• Aircraft flight path
• Altitude
• Airspeed
• Aerodynamic configuration
• Structural modes.

1.2 Flight Control Surfaces

An airplane usually has control surfaces and its controls, which enables the control-
ling of an aircraft and its stability. The control surfaces are having its own operating
mechanisms, which works with cockpit controls [5].

The primary control surfaces are aileron, elevator, and rudder as shown in Fig. 1.
There are three axes of rotation, namely roll axis, yaw axis, and pitch axis. An
airplane may turn about three axes. Whenever the altitude of the airplane changes
in flight (with respect to the ground or other fixed object), it will rotate about one or
more of these axes. The three axes intersect at the center of gravity and each one is
perpendicular to the other two. These three movements of the aircraft with respect
to the corresponding axis are shown in Fig. 2.

The three primary control surfaces are responsible for themovement of the aircraft
in the above-mentioned axes. The rolling, pitching, and yawingmotion are controlled
by aileron, elevator, and rudder, respectively, as shown in Fig. 3.

Fig. 1 Location of control
surfaces in the aircraft
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Fig. 2 Movement with
respect to corresponding
axes

Fig. 3 Control surfaces and its corresponding movements

1.3 Mechanical Control Systems(MCS)

Themechanical systems are based on hydraulic actuators, pneumatic actuators, intel-
ligent system, and mechanical systems with feedback. These existing systems and
its disadvantages are discussed below, and also this paper deals with the control unit
implemented in the proposed system in order to overcome the drawbacks of existing
system. The main disadvantage of hydraulic actuators is that it requires separate oil
chamber in order to perform actuation. It can leak and also requires position feedback
for repeatability. In the case of pneumatic actuators, the force required by the stem
is large, and hence, it may make the stem system to fail. It also requires a separate
air chamber.
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2 Methodology

2.1 Digital Flight Control System

In order to overcome the drawbacks faced in the above mechanisms, we are going
for the digital system. The digital flight control system is designed using electronic
actuatorswith feedback systemanddigitalmicro controllers. The digital flight control
systems are implemented using digital technology, and the pilot input signals are
transmitted as serial digital data using avionics data bus networks. The signals data
are subsequently processed by digitalmicrocontrollers in the flight control computers
(Fig. 4).

The advantages of digital flight control systems over the mechanical systems
are easy installation and maintenance. Digital systems do not have the problem of
friction. Digital systems are not affected by bending or vibration of aircraft.

The main advantages of digital flight control systems are as follows:

• Weight reductions
• Hardware economy
• Flexibility
• Digital avionics data buses.

Fig. 4 Systematic block diagram for maneuvering aircraft using digital flight control system
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Fig. 5 Systematic block diagram for maneuvering aircraft using light intensity

2.2 Fly by Light System

With the intensity of the light reflected, control surface actuation can be done more
effectively. Moreover, the usage of wires can be eliminated. The advantages of fly
by light flight control systems over the digital systems are as follows:

• Easy installation and maintenance
• Light systems do not have the problem of friction
• Light systems are not affected by bending or vibration of aircraft.
• Weight reductions
• Hardware economy
• Flexibility
• Reliable
• Quick and accurate (Fig. 5).

2.3 Fly by Acoustics

With the intensity of the sound reflected, control surface actuation can be done more
effectively. Moreover, the usage of wires can be eliminated (Fig. 6).
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Fig. 6 Systematic block diagram for maneuvering aircraft using sound source

3 Interfacing

The platform used for interfacing the microcontroller with the system is .NET. The
combination of C# and Visual Basic is used as the programming language in .NET
platform. Figure 7 shows the overview of the common language infrastructure. In
our programming, we have used the combination of C# and VB.net codes.

4 Conclusion

With our analysis, we had concluded that digital flight control system, fly by light,
and acoustics are more effective in actuation and feedback and this system reduces
size and weight of the existing control systems.
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Fig. 7 Overview of the common language infrastructure
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An Approach to Acquire Vibration
Signals for Gear Fault Detection

Vikas Sharma and Anand Parey

1 Introduction

For sustainable power generation, health monitoring and fault diagnosis of a gearbox
are very important for wind turbines (WTs) because these machines operate under
harsh operating conditions. The speed and load of WTs keep on changing under
real-time operating conditions [1] and can cause serious damage to them. Vibration-
based health monitoring is one of the simplest and easiest ways to monitor gearbox
health and detect an early fault, but it becomes complicated under varying operating
conditions [2–4].

Primarily, techniques such as time synchronous averaging or fast Fourier trans-
form (FFT) are limited to stationary operating conditions. The FFT exhibits the
fault transient by virtue of the appearance of the sidebands and their density. Under
varying speed conditions, the frequencies in FFT smears, and thus, the interested
frequency components are difficult to mark [5]. With a course of time, many other
signal-processing techniques such as wavelet transform, empirical mode decompo-
sitions, filter-based analysis, and many more have been developed to deal with the
problem of varying speed conditions. All of these techniques have been developed
to improve the overall representation of FFT and to display the variation in energy
present in the gearbox vibration signal. These techniques have been also observed
inefficient due to some of the assumptions made [2–4].

A major observation noted is the negligence of considering the transmission path
of gear vibrations [6, 7]. Transmission path is the path by which gear tooth vibrations
travels from the excitation source to the point of their reception [8, 9]. Conventionally,
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Fig. 1 Role of the transmission path in gear vibration signal

an accelerometer is kept outside the gearbox and gear vibrations thus travels through
numerous components such as gear, key, shaft, bearing, gearbox case, and bearing
case before recorded. In this way, the vibrations of non-rotating parts, independent of
speed variation, will also be recorded due to transmission path effect. Few researches
have highlighted that the transmission path convolutes the actual gear vibration signal
[10] as shown in Fig. 1. Further, the transmission path not only distorts [11] but also
modulates the gear vibration signal [12]. Both the distance and different possible
ways to travel the gear vibration signal also contributes to transmission path [13].

Few studies have discussed about mounting an accelerometer close to the gear
pair, to acquire the strong vibration signals [14–16]. However, the methods have
significant drawbacks such as use of slip rings causes electrical interference in the
acquired vibration signals. Thus, there is a chance of getting erroneous results and
misleading the fault detection. Therefore, an attempt has been made by mounting
an accelerometer close to the gear pair, thereby minimizing the transmission path as
well as overcoming the problem of interference. An experimental investigation has
been carried out to exhibit the capability of proposed approach as well as detecting
gear faults at varying speed conditions. In addition to this, two condition indicators
(CI) have been used in the investigation to support the fault diagnosis [4]. These CIs
viz. FM0 and sideband energy ratio (SER) quantifies the level of vibrations caused
by the faults.

2 Proposed Novel Approach to Acquire Vibration Signal

In a gearbox, major components comprises of gear pair, shafts, keys, bearings,
gearbox casing, and bearing case. Let an accelerometer, i.e., Accelerometer 1 (Acc1)
is mounted conventionally, and duringmeshing of a gear with tooth fault, the ensuing
vibrationswill travel through the different possible paths as shown in Fig. 2a. It shows
that keeping accelerometer at a distance will increase transmission paths (i.e., TP-1
and TP-2 in Fig. 2a) which would not acquire purely gear vibration signals, but a
composition of signals. Further, lubricating oil will also damp the gear vibration,
since gear pair always remains in the lubricating oil present in the sump. It is further
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(a) (b)

Fig. 2 Proposed arrangement of placing an accelerometer, 3D model of the proposed arrangement

possible that due to these transmission paths, vibration signals may lose some signif-
icant information. Therefore, mounting of an accelerometer on the collar of a gear
using a bearing (TP-3) has been proposed. Accelerometer 2 (Acc2) is fixed to outer
race of the bearing which remains free and steady during rotation, and the inner race
of the bearing is press fit to the surface of gear collar, thus locked with the gear to
rotate. It enables the fault induced vibrations to travel from the gear tooth to the Acc2,
as shown by green color in Fig. 2a. It would minimize the effects of the transmission
path and damping of vibrations by lubrication.

A3Dmodel of the proposed arrangement exhibiting how toplace an accelerometer
inside the gearbox is shown in Fig. 2b. Acc1 shows the conventional position of an
accelerometer placed outside gearbox on bearing case. Acc2 is mounted inside the
gearbox, on a newly installed fresh ball bearing on the gear collar. This way weak
transients due to early localized faults can be easily perceived by Acc2 without being
adulterated. Acquiring gear vibration signals via both the accelerometers will help
to contrast the effect of the transmission path. Further, it is also expected that Acc2
will not acquire the vibrations caused by non-rotating components or the structural
vibrations.

To evaluate the acquired signals statistically, the CIs: FM0 and SERwere used and
their responses were noted against the fault. FM0 highlight the changes in meshing
pattern. For a signal x, FM0 is expressed as the ratio of maximum peak-to-peak
amplitude (PPx ) to summation of amplitude (PN ) of N th harmonics, and H being
the total number of harmonics analyzed in the frequency spectrum [4]:

FM0 = PPx
∑H

N=0 PN

SER is the ratio of the summation of the sideband amplitudes to the amplitude of
the center mesh frequency. SER is a crucial parameter to analyze the FFT statistically
and therefore used in this study to validate the results of the FFT. It is expressed as
[17]:

SER =
∑6

i=1 Sideband amplitudei
center mesh frequency amplitude
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Fig. 3 Experimental setup and different gears, a Healthy gear; b cracked tooth gear; c chipped
tooth; d missing tooth gear

3 Experimental Investigation

3.1 Test Setup

The experimental investigations were performed on a drivetrain diagnostic simulator
(Fig. 3), which utilizes a 2.237 kW, 3phase, 0–3000 rpm AC drive motor simulating
a WT. The operational speed and load can be varied at the same time with the help
of a VFD. The vibration signals were acquired from single stage gear set encom-
passing a gear-pinion pair of 20° pressure angle, further specifications of gearbox
are mentioned [5]. Gear tooth faults, i.e., cracked tooth, chipped tooth, and missing
tooth (Fig. 3) have been considered. Experiments were performed at no load, 40%
load, i.e., 32 Nm and 80% load, i.e., 64 Nm, respectively.

3.2 Arrangement of Accelerometers

In the present setup, the gears had an extended collar; therefore, such an arrange-
ment of placing bearing was made. As earlier mentioned, two accelerometers were
mounted as shown in Fig. 4. The zoomed view of Acc2 mounted on the gear collar
inside the gearbox is shown in Fig. 4b. The accelerometer is fixed by means of an
adhesive on the outer race of bearing. Similarly, the outer race of bearing was hold
by means of an adhesive arrangement such that its outer race is locked, and the inner
race is allowed to rotate freely. Another view of Acc2 mounted on the gear collar
using ball bearing is shown in Fig. 4c. PCB-based ICP type uniaxial accelerometers
have been used in this study (Table 1). The effect of installed bearing will also be
observed; however, its effect will be insignificant. Thus, this arrangement will lead
to an efficient fault detection for incipient faults.
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Fig. 4 Arrangement of accelerometers, a zoomed view of Acc2, b another view of Acc2

Table 1 Accelerometer specification

Model No. Sensitivity (mV/(m/s2)) Frequency range (Hz) Measuring range (m/s2 pk)

PCB 333B32 (±10% )10.2 (±5% )0.5− 3000 ±490

3.3 Speed Fluctuation

The prime objective of the investigation was to acquire vibration signals of a greater
strength and simultaneously minimizing the effect of transmission path. To record
the vibration signals, a sampling rate of 25.4 kHz and at constant loads, following
are the speed profiles used to record the vibration signals [18]:

Sinusoidal speed variation: Sinusoidal speed variations are more prominent in
gearbox. Figure 5a shown the sinusoidal speed variation governed by fi = 5 +
(sin(2π5t)), where f i is the input speed and t is time.

Fig. 5 Variation in speed; a sinusoidal speed, b quadratic speed, c random speed
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Quadratic speed variation: A quadratic fluctuating profile of speed, expressed as
fi = −12.9t2+20t+1, (Fig. 5b), is also noticed in WT as run-up speed conditions.

Random speed variation: T the input speed f i is fluctuated around 20% of f i = 5 Hz
to imitate random, expressed as fi = [5, 5.5, 4.5, 4, 6, 5, 5.5, 4.5, 4, 6] and plotted
as Fig. 5c.

4 Result and Discussion

The vibration signals were acquired at varying speed conditions under different loads
of 0%, 40%, and 80% for all the considered gear tooth faults. Figure 6 shows the
vibration signals acquired at the aforementioned speed by both the accelerometers.
It is noted that there is a marginal increase in the amplitude of the vibration signals
acquired by Acc2 for the healthy gear as compared to corresponding responses of
Acc1. For faulty gear conditions, the amplitude of the signals for Acc2 is twice of
the amplitude of signals perceived by the Acc1 for all the varying speeds at different
loads. This implies a loss of the amplitude in the gear vibration signal for the faulty
gears, which is possible due to the negative effect of the transmission path. In other
words, it can be said that the signal strength is higher when the signal is monitored
close to the fault-prone location/excitation source, as displayed by Acc2. Further, for
comparative analysis, signal-to-noise ratio (SNR) was also computed and marked

Fig. 6 Time-domain signal for different gear health under varying speed at 40% load
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Fig. 7 FFT for different gear health under varying speed at 40% load

in Fig. 6. The signals acquired by the Acc2 have a higher SNR value for all the
gear health conditions under different speed conditions. Considering both SNR and
amplitude of signals by Acc2 exhibits that placing of accelerometer close to the gear
will increase the signal strength and reduce the negative effects caused due to the
lengthy and multiple vibration transmission paths.

Detection of a gear tooth fault fundamentally depends on the identification of the
GMF, sidebands, and their amplitude. The FFT of the time-domain gear vibration
signals is displayed in Fig. 7. On observing the responses of Acc2 for healthy gear,
the first dominating peak was appeared at 180 Hz, which on reverse calculation
deduces a mean shaft speed of 5.625 Hz (180 Hz ÷ 32 = 5.625 Hz). It is well
known that with increasing fault severity, the sidebands around the central frequency
(i.e., GMF) components increases. This behavior is very well observed for cracked
tooth, chipped tooth, and missing tooth fault under sinusoidal speed conditions for
the vibration signals of Acc2. The response of Acc2 seems to be less affected under
sinusoidal fluctuating speed. For quadratic speed fluctuation profile, the healthy gear
FFT again exhibits the clear peaks, i.e., GMF and its harmonics, however, in this
case, GMF appears at 190 Hz that corresponds to shaft rotation speed of 5.93 Hz.
Similarly, for random speed variation, the FFT of the healthy gear exhibits the clear
frequency components for theAcc2. This satisfies the objective of acquiring vibration
signals of more strength from close to the point of vibration excitation.

Afterward, FM0 and SER were employed to distinguish the gear health and
validate the fault based on their values. Their responses for the externally placed
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accelerometer were found trivial; however, the responses for the internally placed
accelerometer were impressive. This shows that Acc2 has a superior performance in
recognizing the localized gear tooth faults. Table 2 lists the value obtained of FM0
and SER for all the localized faults. It has been observed that the FM0 ranges within
0.01–0.07, with an average increase of 27% from healthy to initial crack for all the
specified conditions of load and speed. SER ranges from 2.5 to 16, with an average
increase of 27% from healthy to initial crack, showing both the indicators diagnosing
different faults under fluctuating speed.

Figure 8 exhibits the responses of FM0 and SER, respectively, for 0%, 40%, and
80% load under the fluctuating profiles of speed. The deflection and vibrations in a
gear pair will increase in the order of healthy gear tooth, cracked gear tooth, chipped
gear tooth, andmissing gear tooth. Therefore, there is a substantial increase in the CIs
with the fault can be noted from Fig. 8. The measurements were captured with the
utmost care and using state-of-the-art instrumentation. The signals acquired using
the proposed method show advantages over the conventional method of acquiring
gear vibration signals.

5 Conclusion

A new arrangement of placing an accelerometer in the gearbox for better signal
quality as well as for enhanced fault detection without using complicated signal-
processing techniques is demonstrated. An accelerometer is mounted internally on
the gear collar of one of the gears of a gear pair. The responses of the proposed
arrangement of accelerometer have been compared by evaluating SNR value, the
amplitude of time domain signals, FFT spectrum, and responses of CIs to the conven-
tional arrangement of mounting accelerometer. It has been found that the vibration
signals acquired from an accelerometer placed internally were strong and capable
to exhibit the fault features/symptoms. Further, responses of two CIs, i.e., FM0 and
SER validate the capability of mounting accelerometer internally and detects the
presence of gear tooth fault under varying speed conditions.
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Fig. 8 Responses of FM0 and SER under varying speed at different loads
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Review on Emerging Trends and Future
Perspectives of Green Roof Buildings

Swarn Veer Singh Jaral and Manpreet Singh

1 Introduction

Green rooftops are typically intended to build the vital nature of their homes, even
though there are different favorable circumstances moreover. It is sometimes called
green roofs, live roofs, or roof gardens,which are simply planted roofs in the last level.
It is a layered structure composed of a waterproofing substrate, a growing medium,
and a plant layer itself. Green rooftops likewise incorporate a layer of root boundary,
a drainage sheet, and where the environment demands, a water system framework.
Initially, green roofs present certain problems concerning their structures, such as
water lodging, water infiltration within the building, etc. Such drawbacks of green
roofs demonstrate the attention of several researchers on finding new layers in green
roofs and modifying current layers with different materials used for them. This paper
explores the development of green roofs with the latest developments in science on
its additional layers and different materials used. Past and current work on green
roof construction suggests that it is divided into many layers, such as concrete base,
waterproofing sheet, ICB, filter, drainage, substrate, vegetation, which is shown in a
schematic representation in Fig. 1.

2 Concrete Slab

A solid section is an average auxiliary component of current structures, comprising
of a smooth and level surface built of poured concrete. Energy conservation has
become a prime concern for the design of modern structures, and the proliferation
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Fig. 1 Schematic representation of different layers in green roofs

of concrete slabs calls for close analysis of the thermal properties to reduce carbon
loss. Concrete has identical thermal properties of masonry goods since it has a fairly
small thermal mass and is a strong conductor of heat. Without insulation, directly
ground-mounted concrete slabs may induce a large amount of extraneous energy
transmitted through conduction, resulting in either heat loss or excessive heat. For
modernbuilding, concrete slabs are typically pouredover a sheet of insulation, such as
expanded polystyrene and the slab can contain underfloor heat tubing. Green roofing
starts with a concrete slab which is typically around 12–16 cm thick [1]. While more
research is needed to improve the insulation by determining the appropriate thickness
of the concrete slab.

3 Waterproofing Sheet

Waterproofing is a vital aspect of structural security and is essential to the efficient
design of green roofs. This could be a layer or covering of bitumen, asphalt on a
building, or another sort of liquid waterproofing. Such waterproofing solutions may
be added to concrete decks or the screeds of sand/cement. A green roof can be
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constructed with any kind of waterproofing device, but single-ply membranes have
become very common in recent years and are listed for their cost-effectiveness and
usability of nearly all green roofing companies. As such the waterproofing coating is
generally believed to be a membrane [2]. It was also suggested that membrane cover
that is resistant to root penetration should be used for waterproofing membranes and
vary from 10 cm or more [3]. Several researchers have struggled with the treatment
of flat roofs with flexible sheets for waterproofing layer (SBS bitumen, PVC-P layer)
and concentrated onmembrane defects andwater tightness and concluded that avoid-
ance of potential defects is most effective [4]. The raised surface temperature of the
waterproofing layer encourages certain analysts to handle the topic of the surface
temperature of level rooftops, where the waterproofing layer is utilized as an elastic
waterproofing film of delicate PVC and spotlights on the shading impact of the plas-
ticized PVC film on the surface temperature and characterizes a definitive surface
temperature of the polymeric PVC layers in shading reliance on test estimations [5].
Table 1 beneath addresses a portion of the rising waterproofing medicines.

4 Insulation board membrane

Several scientists implement a current layer and use it as water draining and storage
sheet, and it has been discovered that this additional layer has higher insulation
efficiency, while the introduction of layers has contributed to increased thermal insu-
lation. The utilization of more fruitful and greener improvement materials is a proce-
dure that is being looked for after to make more sufficient essentialness powerful
structures. A few scientists explore the warm action, water spillover, and plant
improvement of two green rooftop frameworks. The standard strategy, containing
polystyrene and polyethylene expelled, and the elective plug-based framework, seen
that the all-encompassing stopper covering showed a more articulated temperature
stretch and more productive treatment of precipitation measures under dry condi-
tions. Likewise, it is also found that the development and well-being of plug-based
green rooftop plants were equivalent to that of the reference strategy, proposing the
solid proficiency of the stopper gadget [15]. A few scientists have set up a greenmate-
rial gadget that substitutes customary waste and water stockpiling polyethylene films
with protection plug sheets (ICBs), and it has additionally been seen that both the
layers (cork and substrate) lost aspect of protection capacity during the hot structure,
yet it was re-established to the ICB layer inside a couple of hours [16]. ICB samples
with various thicknesses and densities were also studied and found that lower density
ICB is more effective in the system [17]. As this new layer is being added, so many
of the research initiatives need to find new products from natural resources that are
eco-friendly, cost-effective, and more popular in their mode of operation. Whereas
some scientists have also uncovered various content, although others have proposed
new uses of materials utilizing a green roof sheet seen in a tabular type in Table 2.
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5 Filter Layer

The channel layer’s key activity is to perceive the advancement establishment of
leakage sheet and consequently prevent little components like vegetation trash, soil
fines from coming to and impeding thewaste sheet underneath. For basic use, geotex-
tile materials are typically found in green rooftops [39, 40]. The channel materials
should have a solid elasticity to withstand the above burden. Likewise, tight pores
are required to permit sensible water penetrability, the standard way while hindering
the progression of medium soil particles into the channel layer. The channel mate-
rial likewise fills in as a root-boundary layer for plants with low and little roots. It
was likewise proposed in the writing that non-woven polymer-based texture [41]
and non-woven geotextile channel texture [42] adequately treated dampness and
isolated substrate layers, which added to the foundation of local herbaceous plants
and expended roughly 1.5 L of water per square meter, individually.

6 Drainage Layer

The seepage layer is basic for themanageability of each green rooftop. Because of the
way that most green rooftop layer needs circulated air through and non-water-logged
soil for a profitable turn of events, the seepage layer assists with eliminating abun-
dance soil water to safeguard high-impact substrate consistency. Seepage covering
likewise secures the permeable surface and upgrades the warming properties of the
green rooftop [39]. In present day times, two primary sorts of seepage layers are
utilized in green rooftops: straightforwardwaste boards: produced using high-quality
materials like polyethylene with water-holding compartments which require over-
abundance water release. Grain removal items: These include some WHCs just as
wide pore spaces for putting away the soil and models include lightweight extended
mud totals (LECAs), extended shale, broken stones, unpleasant rock, and stone chips.
The decision of a reasonablewaste layer relies vigorously upon the cost, development
necessities, plant shape, and size of the green rooftop. In examining, granular things
follow the necessities for private ventures, for example, high rises. It may be seen as
the most popular drainage process, but it might be appropriate to lift the soil layer
above the liquid surface in certain cases. Many researchers utilize different mate-
rials for making drainage layer such as 5–15 mm clay pebbles [43], rubber crumbs
[44], Nophadrain 5 [42], BioRemeGree drainage cell [45] and concluded that these
materials have significant water-holding capacity of 4.3 L/m2. The greatest drawback
with granular materials, however, is that they must be applied to level rooftops or
to profoundly turned surfaces. Seepage frameworks are best worked for huge scope
establishments and are reasonable for the level and respectably slanted surfaces. Cost
and last removal are the main drawbacks of the seepage modules; in any case, their
speedy establishment and the chance of opening parts during the redesign of rooftops
favor them in present day green rooftops.
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7 Substrate Layer

The soil explicitly affects the development of plants and the efficiency of green roofs.
The selection of an appropriate substratum is also vital to the sustainability of any
green roof. Huge numbers of the upsides of green rooftops are legitimately identi-
fied with the development foundation property, including water quality upgrade, top
stream disposal, warm preferences, and sound protection. Aside from this, extreme
conditions exist in rooftop settings, allowing soil to have certain special properties.
It is, therefore, not realistic to assume that one substance contains all the charac-
teristics appropriate to shape a green roof substrate. It is common practice to mix
multiple components at defined ratios of different characteristics to form a medium
of growth. Various materials are included in the substrate and are well discussed in
the literature, such as 3 to 10% of the peat content [46]. It has also been suggested
that there is a substantial difference between the media and natural soils, depending
on composition, degree of compaction, and the internal moisture content [47]. A
few analysts measure the capacity of reused and locally available materials such as
broken concrete, squashed stones, urban waste fertilizer, etc., and pumice, perlite,
sheep excrement as green rooftop substrates, and it was seen that the effectiveness
of substrate blends made out of black-top, broken stones, volcanic pillar, balanced
with sawdust, and compost was acceptable in specific circumstances, which could
be utilized as a green rooftop substrate [48]. Although some suggest that interac-
tions between plant and pollinator on green roofs are modulated by substrate height,
substrate depth, and plant population [49]. It is also found that vegetation cover and
the depth of the substrate affect the reduction of runoff, and in case of saturation,
there is an excess runoff generation mechanism [50]. It has been additionally discov-
ered that conceivable utilization of recovered items (modern green rooftop seepage
sheet, bamboo stems and roots, and polyethylene terephthalate (PET) bottle tops
and bottoms) as an alternate resource for urban soil and irrigation systems and the
value of understanding the initial soil and drainage layer utilizing reclaimed mate-
rials for the creation of renewable, and low-cost green roofs was presented [51].
While working on the substrate layer, it was suggested that phosphates have been
selected as a water quality measure based on their possible detrimental effects on
water quality in urban rainwater collections, and it is believed that polypropylene
mats and aggregates establish specific conditions for leachate production, both in
terms of volume and chemistry [52]. Limit assimilation might be a useful resource
for the developmentmedium to improve the nature of the overflow. It is recommended
that the growth medium be prepared using locally available materials while reading
the literature and that native plants be screened for eventual green roof success. The
commonly used substrates (organic, inorganic, and commercial) are shown in tabular
form in Table 3.



176 S. V. S. Jaral and M. Singh

Table 3 Various substrate materials used for green roof

Substrate Composition Observation References

Organic Perlite, vermiculite,
coco-peat, mulch

Low-mass thickness, high
ability to hold water, air filled
porosity and pressure driven
conductivity and greatest
plant uphold

[47, 53–56]

Inorganic Crushed bricks and
tiles

Improved physical properties
for development and
endurance of the plants, water
maintenance, and
establishment of green rooftop

[55, 57]

Commercial substrate Zinco Sedum, DAKU sustainable plant growth,
runoff quality

[44, 58]

8 Vegetation

The uppermost sheet, which brings energy to the green roof network, is vegetation.
The effectiveness of every green roof relies on how good the plants are. Plants boost
the efficiency of runoff [47], air purify [58, 59], and thermal performance [60]. It
ought to be recalled that green rooftops are not a decent natural surroundings for plant
development [61, 62].Water is likewise a limiting component in housetop conditions,
and its quality varies altogether during precipitation occasions. Contemplating the
serious atmosphere on the housetops, the attractive plant attributes for wide green
rooftops are as per the following, the ability to endure dry season conditions flourish
under decreased supplement loads, solid soil quality, less successive water system,
little and medium roots phytoremediation. While it is trying to recognize a plant,
animal category with every single alluring component, significant advancement has
been made in the location of suitable green rooftop plants. Vegetation goes under
delicious kinds, some of which are the most seriously considered taxa on green
rooftops [63]. Distinctive delicious assortments are there; however, sedum plants
are more normal and tough for broad rooftops all over the globe [62] as a result
of their ability to stifle happening and store overabundance water [64] to withstand
dry situations. A few analyses have exhibited the capacity of the sedum variety
to withstand an extended period without water [60]. Many experts have suggested
different plant varieties with various characteristics when working on the selection
of plants as a vegetative layer such as sedum spp. (strong photosynthetic metabolism
and stayed active even after 4monthswithoutwater and 7 cmof substratumdepthwas
sufficient for greater growth and absolute coverage) [65, 66], Sedum rubrotinctum
(existed without water for two years) [67]. It is also beneficial to use natural plants for
green roofs [68, 69]. It is described that local plants may also be used as vegetative
layer like rose moss succulent plants [47] as ideal green roof vegetation for tropical
wet and dry climates with related characteristics to sedum, Aptenia cordifoliaas [70]
as dry productive and absorbs lesswater, grasses such as belongs frompoaceae family
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[71] performed successfully. A few analysts likewise call attention to that both the
area and the developingmedium profunditywill influence the underlying populace of
unmanaged green rooftops, however, with contrasting effects on network get together
and propose the achievement of unmanaged empty rooftops as supplies of local and
intrusive plant decent variety in urban regions [72]. It is consequently important that
plant type choice for green rooftops be delivered in consistence with neighborhood
climatic conditions and accessibility of supplements, just as the impact of the plant on
the living spaces. It has been also found that the different types of plantations usage
may help to improve the productivity of green roofs. It is advised that instead of
using grass or sedum species as a plant foundation, there is also a chance of growing
vegetables (underground or above ground), fruit, etc. More research is needed to
know the different vegetation materials that show significant properties when being
used in green roofs. Figure 2 includes the different plants that are used in vegetation
layer.

Fig. 2 Plants use for green roofs
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9 Conclusion

Green material has been proposed as a sheltered strategy to diminish the negative
effects of urbanization. As an outcome, a few nations are giving chances to house
proprietors to introduce green rooftops with appealing auxiliary expense. More cost-
effective green material practices should be made for various advantages (natural,
monetary, and so forth). In any case, more inside and out, reasonable logical work on
every part of the green rooftop is required, and multidisciplinary study participation
in illuminating the difficulties is inescapable. The essential target of this investigation
was to portray the current work of materials utilized for the development of various
layers, and there is a need later on to change the various layers with the investigation
and modification of various materials for better warm protection, cost-adequacy, and
so forth.

• In the insulation sheet, thematerial from the hilly areas can offer a good alternative
to the oak tree.

• In the case of a runoff pad, a substance that is less susceptible to the environment
should be used to minimize the leakage of harmful chemicals.

• A lot of study is needed to know the scope of growing vegetables, fruits in the
vegetative layer.

• In the case of the substrate layer, further work is needed to know the actual depth
and the materials used for better insulation.

10 Future Recommendations

Green roofs are a relatively recent and evolving field, as is obvious from the litera-
ture. Green rooftop research is required to keep on developing as a few researchers
overall comprehend the favorable circumstances and results of green material. More
expenditure in research on various layers and their structure is therefore needed to
analyze this technology. Shortly, we should foresee green roofs in any area of the
country.
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PCCI Combustion for Better Emissions
in Diesel Engines

Getachew Alemayehu, Deresse Firew, Ramesh Babu Nallamothu,
and Sung Kyu Kang

1 Introduction

Considering itsmost efficiencyof diesel engine, investigationswere done tominimize
its emission by applying different practical strategies of low-temperature combus-
tion: HCCI, PCCI, PCI and RCCI. LTC purpose in decreasing NOx and PM simul-
taneously in diesel engines; even in avoiding the need of exhaust after-treatment
technologies, were confirmed by different researchers but the challenge of hydro-
carbon and carbon mono-oxide increments is still an unsolved problem. PCCI under
LTC modes of combustion strategy indicated promising outputs in lowering oxides
of nitrogen in conventional and biodiesel fuels. The potential of PCCI compared to
the conventional diesel combustion in reducing NOX and smoke simultaneously at
partial load conditions including the possibility of reducing emissions in CI engines
was investigated [1].

In PCCI diesel engines, the strategy of advanced injection to get sufficient time
for mixture formation before combustion was discussed the resulting reduction of
smoke and NOx with increased HC and CO emissions [2]. The maximum lower
start of injection that could make PCCI combustion operational irrespective of the
degree of exhaust gas recirculation, and the reductions in NOx and Soot concerning
a significant increase in HC and CO were studied on conventional CI engine [3].
Studies indicated that proper matching in time of injection with the fuel type in LTC
strategies including PCCI which are emerging ideas of modern combustion science
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could lower HC and CO. PCCI operation utilizes the injection of fuel on ports or
through DI of fuel early or lately [4].

Results from using EGR on PCCI operation indicated that the more the degree
of EGR the greater the indicated mean effective pressure, and due to dilution and
thermal effects of EGR, NOx were decreased [5]. Further efforts of investigation
in making the best emission and performance results of LTC strategies will make
it to be the most appropriate and near-future environmental friendly technology of
combustion including adopting different fuels in PCCI combustion.

2 PCCI for Diesel Engines

More CO and HC were resulted from poor combustion phasing because of the
decreased temperature inside the combustion chamber. This result forced investiga-
tors in working on different LTC technique that they name it as PCCI operation, i.e.,
the improvement of homogeneous charge compression ignition (HCCI) combustion
concept concerning combustion stability.Consideringbetter control over the combus-
tion events researchers discussed that PCCI mode of operation shows improved
combustion than HCCI resulting in enhanced engine performance, lower NOx, PM
and significant CO and HC cuts [6].

Toyota Central Research had developed engine in PCCI with higher efficiency
together with lower NOx emissions from combustion of premixed lean mixture [7].
Various experimental investigations on PCCI combustion of diesel engines in low-
load ranges were carried out since PCCI operation at high load leads to knocking,
and from the results, the possibilities of reductions of soot and NOx emissions at
the same time were confirmed. Experimental investigations and comparisons were
carried out among the PCCI combustion and the conventional diesel in controlling
emissions [8].

The study mentioned that the greater charge of the premix fraction and the
decreased temperature of the PCCI operation were important features for the results
in comparison to the diesel mode [8]. Results in Fig. 1a shows PM in RCCI dual
fuel and shows 40% reduction compared with the conventional diesel combustion;
however, relatingwith thePCCIdiesel, it is two times greater.Other experimentswere
carried out using n-pentanol diesel 60% by volume with isobutanol diesel mixtures
to promote partly premixed LTC in less level of EGR and tuned time of injection on
diesel engine with direct injection type targeting minimizing oxides of nitrogen and
particle matter simultaneously [10]. Low-compression ratio technique was applied
for PCCI advanced combustion system on diesel engines, and the results showed the
possibility of reducing oxides of nitrogen by 15%. 3% reduction in consumption of
fuel also attained [11].

The possibility of reducing oxides of nitrogen and soot through keeping greater
efficiency of thermal conditions during partial load settings by applying the PCCI
combustion technique needs solving various challenges related to emission and effi-
ciency of combustion. EGR was found important in PCCI to increase load range
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(a) (b) 

Fig. 1 a PM percentage in PCCI, CDC and RCCI, b Conventional and PCCI mode assessment
concerning emission and performance of the engine for the indicated speed and brakemean effective
pressure [8, 9]

and reduce oxides of nitrogen. The study also indicated that using high EGR during
lower load of the engine resulted in a simultaneous decrease in oxides of nitrogen,
unburned hydrocarbon, carbonmono-oxide and soot. Extending the load of an engine
could be achieved by increasing Pb using multi-pulse injection through the oppor-
tunity of enhanced fuel molecule collisions with oxygen resulting advancement of
ignition timing. In minimizing engine emissions, prominent engine parameters in
LTC through multiple injection approach were identified [12, 13].

Most commonly in the LTC operations, fuel is injected possibly through ports
or else injecting early in the combustion chamber which promotes mixing for both
combustion modes.

The study Fig. 2a showed temperature ranges in which NOx is formed which is
at temperatures higher than 2000 K. Also by decreasing cylinder temperature and
minimizing fuel-rich local zones, it indicated the possibility of eliminating emissions
of soot and NOx. From the ϕ-T map, researchers explained the temperature range
in which there is combustion under low-temperature conditions being under the

 (a) (b)

Fig. 2 aAreas of diesel conventional ignition and low-temperature combustion, b smoke emissions
in conventional and LTC modes [14, 15]
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temperature ranges for the development of oxides of nitrogen and at ϕ values less
than diesel soot formation zone. The two distinct zones for soot and NOx emissions
formation were clearly shown in the plot [14].

These LTC strategies of reducing NOx and soot emissions in parallel are an
advanced combustion concept lowers the high temperature leading to NOx forma-
tion zone together with minimizing excess fuel in the mix leading to the formation of
soot. Researchers implemented several techniques to avoid fuel-rich pockets inside
the cylinder by forming a premixed mixture through port fuel injections, various
direct injection approaches, the pressure of injection, premixed ratio, time of injec-
tion and spray angle. Figure 2b shows conventional and LTC conditions with their
smoke emissions at varying loads [15].

Though challenges of high HC and CO emissions were faced, the combustion
concept of PCCI in achieving low emissions at part load operations was effectively
applied with minor engine modifications on conventional direct injection engines.
Studies showed PCCI operations are accompanied with more hydrocarbon and
carbon monoxide than conventional diesel operations for several factors. Attach-
ment of the fuel spray and charge with wall were considered among the factors.
Minimizing production of NOx with 13% during PCCI operation applying EGR of
30% resulted in comparison with the conventional diesel operation. Delaying also
controlling the combustion applying EGRwere made a possible and more increment
of EGR rate caused combustion instability and greater carbon monoxide and hydro-
carbon outputs. By changing engines into the operating condition of PCCI results
indicated a decrease in smoke and NOx productions in comparison to the usual diesel
combustion for certain load range operations [16].

PCCI direct injection mode of combustion is also a technique in which both port
injection and direct injection are used in supplying the fuel into the combustion
chamber. This technique helps to work on fuels in dual mode and showed better
combustion features and ranges of operations. Studies indicated the possibility of
28% reduction in oxides of nitrogen by using PCCI-DI technique. Studies indicated
also that it helps in increasing the operation load and speed ranges. PCCI-DI combus-
tion also lowers carbon dioxide productions but carbon monoxide and hydrocarbon
productions increased [17].

Experiments were conducted on this mode of operation by modifying time of
injection, level of EGR, and pressure of the injection. Duration of combustion and
PM Metalit after-treatment devices were also applied [18].

As shown in Fig. 3, emission analysis using the mode-13 ESC cycle of test engine
taken as a reference applying direct injection operation, and combination of PCCI-DI
technique was conducted. Results indicated the possibility of reduction of oxides of
nitrogen and soot by 33%, 19%, 36% and 90 [18].

The combustion, emission and performance features of an engine in PCCI-direct
injection combustion operation by premixing gasohol 90% and ethanol 10% accom-
panied by direct injecting the diesel were experimentally studied. The study found
a greater delay of the ignition together with less duration of combustion and also
a higher heat release rate in comparison to diesel. More UHC and CO productions
obtained during medium and part load conditions but reduced slowly to a diesel
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Fig. 3 Evaluation of
emissions in conventional DI
operation and combination
of PCCI-DI conventional
operation [18]

condition during full loads. Premixing ethanol and gasohol by 20% and from this
70% and 67% reduction of smoke are obtained compared to directly injected diesel
fuel. This investigation which used a premixed gasohol and ethanol fuel has also
resulted in a decrease in NOx emission to 30% and 24% [19].

3 Injection Timing in PCCI Combustion

Introduction of air-fuel premixing through advanced injection resulting retarded fuel
pulse injection was obtained in PCCI approach which enables controlling of the start
of ignition. Literatures explained that injecting the fuel in advance helps in stratifying
the fuel in the combustion chamber combining in the air that HCCI like condition
could be created near TDC position of the piston [20].

The performance, combustion and emission characteristics using biodiesel blends
on diesel engine applying PCCI through varying injection timing were analysed by
researchers. In reducing NOx, combustion at low temperature appears a promising
combustion concept and research works said that the concept holds true including
biodiesel fuels although producing greater NOx. To get better NOx emissions in
biodiesel combustions studies mentioned that retarded SOI is better than advanced
SOI. Since biodiesel is having a greater oxygen ratio. Greater cetane value makes it
to withstand greater EGR. Starting injection lately results improved low-temperature
combustion which reduces oxides of nitrogen [4].

The impacts of advanced (250bTDC chosen) and retarded injection timing
(210bTDC chosen) were compared with the conventional injection timing (baseline
diesel at 230BTDC) under similar operating conditions. The experimental study indi-
cated that CO emissions at full load for advanced (25 deg BTDC) injection timing
were 25% less than the baseline diesel while UHC emissions were high during
injecting the fuel lately comparing with the normal and advanced timings. For this
advanced injection timing mentioned above, NOx emissions were 10% higher when
compared with the standard injection timing, whereas NOx emission was found 10%
lower than the normal time of injection at the late time of injection (21 deg before
top dead centre). Also, the PCCI mode of operation through advanced injection
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timing decreases the smoke and CO in an increment of UHC and NOx at fully or
completely loaded conditions whereas retarded injection timing decreases the CO
and NOx emissions with an increase in unburnt hydrocarbon and smoke emissions at
fully or completely loaded conditions [9, 15, 21]. On the contrary, other findings also
confirmed that excess values of the start of injection increase HC and CO emissions
above acceptable ranges. So, proper and optimized combination of the combustion
parameters in LTC engines working in PCCI mode can provide acceptable values
of emissions and load ranges. Current and ongoing research efforts in making LTC
technology efficient through biodiesel and other alternative fuels developed hope
for further reduction investigation on HC and CO emissions. These tuning of fuel
properties also helps to improve greater load ranges and hazardous exhaust gasses
in PCCI operations.

Experimental exploration of combustion, performance and emission character-
istics using different test fuels (20% biodiesel blended with mineral diesel (B20),
(B40), and baseline mineral diesel were carried out on PCCI engine. Impacts of
different fuel injection factors, particularly timings of 24°, 20°, 16° and 12° before
top dead centre and fuel injection pressures; 1000, 700 and 400 bars were analysed.
The following results were obtained from the analysis; during 1000 bar fuel injection
pressure, HRR and Pmax showed the maximum. Due to extreme noise of the cylinder
including the knock, the study did not recommend 1000 bar fuel injection pres-
sure for the PCCI combustion. Also, the investigation indicated that the early time
of injection indicated higher combustion of the premix, which resulted in shorter
burning duration with the advanced phasing of combustion. The behaviour of the
combustion among the three fuels used in the test indicated no significant differ-
ences. Minor higher Pmax was shown in B20 due to retarded SoC. The experimental
investigation compared the three test fuels, and the results indicated that B20 was
having the maximum heat release rate, Rmax result, and noise of the cylinder, B40
showed superior biodiesel having advanced combustion phasing. The other essential
point of the investigation revealed was the less impact of fuel properties at higher
FIPs. Less CO and HC resulted in B20 comparing among three test fuels; on the
other hand, an opacity of smoke and NOx showed marginally greater in the mixtures
of biodiesel. Besides, B40 and B20 showed greater PM amounts in comparison to
the diesel; though at advanced SoMI, the difference decreased. The study found
out the optimized FIP for PCCI combustion mode which is 700 bar FIP, and better
combustion and emission characteristics were obtained from B20 even though the
performance of PCCI operation using B20 resulted somewhat lower comparing with
diesel [22–24].

4 Exhaust Gas Recirculation (EGR) in PCCI Combustion

Applying EGR in upper levels together with a good start of injections, help for
the realization of LTC technologies and these keep soot and NOx low in-cylinder
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combustions. Applying higher EGR makes the delay of ignition long. From investi-
gations, it was mentioned how this will make the premix in good condition resulting
in lower rich pockets following the LTC condition. This will enable the engine to
simultaneously reduce NOx and soot level. EGR interrupts O2 amount which enters
the combustion chamber making the temperature of the flame locally to reduce, that
contributes for the reduction of NOx, and also studies showed that through the exten-
sion of the ignition delay, EGR would delay the start of combustion. Studies found
out the application of the large amount of EGR up to 54% in a PCCI combustion
retards the ignition timing by diluting the gas mixture. In alleviating the premature
ignition challenge through increasing EGR rate, its impact and maximum possible
limits on CO, and THC emissions should be identified [25–28].

Another study of PCCI combustion through the proper matching of high-EGR
rate and advanced combustion was investigated. This finding showed that to allow
engines to enter the PCCI combustion mode SOI should not be lower than 16°CA
bTDC regardless of the EGR level. On the other hand, the study explained that
significant increases in HC and CO have always resulted during the reductions of
NOx and soot which is also accompanied by an undesirable increase of basic and
CN. Besides, the investigation discovered the possibility of reducing simultaneously
soot and NOx in 99% and 90% correspondingly [29–31].

High temperature formed in the combustion chamber leads NOx emission gener-
ation in the exhaust. Controlling this peak combustion temperature helps to reduce
NOx and studies showed that exhaust gas recirculation (EGR) is one of the effective
methods in overcoming this challenge by forming a lean air-fuel mixture. Investiga-
tions indicated that by recirculating exhaust gas into the combustion cylinder dilu-
tion can take place which decreases the O2 concentration in the combustion cylinder.
Based on temperature, EGR is classified into the followings: Hot EGR in which the
exhaust gas is re-circulated without being cooled, EGR of full cooled type where the
recirculating gas become cold before entering cylinder employing heat exchanger
mostly cooled through water, and the other type is EGR of partially cooled type.

Various investigations indicated that in applying EGR, there is a trade-off between
the increase in soot, CO and UHC and a reduction in NOx. The finding showed more
than 50% of EGR applications increased PM amount. Applying EGR at higher loads
was found difficult since the weakening of diffusion type combustion which resulted
inmorePMand smoke.Whereas during light loads,UHC inEGRmaycombust again,
making better BTE. Besides, EGR of the hot type may increase the temperature of
the premix, which would affect the combustion and exhaust emissions [32, 33]. Most
researchers recommendEGR rate, notmore than 30%.Extra increase of EGRamount
resulted in CO and HC to be higher and the stability of combustion suffers [34–36].
To make the engine to operate in PCCI condition needs proper start of injection.
It is mentioned in one study that start of injection which is lower than 16° crank
angle before top dead centre was not in a position to make the engine to start PCCI
operation unless EGR is applied [37–39].
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5 Port Fuel Injection in PCCI Combustion

Formations of premixed mixture outside the combustion chamber are required in
PCCI combustion mode. Studies and literature indicated that certain amount of
fuel needs to be sprayed inside the ports in forming the premix which will enter
the cylinder, and the usual conventional direct injection will be used to supply the
remaining fuel. These will improve the homogeneous property of the mixture inside
the combustion cylinder. Experimental studies of PCCI combustion mode using two
diesel fuel types inwhich one is heated and the other not heatedwere carried out onCI
engine to investigate its impact on the performance and emissions. The study revealed
the following conclusions: 3–4 bar increase of injection pressure improved the spray
atomization at high temperatures of the diesel. Particularly at 80 °C, temperature
of the fuel and 4 bar pressure of injection resulted in a spray approaching gasoline.
35% proportion of diesel port injection using a PCCI mode of combustion showed
improved thermal efficiency at high loads. By making the fuel temperature high,
which is of a diesel type sprayed in the inlet port indicated a significant reduction
of carbon monoxide and hydrocarbon. However, diesel temperature rises from 40 to
60 °C increased NOx [40–42].

Port fuel injection using a mixture of n-butanol and biodiesel were tested on
PCCI operation technique, and the study showed promising results to simultane-
ously lower soot and oxides of nitrogen during speeds of idle, and its trade-off was
modified favourably. The study also pointed out that future research studies to focus
on techniques of EGR in increasing LTC operation level in minimizing soot and NOx

productions. Increased outputs of oxides of nitrogen and hydrocarbon are found in
the study showing the negative side effects of PCCI operation using n-butanol as
indicated in the analysis primarily for the reason of the premix burning stage of
combustion which is not completed inside the cylinder implying increasing up to
20 times depending on the speed and load situations [43]. Studies using methane
port injection supply engines using two fuels found the promising technique in mini-
mizing UHC as well as NOx. The technique of port fuel supply increases NOx but
lower in HC amounts. Results from the study revealed that a reduction amount of
7.69% smoke and 13.33% hydrocarbon and also 31.81% carbon monoxide whereas
1.45% increment of NOX resulted [44–46].

6 Challenges of PCCI Combustion

Overcoming the traditional NOx–soot trade-off and reduction of specific fuel
consumption in conventional diesel combustion through diesel PCCI combustion
technique and other advanced combustion concepts for internal combustion engines
was found fruitful. Researchers indicated that there are still challenges in PCCI
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Fig. 4 a Challenges of LTC, b reported PCCI combustions operative limits [23, 43]

combustion within in its success which hinders the LTC technology for commercial-
ization. Time of ignition and rate of combustion controls indicated the major param-
eters of challenge which resulted in limited operating ranges greater production of
hydrocarbon and carbon monoxides being the main challenges which need further
investigations [44].Unless efficient andproper controllingof the appropriate combus-
tion rate being not sustained, excessively early or excessively delayed combustion
would be resulted in the cylinder resulting in noise and engine damage. Other studies
also revealed that smoke emission and premature ignition were challenges which
need further studies for the betterment of thermal efficiency [25]. Numerous prac-
tical challenges were developing in the execution of LTC techniques. Studies found
out that controlling the start of combustion is the key challenge and important param-
eter to make LTC strategy efficient. Limitation of LTC due to greater combustion
levels particularly during big loads including misfiring during light loads was also
challenging. Preparing the premixed charge makes better dilution of the air-fuel
mixture which results in efficient burn rates. Figure 4 shows basic challenges faced
in realizing LTC engines including PCCI combustion.

7 Conclusions

The PCCI principle, under LTC condition, showed comparatively an innovative tech-
nique possessing greater efficiency and maintaining lower production of soot and
oxides of nitrogen suiting the global regulations of emission that has yet to find
commercial success.Characteristics of local concentration and temperature stratifica-
tion in the cylinder could be achieved through PCCI combustion. Themixture stratifi-
cation could control the time of ignition and rate of combustion that could extend igni-
tion duration andmaximum load and all these affects the engine efficiency of combus-
tion and emission results. Various results of experimental and simulation studies
being examined and results indicated PCCI technique showed improved outcomes
and acceptable values of emission characteristics than the conventional engine partic-
ularly with the addition of EGR. Port fuel injection also showed a promising strategy
for PCCI mode of combustion which needs further optimization works through
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applying alternative fuels in addition to the conventional fuels. Applying the flex-
ibility nature of fuels affects the chemical kinetics which is having an important
feature in LTC mode of combustions, and also research findings confirmed that
modifications of fuel properties have a significant role in auto-ignition characteris-
tics. Injection timing in PCCI operation mostly involves advanced or retarded time
of injection which aims parallel decrease in both soot and oxides of nitrogen, unlike
diesel usual combustions.

From the results, it is indicated that PCCI combustion on diesel engines brought
the following emission improvements; applying low compression ratio technique
resulted in 15% NOx emission reduction and a 3% of fuel consumption reduction,
applying high EGR during light load conditions of the engine resulted in a parallel
reduction of carbon monoxide, soot, unburned hydrocarbon and oxides of nitrogen
with increased thermal efficiency, applying PCCI-DI operation mode enables reduc-
tion of 33%, 19%, 36% and 90% of NOx, and soot emissions, respectively, applying
pre-mixture of gasohol together with ethanol with 20% ratio resulted in 70% and
67% smoke emission reduction, applying B20 fuelled PCCI operation resulted in
better combustion and emission characteristics, implementing methane port injec-
tion supply resulted in 0.5% increase in BTE, 13.33% decrease in HC, 31.81%
decrease in CO, 1.45% increase in NOX .

This review work tried to discuss PCCI combustion including what has been
done, and the contributions of PCCI combustion which could help for further
research efforts in overcoming the challenges of low-temperature combustion engines
particularly PCCI combustion that the authors believe important in realizing their
commercialization and look for other schemes in reducing the challenges under PCCI
combustion mode.
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Design and Analysis of Front Axle
of Truck at Different Driving Conditions

Daniel Hambissa Datti, Ramesh Babu Nallamothu, Gamachisa Mitiku,
Adem Siraj, and Getachew Fentaw

1 Introduction

An axle is a rod or shaft used for turning of the wheel. The axles accomplish the
transmission of driving rotational moment to the Wheel. Axle maintains the relative
distance between the wheels and also relative position of the wheels with respect to
the body. In addition to supporting the weight of the vehicle, it also carries cargo
and any other load. Axles can be classified into three different types, namely rear
axles, front axle, and stub axle. Generally, the front axle has a function of supporting
the front portion of the vehicle, simplify steering, and absorb shocks from the road
(Fig. 1).
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Fig. 1 Front axle with the steering assembly

1.1 Front Axle

Most often, front axle can have I-section in themid-section (spring seat to spring seat)
and circular or elliptical section or I-section at the ends. This cross-sectional shape
of the axle can resist bending loads and torques due to the weight of the vehicle and
braking, respectively. When the vehicle is accelerating, shifting of load takes place
from front to rear and while decelerating, vice versa happens [1]. The front dead axle
of trucks was designed and analyzed when the truck is accelerating on different road
conditions (level road, uphill, and downhill).

Types of the front axle are listed below:

(i) Dead axle
(ii) Line axle.

The front axles are called dead axles as they do not make any rotational motion
with the wheels and only used for support purposes. Unlike live axle, dead axles
do not transmit any motion. There is a different mechanisms used for spinning the
wheels. At the wheel mounting points, near the end of axle half shafts, there is
a difference exists between live axles and gear axles. Front portion weight of the
vehicle is safely carried by the rigid and strong front dead axle. The front dead axles
are usually mounted on heavy-duty trucks.

2 Literature Review

Various analytic, experimental, and numerical researches were done for the front axle
beam. For different types of a heavy commercial vehicle, the design and analysis of
the front axle were done by using the analytic and FEA method. The axles were
modeled on any of the modeling software and imported to ANSYS software for a
numerical result. FEA results are well in agreement with numerical calculations as
observed from different literatures. Ashok Leyland 1612 Comet heavy commercial
vehicle axle model was analyzed for two materials namely as ductile cast iron and
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SAE 1020 under static condition. To perform the analytic and numerical analysis, for
finding deflection and stresses vehicle payload, gross weight and other specifications
were used. By comparing the FE results with analytical design, it was observed that
SAE 1020 is a better material for the manufacturing of axle than ductile cast iron [2].
The axle could also be optimized by initially considering different I cross-section area
models and then selecting the best material among SAE 4310, AISI 1020, SAE-AISI
1018, and cast iron materials. The results show that SAE1018 is the best material [3]
and also, for the manufacturing of the axle, aluminum alloy is better and a suitable
material than gray cast iron [4–7]; in addition to this, the axle could also be designed
by considering glass carbon and S—2 glass epoxy glass carbon and steel materials
under dynamic condition. For each material, transient analysis and modal analysis
were done on the axle to determine displacement, stress, vibration, and strain [8–11].
The deformation and strain values aremore for compositematerial S2 glass than steel
and glass carbon. The stress value is less for S2 glass material [12, 13].

The vibrations are more for the front axle when glass carbon is used. So, it was
observed that considering the weight and strength, using S2 glass is better than glass
carbon [14, 15]. Moreover, by using structural steel material with an I-beam shape,
the front axle was analyzed to determine its behavior under transient and static
loading conditions and also to determine the load capacity of the front side rigid
axle of an LCV. Modal analysis was also done. Even though performance require-
ments are met by front axle, as the analysis results indicate, but failure may occur
in the welded region of front axle and sleeve of the coil spring under the condition
of emergency braking because of inadequate tensile and yield strength. It leads to
difficulty for the vehicle to change the direction. According to the natural frequency
values and excitation frequency range, there is a much difference between natural
frequency values and excitation frequency, indicating very fewer failure chances [16,
17]. Another survey was done for ISUZU CYZ 400 heavy-duty vehicles by consid-
ering various forces acting on the axle. The design includes vertical, braking, and
cornering load which cause static and dynamic conditions. The beamwas considered
as a simply supported beam and the stress and deflection of the axle are analyzed
[18, 19]. The results showed the modified Good Mann Line Diagram [20–22]. And
also, the shape optimization was carried out for all three load cases to minimize
the mass of the axle beam. The stress, strain, and displacement values due to three
loading cases such as vertical load, vertical and cornering combined load and the
vertical and braking combined load were analyzed by considering design parameters
such as wheel track, axle weight, rated load of the axle, kingpin center, and spring
center. Improved strength-to-weight ratio is obtained. The fatigue life result shows
the highest reliability [23, 24].
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Table 1 Vehicle specification

Wheelbase 5.48 m

Track width 1.76 m

Overall length (OL) 9.19 m

GVWR 10,432.62 kg

Chassis weight 3975.73 kg

Gross payload 6456.88 kg

Front axle GAWR 3798.836 kg

Axle Type “I” Beam

Shock Absorbers Telescopic Type

Suspension Semi-elliptic Leaf Springs

Rear axle GAWR 6998.93 kg

Axle Type Full-floating Banjo Housing

3 Analytic Calculation

3.1 Vehicle Required Specifications (UD Truck UD2300LP)

See Table 1.

3.2 Analytical Load Calculation

This design includes analysis of the front axle of the truck at two driving conditions.
These are

(1) An accelerating truck on a level pavement
(2) An accelerating truck on grade (uphill or downhill) pavement.

Accelerating vehicle on a Level Road. When the truck (no trailer) accelerates
on level ground at a low speed, such that the force due to aerodynamic force is zero,
and the loads on the front axles become:

LOAD ON AXLE(FA) = w

(
a2
2

− h

l

a

g

)
(1)

where:
w is weight of the truck
g is the gravity and a is the acceleration at which the vehicle is traveling
a2 is the horizontal distance of the rear axle from the center of gravity of the truck
h is the height center of the gravity.
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At a normal range of driving speeds, maximum accelerations are 0.05 g(
a
g = 0.05

)
or less [25]. Typical values of CG height of truck is between 1.14 and

2.16 m [1]. By using the above parameters, the longitudinal position of the truck can
be found from the equation of maximum acceleration for rear-wheel drive [5].

arwd

g
= a1μx

l − hμx
i.e. a1 = arwd

g

(
1

μx
− h

l

)
(2)

where μx is the coefficient of kinetic friction between the tire and road surface. For
dry pavement, μx = 0.5 [6].

Loads onGrades. The front axle is also influenced by different topographies (slopes
or grades). The grade is the “rise” over the “run.” The value of road gradient (in per
cent) obtained by dividing vertical rise by the horizontal distance. The maximum
recommended slope for light trucks running at a moderate speed (30–40 km/h) on
mountainous topography is 15% [9]. Thus, the axle loads as influenced by grades
will be:

load on front axle(FA) = w

(
a2
l
cos θ ± h

l
sin ϑ

)
± h

l
ma) (3)

where ± sign is used to indicate the uphill and downhill conditions, plus (+) sign
stands for downhill, and a negative sign is for uphill condition). The values of the
longitudinal center of the position of the truck can always vary with the condition
of the road pavement (level, uphill, and downhill) for the current condition, and the
equation for center of gravity positions can be evaluated by two equations.

Fx = μx ∗ normal force under the two wheel = μx2Fz (4)

By using Newton second low of motion along longitudinal direction, we have:

Fx = ma ± mg sin θ (5)

where 2Fz is equal with the total load on the axle, and by equating Eqs. 6 and 7, we
got the equation for the position of the center of gravity from the front axle as follow:

For uphill driving a1 =
(
a

g

(
1

cos θμx
− h

l cos θ

)
− h

l
tan θ + tan θ

μx

)
l (6)

For downhill driving a1 =
(
a

g

(
1

cos θμx
+ h

l cos θ

)
+ h

l
tan θ − tan θ

μx

)
l (7)

Therefore, the value of a2 become: a2 = l − a1.
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The value of accelerations for slow pulls up steep grades would be limited to
approximately 0.15 g’s [1].

4 Analysis for Front Axle Beam

The software selected for the structural analysis is ANSYS mechanical which is
mostly used as a finite element analysis tool. The analysis is carried out after
modelling the front axle on another CAD software. The obtained computer simu-
lation results are used to predict the behavior of the front axle with those driving
condition.

4.1 Design and Modeling Using Catia V5 Software

To perform the analysis of the axle beam in ANSYS, first, the axle beam must
be modeled in any of commercially available modelling software like CATIA or
Solid Works, etc. CATIA V5 modelling software is preferred for modelling in this
thesis. CATIA is mechanical modelling software which allows 3Dmodelling and 2D
drafting of elements. 3D solid models can be created for capturing design intent with
or without constraints while utilizing automatic or user-defined. The 3D modeling
of the front axle is as shown below Fig. 2.

Fig. 2 3D modeling of the axle
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Fig. 3 Section of the axle

4.2 ANSYS Simulation of Static Condition of Front Axle

It is necessary to investigate the behavior of the axle beam in response to dynamic
and static loads. Both shear and bending stresses exist in front axles. The axle is
treated as a beam supported vertically upward at the ends [3]. Here, the 3D model of
the simplified geometry is imported to ANSYS software where the model is meshed
and analyzed in response to a static load.

Material description. The material which is chosen for the front axle beam is SAE-
AISI 1018 material which is best for front axle beam [3]. Standard properties of
SAE-AISI 1018 are taken from the tables.

Cross-section of the beam. The I cross-section of the beam is designed based on
the density of the material, length, and GAWR of the front axle [3] (Fig. 3).

v f a = GAWR

ρmaterial
, Area cross section = v f a

/
laxle (7)

where v f a is the volume of the cross-section of the axle and laxle is the length of the
axle.

4.3 Finite Element Analysis

The current 3D model was meshed using tetrahedral elements. The model consists
of 188,870 nodes and 118,354 elements. Proper boundary conditions are integrated
into the analysis (Fig. 4).
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Fig. 4 Mesh quality

(A) For level road driving
Maximum stress
Maximum deformation.

From the above result, we can see that the maximum stress (equivalent stress) and
deformation on the axle are 4.23× 107 Pa and 9.14× 10−5 m, respectively (Figs. 5,
and 6).

(B) Uphill driving
Maximum stress
Deformation.

During uphill driving, the front axle is subjected to maximum stress (equivalent
stress) and deformation of 2.5 × 107 Pa and 5.33 × 10−5 m, respectively (Figs. 7,
and 8).

Fig. 5 von Mises stress on the axle
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Fig. 6 Total deformation

Fig. 7 von Mises stress

(C) Downhill driving condition stress
See Fig. 9
Deformation.

From this result, it can be observed that the equivalent stress and deformation on
the axle are 4.4 × 107 Pa and 9.5 × 10−5 m, respectively. By comparing with the
other driving condition, maximum stress and deformation on the axle occur when
the truck moves on the downhill road (Fig. 10).
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Fig. 8 Total deformation

Fig. 9 von Mises stress

5 Conclusion

In this research, the front axle of the heavy-duty vehicle was analyzed numerically
for SAE-AISI 1018 at the different driving conditions. The results indicate that the
maximum or critical condition for the axle occurs when it is derived on the downhill
road and the values of the maximum von Mises stress and total deflection during
these conditions are 4.4× 107 Pa and 9.5× 10−5 m, respectively. The design is safe
since the indicated von Mises stress is below the yield strength of the material.
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Fig. 10 Total deformation
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Spectroscopic and Structural
Investigation of Graphene Oxide
Synthesized via Hummers’ Method

Nipom Sekhar Das, Koustav Kashyap Gogoi, Suma Das,
and Avijit Chowdhury

1 Introduction

The carbon nanostructures have attracted growing attention recently due to their
remarkable properties and affluent applications in diverse fields [1]. The graphene
oxide (GO), one of the allotropes of carbon nanomaterials, owns a 2-D hexagonal
planar sheet-like structure and shows enormous interest because of its large specific
area, easy accessibility, and low-cost production. In addition, the GO displays some
incredible characteristics such as high thermal and electrical conductivity, flexi-
bility, tunable energy bandgap, and high mechanical strength. Hence, GO is a very
promising material in modern science and nanodevice technology and found appli-
cations in bio-sensing, catalysis, energy storage, resistive memories, etc. In view
of the above, therefore, the synthesis of GO with few numbers of layered sheets is
very crucial to harness their exceptional characteristics at the nano regime [2–4].
The preparation of GO from natural graphite is simple and safe, and it can be easily
exfoliated into single- or few-layer thick sheets by breaking the weak bonds present
between the layers using the liquid-phase exfoliation method [5]. The Hummers’
method is broadly used for the preparation of GO in an eco-friendly and efficient
way. However, many oxygen functional groups like carboxylic, epoxy, hydroxyl,
and carbonyl groups [6–8] are induced during the synthesis process. The presence of
these substantial numbers of functional groups makes GO an excellent water-soluble
and high ease of functionalization. However, the oxygen functional groups present
in GO are accountable for poor performances as it mainly affects the carrier trans-
port process. The GOs possess large number of oxygen functional groups which is
amorphous in nature and hence not suitable for applications, especially for electronic
devices. Therefore, the synthesis of GOs using Hummer’s method via controlling the
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synthesis parameter is very crucial to obtain high-quality GOs with reduced oxygen
functionalities. Therefore, the exfoliation of GO and the reduction of functional
groups are crucial factors for the performance enhancement, especially to meet the
expectation and functionalities similar to graphene. The novelty of the proposed
work lies in the synthesis of exfoliated GO using a cost-effective a straight-forward
solution processing technique. Such an efficient and environment-friendly technique
facilitates a few-layered thick GO sheets with a large specific area. It can be used as
templates to graft various nanomaterials with desired functionalities. Functional GO
displays awide range of applications in energy storage, energy conversion, electronic
and optoelectronic devices, including memory devices, [9, 10] due to the synergistic
interfacial effect at the percolated structure. Herein, the GO is synthesized using
conventional Hummer’s method via controlling the synthesis parameter to obtain
GO sheets with reduced oxygen functionalities.

2 Experimental Procedure

The GO was synthesized via conventional Hummers’ method by using graphite
flakes as the starting material [11–13]. The procedure for the synthesis of GO is
shown schematically in Fig. 1. Briefly, 0.24 g of graphite flakes was added with
0.24 g NaNO3 and dispersed in 13.56 mL of H2SO4. After 6 h of continuous stirring,
1.23 g of KMnO4 was mixed into the solution, and temperature of the solution was
kept below 12 °C. Then, H2O (26.54 mL) was added after heating the solution at
35 °C.After overnight stirring, the solutionwas heated further to 96 °C for 15min and
brought it down to room temperature. Then, 56.64 mL of deionized water was mixed
to the solution. Then, the solution turnedyellowafter the addition of 5.64mLofH2O2.
The yellowish solution was then centrifuged by HCl followed by DI H2O several

NaNO3

Graphite 
flakes

5 hours of 
continuous
s�rring

KMnO4 DI H2O 

35°C

Stirring

Stirring

H2O2

Dried in 
hot air oven 
for 12 hours

GOs pow-
der

Centrifuge 5 to 
6 times with HCl 
solution and DI 

H2O 

H2SO4

Fig. 1 Synthesis of GO by using Hummers’ method
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Fig. 2 Synthesized GO
powder

times. Finally, the brown-colored solutionwas heated in an oven for 12–15 h to obtain
wafer-like sheet. After grinding the sheet, a fine powder ofGOwas obtained as shown
inFig. 2. The liquid-phase exfoliation ofGO is doneusing a tip sonicator for an hour at
40 W before the spectroscopic analysis. The GO is then characterized through UV–
visible spectroscopy (Agilent Technologies, Model: Cary 60), photoluminescence
spectroscopy (Fluoromax-4C Spectrofluorometer, HORIBA), X-ray diffractometer
(XRD) (Panalytical), and scanning electron microscopy (Model: ZEISS EVO-MA
10).

3 Result and Discussions

3.1 Optical Analysis of Graphene Oxide

3.1.1 UV–visible Absorption Spectroscopy of GO

The UV–visible spectroscopy of GO is carried out in the wavelength region of 200–
800 nm, and the corresponding spectra are shown in Fig. 3a. An absorption peak is
appeared at 228 nm which is evolved because of the transition between π–π* in sp2

hybridized carbon atoms present in the aromatic C–C ring [14]. Another peak found
at 312 nm which is resulted due to the transition of n–π* in the energy levels of C=O
bonds present in the carbonyl group [15]. The Tauc’s plot is used as shown in Fig. 3b
to obtain the optical bandgap energy, and estimated values are found to be 4.08 eV
and 3.43 eV, respectively [16].
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Fig. 3 a UV–visible spectroscopy, and b Tauc’s plot of GO

3.1.2 Photoluminescence (PL) Spectroscopy of GO

The PL spectroscopy ofGO is carried outwith an excitationwavelengthλex ~ 228 and
312 nm, respectively. A broad peak appears at 433 nm for the excitation wavelength
312 nm as shown in Fig. 4a [17, 18]. A deconvoluted photoluminescence spectrum
is shown in Fig. 4b which shows the deconvoluted emission peaks center at 367 nm,
398 nm, 422 nm, 434 nm, 452 nm, 474 nm corresponding to emission energies of
3.37 eV, 3.11 eV, 2.93 eV, 2.85 eV, 2.74 eV, and 2.61 eV, respectively [19]. The
emission energy for the broad peak is estimated to be 2.86 eV, from the emission
energy curve as shown in Fig. 4c.

Fig. 4 a Photoluminescence (PL) spectra of GO b deconvoluted photoluminescence (PL) spectra
of GO, and c emission energy curve of graphene oxide
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3.2 Structural Studies of Graphene Oxide

3.2.1 X-ray Diffraction (XRD)

The XRD analysis of GO is performed to study the structural phase and to estimate
the inter-planar spacing of GO. It was performed by using CuKα radiation with λ

= 1.54 Å in a 2θ range (5–60°) as shown in Fig. 5a [20]. A sharp peak appears at
2θ = 9.89° which is originated due to the reflection from (001) plane of GO [21].
The hexagonal structure of GO is confirmed by the (001) plane [21]. Another small
peak centered at 2θ = 42.60° corresponds to the reflection from (101) plane [22].
The inter-planar spacing of GO is estimated using Bragg’s law, and it is found to be
8.93 Ȧ [22].

Fig. 5 a XRD spectra of
GO, b SEM image of GO
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3.3 Morphological Analysis of Graphene Oxide

3.3.1 Scanning Electron Microscopy (SEM) of GO

The SEM image of GO is shown in Fig. 5b. The GO sheets are found with irreg-
ular morphology throughout the surface. These types of irregular structures may
be attached to the multiple stacked sheets at different places. It can be concluded
from the figure mentioned below that there are various layers of GO overlap in an
irregular manner [22]. The energy-dispersive X-ray spectroscopy (EDAX or EDS)
analysis (figure not shown) confirms that the synthesized material contains carbon
and oxygen.

4 Conclusion

GO was synthesized economically and efficiently by using the Hummers’ method.
Theoptical energygaps are estimated to be4.08 and3.43 eV, respectively, fromTauc’s
plot, and emission energy is found to be 2.86 eV for the broad peak that appears at
433 nm in PL spectra. It is also observed that the optical energy gap 3.43 eV is
almost comparable with the emission energy 3.37 eV at the lower wavelength region
(λ ~ 367 nm) obtained from the PL spectra. The synthesized GO has an inter-planar
spacing of about 8.93 Ȧ that is estimated using Bragg’s law, and also, XRD analysis
confirms the hexagonal structure ofGO. The SEManalysis suggests that GO contains
2–3 sheets for a thickness of 2 nm.
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IOT-Based Online FIR Assistance System
with Two-Way Security Using Image
Processing

Sandeep Singh and Manpreet Singh

1 Introduction

India is now the fastest developing country in the world. So, a lot of new innovations
are being developed for our glamorous living styles. The technologies are used in
the fields of education, banking, industry, etc [1]. Our nation has more population
compared to other countries. This ensures that public safety is themost critical aspect
of our country’s defense and security structure. The department of Indian Police is
often readily available for service of the citizens, but often due to certain circum-
stance, they have neglected to do so. The government is reducing the burden with
the use of advance technologies and digitalization and thus saves time and effort.
The Indian Police Force is the only big part of our society that remains completely
devoid of this privilege yet. The Indian Police Department has, for most of its routine
operations, been manually controlled ever since. The officials also followed the basic
methods of conducting the trials, with the conventional “pen and paper” approach
being very prevalent. In earlier days, when population was much lower, these tradi-
tional activities were relaxed, and crime rates were also comparatively low. But in
today’s India, where society’s crimes are in a peak and so many cases are reported
every day, manual handling of the case and all of its associated records has become
a very cumbersome process. FIR is a vital first step toward complaint registration.
The procedure for filing an FIR is mentioned under Section 154 of Criminal Proce-
dure Code, 1973. According to CPC, usually, one needs to visit the police station to
file a complaint or an FIR. The report can be forwarded to the police either orally
or in writing. A person can file a complaint for a criminal matter according to the
Indian Jurisdiction and Legislation. For any other crime, either the perpetrator of the
offense or someone else on his/her behalf can file an FIR. As after, FIR has been
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filed that the police can begin investigation into the crime committed. But nowadays,
we faced many problems while registering a complaint against any crime. Some
people despise going to police station when there is a crime taking place. There is
usually a feeling that registering a complaint is a tedious process or the police will not
be cooperative; police will ask inappropriate questions and misbehave; sometimes,
they ask money for filing the FIR. Thus, digitalization of the police department is
required for the betterment of public as well as for department. To file an incident
report and get updates, the conventional way of visiting a police department has to
be replaced with an online procedure [2]. Therefore, an e-police system is being
built that gathers the data of the FIR through an online FIR assistance system that
transfers the information on server of the nearest police department, and then, the
whole process takes place online, with information exchanged between the device
and the data server. In the present scenario, most of the states like Delhi, Haryana,
Tamil Nadu, Himachal Pradesh, Jharkhand, Maharashtra and Madhya Pradesh had
launched E-FIR online services for the public [3]. In E-FIR services, states had
launched an online portal Web site which provides the facility to the public to lodge
their complaint via Internet-connected device. According to the literature survey, we
found that an individual needs to create their user ID and password on the portal and
login into their account to register a complaint. In this process, individual needs to
scan their documents and needs to upload on the portal for the verification of identity.
This is very tedious and time-consuming process. In the existing system, there are
further scopes of improvement which are mentioned as follows:

• India, which has the world’s second largest population, lags behind in technology.
Besides, some people are not trained enough to use these services and some of
them do not have those tools to use the online services [4].

• There is no security in the system as anyone can login with others’ credential to
lodge the FIR.

• There is no hardware model available for this type of the system.
• User must have a smartphone or laptop with good Internet connection.
• It is also not accessible to everyone.

For the betterment of the existing system, we are introducing IOT-based online
FIR assistance system with two-way security using image processing in this paper.
Through this system, user can easily lodge the complaint against crime. Thismachine
is user friendly and can be operated by a common man by following certain simple
steps. Once the FIR is registered, then the image captured by the camera is stored
by the camera for the future reference [5]. If same person came again, then by using
face detection, he/she can see their application status automatically, and they need
not to verified themselves again.
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2 FIR Registration

This system looks like an AVTMmachine which can be installed in all public places
for their ease of access. This IOT-based online FIR assistance system is directly
connected to the nearest police station HQ database via Internet and can serve as a
client for that server which can post the FIR to the database and also able to fetch
the data as per the user requirement [6]. In this machine, two-way security system is
implemented which avoid any individual to lodge fake complaints. The working of
the machine is as follows:

• User needs to visit to the public booth to access this service and needs to verify
him/herself first.

• Firstly, user needs to enter his Aadhaar Card No. for identity verification.
• After Aadhaar verification, he/she needs to verify their thumbprint for identity

verification [7].
• A camera is mounted on the top of the system which will capture the image of

the person and process the image.
• Image taken is processed and is been stored in the database for the future reference.
• Then, user can select the appropriate crime type and can lodge the E-FIR by typing

from the keyboard input.
• After that, the FIR is sent to the nearest police station database along with the

image captured during Aadhaar verification.
• User gets a successfully registered message on the mobile no. which is registered

in the Aadhaar database which contains complaint number.

3 Methodology

3.1 Raspberry Pi 3 Model B+

In this machine, Raspberry Pi 3 Model B+ acts as a heart of the system. It runs
on Linux operating system and also provides a set of general-purpose input/output
(GPIO) pins that allow you to control electronics components for physical computing
and explore the Internet of things (IoT). TheRaspberry Pi operates in the open-source
ecosystem: It runs Linux and its main supported operating system, Raspbian [8].

3.2 Open CV

It is an open-source computer vision library that mainly aimed at real-time computer
vision. This library is used to carry out image transformations in the system. The
camera is used in the system that will capture the image, and then, further process
is carried out by this library. It will convert the RGB image to grayscale image and
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that detect the face and crop that particular area from the image and store the image
into the database. There are certain other libraries also used for image processing
like numpi, dlib, etc [9].

3.3 Tkinter

This is a Python library which provides us to create a simple graphical user interface
(GUI) that consists of various input buttons, notification bar, menu bar and other
dialog boxes which make it more easy to operate effectively. This library helps to
connect the software with the hardware and also triggers the machine to perform
various actions.

4 Face Detection and Recognition

The face is the most significant feature of the body of humans so that can represent a
person’s emotions [10]. Years ago, people used the non-living stuff like smart cards,
plastic cards, PINS and tokens for authentication. Nose, eyes and mouth, which are
related to facial extraction, are the most significant features of facial image. In this
device, the image of the user will be taken and the computer vision software added
to identify and recognize human faces [5]. There are many approaches to accom-
plish and get the most important features from facial images in face recognition.
Haar cascade feature detection is the most popular algorithm for face detection [11].
OpenCV library is used for face recognition since it is the best open-source library
that can be used for image processing, which is not too complex. The Haar cascade
algorithm looks for particularHaar-like features of a human face.A face candidate is a
rectangular segment of the original image called a sub-window. The sub-window size
is usually around 24× 24 pixels. The sub-window is also rotated in an attempt to get
a range of different sizes of faces. Through this window, the Haar cascade algorithm
scans the complete image and denotes all of the respective parts as face candidates
[12]. The algorithm for face detection mainly has four phases: integral image estima-
tion, hair-like characteristics, AdaBoost training, cascade classifier. The Haar-like
algorithm’s beginning step is to transform the input image into an integral image.
The definition of the integral image is defined by the arrangement of the pixel values
of the original images. The integral image is used to detect quick feature detection.
AdaBoost is a machine learning algorithm capable of constructing a strong classifier
from a weighted set of helpless classifiers [13, 14]. AdaBoost algorithm provides
needless context to a good field of the stuff repercussion. A significant portion of
the AdaBoost algorithm is determining the best function, threshold and polarity.
Depending on the weighted error, it selects the better output function produces. The
final for Viola–Jones face detection algorithm is cascade classifier phase. Cascade
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Fig. 1 System is detecting
the face of the use

stage is used for speedy elimination of face candidates. In cascade classifier, the sub-
window goes through various phases of filter and determines that the sub-window is
a face or not. The classifier will directly reject the area if input area fails, and if it
passes, then face can be detected [15].

5 Result and Analysis

The result of this system is analyzed and recorded. When a user is standing in front
the machine, then after authentication, the camera will turn on and capture the image
of the user and collect the samples and stored the same in the database. After that
from the image, the face is detected by OpenCV library and crop the face from the
image and stored in the database. When the next time same person came, then it will
automatically start searching that user face in the database. If found successfully,
then it displayed all the data and history of the user application, and user can see the
application status also. The following images show the output of the system Figs. 1,
2 and 3.

The face detection system of this machine is working very fine; with the accuracy
of 92%, the whole system is working efficiently. This system is very helpful for the
public and also upgrades the existing system with two-way security so that no false
complaint can be done. Another major important need of this system is that this will
upgrade the police department and reduce their work efficiently.

6 Conclusion

In this paper, we have proposed a smart IoT-based online FIR system with two-way
security system and upgrade the existing system with full security. In this proposed
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Fig. 2 System takes up to 60 frames and converts from RGB to grayscale image and stored into
the database for future reference

Fig. 3 Image is taken by
system when the same
person comes next time and
then compares it with the
images in database

system, we have tried to overcome difficulties faced by conventional FIR system in
India.

• In the proposed system, the person need not to go to the police station for filing
the FIR.

• The proposed system is easily accessible like an ATM machine.
• In this proposed system, two-way security system is implemented to overcome

the problem of false complaint.
• In the proposed system, Haar cascade-based image processing technique has been

implied to verify the identity of the person filing the FIR utpo 92% accuracy.
• In the proposed system, all the information is saved in the cloud where a person

can take a follow-up at any time.
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Experimental Investigation
of Sound-Absorbing Material of Different
Surface Shapes on Noise Reduction
Performance of an Acoustic Enclosure

Pavan Gupta and Anand Parey

1 Introduction

Noise pollution of the factory and the industrial workspace is a serious concern.
The environment of intense noise plays a major role in a worker’s performance. The
high exposure to noise not only impacts the adverse effects on psychological health
but also causes hearing damage, poor voice communication, and impaired efficiency
[1]. The noise generated from cutting tools during machining is one of the main
sources of noise in the factory workspace such as portable saw, spindle, drilling
machine [2–4]. The acoustic enclosure is one of the most important engineering
designed structures for modifying the sound transmission path and suppressing the
airborne noise effectively by adding sound-absorbing materials [5]. Cole et al. [6]
andmany other researchers [7–10] demonstrated theoretically and experimentally the
effectiveness of acoustic absorbing materials on the noise reduction characteristics
for the acoustic enclosure made of different materials. Recently, Cao et al. [11] and
several other researchers [12–14] predicted analytically and experimentally the noise
reduction capability of complex structures by incorporating the acoustic absorbing
materials in the studies.

The literature survey has shown that the implementation of sound-absorbingmate-
rials has a significant role in the noise control of an enclosure and other complex
structures. Airborne noise transmission can be diminished by adding the sound-
absorbing material which is directly linked with the energy of the acoustic waves.
The noise reduction performance of acoustic enclosure depends onmany factors such
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as material, geometry, panel thickness, location of the source, the thickness of sound-
absorbing material, and location of the implementation of acoustic material on the
structure.However, it has been found that limitedwork is focused on the use of sound-
absorbingmaterial with different surface shapes on the acoustical performance of the
cutting tool enclosure. By optimization of acoustic material properties in a defined
range of frequency, it is possible to maximize the noise reduction of the structure by
making use of an adequate amount of sound-absorbing material of different surface
shapes. In the current study, therefore, an experimental work is presented for inves-
tigating the influence of sound-absorbing material of different surface shapes for the
applications of improving the acoustic performance of the cutting tool enclosure. The
polyurethane foam (PU) is considered as a sound-absorbing material in the present
study. The commercially available acoustic material of three surface shapes, i.e.,
plane, wedge, and pyramid surfaces are chosen for the analysis.

2 Methodology

The acoustic enclosure performance is defined by noise reduction. The noise
reduction (NR) of the acoustic enclosure is expressed in decibel (dB) as follows
[15]:

N R = LO − LW, (1)

where LO is the sound pressure level from an unenclosed noise source and LW from
the enclosed noise source.

The various commercially acoustic materials used in the experimental work are
shown in Fig. 1. The technical properties of acoustic material are given in Table 1.

Fig. 1 Polyurethane sound-absorbing material of various shapes a plane b wedge c pyramid
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Table 1 Technical properties of acoustics foams available from suppliers

Sl. No. Parameters Plane shape PU
foam

Wedge shape PU
foam

Pyramid shape PU
foam

1 Thickness (mm) 50 50 50

2 Bulk density
(kg/m3)

32 32 32

3 Bulk Poisson’s
ratio

0.39 0.39 0.39

Table 2 Different conditions
of noise measurement

Condition Noise measurement condition details

Case-1 Enclosed source

Case-2 Enclosed source by adding plane shape PU foam

Case-3 Enclosed source by adding wedge shape PU foam

Case-4 Enclosed source by adding pyramid shape PU foam

The initial noise level of the noise sources was measured without an enclosure to
have a reference value for comparison purposes. Thereafter, all the iterations have
been implemented as per Table 2.

3 Experimental Work

The noise measurement was conducted in a large volume of noise and vibration
control laboratory at IIT Indore.

An enclosuremadeof steelmaterialwas employed in the experimentalworkwhich
consisted of fiveflexible panelswelded together. The enclosure has dimensions of 1m
× 0.8m× 1m, and the thickness of each panel was 1.15mm. The polyurethane foam
of different shapeswas used in the study. Four piezotronicsmicrophones (PCBmade)
were employed around the enclosure. The sound pressure level (SPL)measurement is
taken at a distance of 1 m for each surface of the enclosure. The spatial mean average
value of the sound pressure level was taken. The measurement data was acquired
using the 16 channel LMS data acquisition system in the range of frequency between
63 and 8000 Hz of 1/3 octave band.

Noise radiated by the cutting tools is the prime cause of noise pollution in the
factory environment. In the present study, therefore, hand-held circular saw of model
GKS 7000 with a rated power input of 1100W is considered as a noise source for the
experimental work which is shown in Fig. 2. The sound pressure level value of the
noise source is measured to be 88.75 dB(A). The background noise was measured
to be 45 dB(A) which is far lesser than the sound pressure level of the noise source.
Therefore, background noise has a negligible influence on the noise measurement
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Fig. 2 Noise source:
handheld circular saw

of the source. All the measurements were repeated for ensuring the reliability of
measurement.

The measurement set-up and schematic diagrams for the implementation of PU
foam are shown in Figs. 3 and 4, respectively.

Fig. 3 Experimental set-up using microphones (1–4) with LMS data acquisition system and noise
source inside the enclosure
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Fig. 4 Schematic diagrams for the implementation of PU foam: a Enclosed source by adding plane
shape PU foam, b enclosed source by adding wedge shape PU foam, c enclosed source by adding
pyramid shape PU foam

4 Results and Discussion

The overall SPL values in various cases of the measurement are shown in Fig. 5.
It is observed from Fig. 5 that adding the sound-absorbing PU foam inside the
enclosure reduces the noise-level efficiently. The acousticmaterials not only suppress
the acoustic resonance inside the enclosure but also demise themagnitude of standing
waves with an increment of the frequencies of the resonance of the standing wave.
It can be seen from Fig. 5 that surface shapes of the acoustic material inside the
enclosure directly influence the acoustical performance of the enclosure. The overall
value of SPL for the noise source was observed is 88.75 dB(A) which is maximum.
The minimum SPL is achieved in the case of using pyramid shape PU foam which
is 65 dB(A).

The noise reduction for various conditions is shown in Fig. 6. It is found that
adding a pyramid shape PU foam inside the acoustic enclosure causes a larger noise
attenuation of 23.75 dB(A).

Fig. 5 Overall sound
pressure level values of
various measurement
conditions
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Fig. 6 Noise reduction
values of various
measurement conditions

It can be observed directly from Fig. 6 that the plane shape and wedge shape PU
foams cause a noise reduction of 19.32 dB(A) and 21.05 dB(A), respectively.

The 1/3 octave analysis is carried out to study the effect of various shapes of
acoustic material in the different frequency bands [6, 12]. The 1/3 octave analysis
shows that wedge shape and pyramid shape acoustic materials have an overall better
effect in comparison to plane PU foam in the entire frequency region as shown in
Fig. 7. One-third octave band analysis shows that the wedge and pyramid shape PU
foams have a similar effect in the frequency range between 500 and 2000 Hz. The
pyramid shape PU foam is very efficient in the high-frequency region between 2000
and 8000 Hz. It is clear from the experimental results that the pyramid shape PU
foam is very effective for improving the acoustic performance of the enclosure.

Fig. 7 Overall sound pressure level values at the center frequency of 1/3 octave band
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5 Conclusion

Noise control of the factory workspace is a serious issue. The noise generated from
cutting tools during machining is one of the main sources of noise in the factory
workspace such as portable saw, spindle, drilling machine. The surroundings of
intense noise radiated from the cutting tool andmachining operations impact directly
on the worker’s performance. Therefore, an appropriate design of the cutting tool
enclosure using sound-absorbing material is imperative from the acoustical point of
view.

In the present paper, an experimental study in the laboratory was carried out for
investigating the effect of various shape acousticmaterials on the noise reduction effi-
ciency of an enclosure for cutting tools applications. The noise sourcewas considered
as a handheld saw. The various conditions have been considered for the measure-
ment by using the different shapes of sound-absorbing polyurethane foam. Therefore,
commercially available acoustic material of three surface shapes, i.e., plane, wedge,
and pyramid surfaces, are chosen for the analysis. It is found from the experimental
results that surface shapes of the acoustic material influence the acoustical perfor-
mance of the enclosure greatly. The experimental result shows that a larger noise
reduction of about 23.75 dB(A) is achieved for the case of using pyramid shape PU
foam.The 1/3 octave analysis is also carried out to study the effect of various shapes of
acoustic material in the different frequency bands. The 1/3 octave analysis shows that
wedge shape and pyramid shape acousticmaterials have a better effect on the acoustic
performance of enclosure in comparison to plane PU foam in the entire frequency
region. The pyramid shape PU foam is very efficient in the high-frequency region
between 2000 and 8000 Hz. Therefore, it can be concluded from the experimental
results that the pyramid shape PU foam is very effective for improving the acoustic
performance of the enclosure. The present experimental study demonstrates that the
implementation of sound-absorbing material of different surface shapes would be an
appropriate method for improving the acoustical performance of the enclosure.
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A Comparative Numerical Study
of Transient Thermal Behaviour
of Water-Cooled Metallic Plates

Sunil Kumar , Gurdyal Singh, Gaurav Jain, and Sachin Bhogal

1 Introduction

Steels and aluminium alloys are widely used materials in mechanical industries
due to their excellent mechanical, physical, and chemical characteristics. The major
applications of thesematerials as thick plates are in agriculture machinery and under-
watermachine parts.Welded submarine structures and pressure vessels are fabricated
using thick metallic plates. In the recent past, thermal simulation of metallic plates
has been performed by the investigators to study the heat transfer response under
variable ambient conditions [1–4]. Both theoretical and experimental observations
are recorded and compared [5–8]. The present study deals will the transient thermal
response of thick metallic plates.

Transient heat transfer behaviour between flatmetallic plateswas analysed numer-
ically considering uniform wall temperature [9]. The transient cooling of metallic
plate from 400 to 100 °C with water jet was studied by Kumagai et al. [10]. The
temperature at plate–water interface was found to be high near stagnation line with
high jet sub-cooling. Combined convection and radiation heat transfer of nano-fluids
flowing between parallel plates was studied by Narahari et al. [11]. The analysis was
performed to obtain the exact solution for temperature, velocity and Nusselt number.

Transient thermal analysis of laserwelding of SS 304 thin plateswas performed by
Pankaj et al. [12] and observed that the transient cooling was influenced by welding
speed and laser power. Water jet cooling of stainless steel plates was performed by
Aamir et al. [13] to obtain high heat transfer rate. Influence of plate thickness on
heat transfer rate, cooling time and convection co-efficient was studied at constant
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flow rate. Correlation was developed between plate thickness and spray dynamics.
Aamir et al. [14] performed evaporative cooling using water spray to improve the
heat transfer rate for different geometries of steel. Boiling number for smooth plate
was observed to be low as compared to narrow fin and wide square fin geometry.
Fast increase in convection co-efficient was observed in nucleate boiling regime.
Increase in cooling rate, burnout point and critical heat flux point was observed for
wide square fin compared to other geometries.

Transient cooling behaviour of aluminium plate from 137 to 37 °C was analysed
experimentally and the correlation for Nusselt number was developed. The results
were compared with modelled results [15]. Numerical analysis of aluminium alloy
welding was conducted by Riahi and Nazari [16]. Das et al. [17] analysed the thermal
behaviour of aluminium 6061 plates during friction stir welding considering heat
generation into account. Bajpei et al. [18] analysed the transient thermal response of
aluminium 6061-T6 and aluminium 5052-H32 plates using ANSYS software. High
temperature and low residual stresses were observed for aluminium 5052-H32 plate
as compared to aluminium 6061-T6. Owadano et al. [19] performed the heat transfer
cooling simulation of aluminium plate, round bar and sphere using ‘Decimal Basic’
software. The temperature difference between the surface and centre during cooling
was found to be the product of surface temperature and half of the Biot number. The
temperature distribution was observed as parabolic with negative curvature at centre.

The present analysis focuses on the time-dependent thermal behaviour of thick
metallic plates. Water is used as a cooling medium. The plates of SS 316 (austenitic
stainless steel) and aluminium 6061 are considered for present thermal investigation.
Transient simulation has been performed to show the temperature distribution in these
metallic plates. LISA software is used for finite element analysis.

2 Problem Formulation

In the transient heat transfer of metallic plates, the temperature varies with time and
space. It is assumed that the heat transfer is in one direction only, i.e., through the
plate thickness. One-dimensional transient heat transfer case can be expressed as
Eq. 1 [5];

T = f (x, t) (1)

Plate length, width and thickness (L) are considered as 1 m, 0.6 m and 0.2 m,
respectively. The non-dimensional temperature at mid-plane can be expressed as
Eq. 2 [5];

Tt − Ta
To − Ta

= e−(mt) (2)
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In this equation, (Tt ) is the temperature at time (t), (Ta) is the temperature of
cooling water, (To) is the initial temperature and the reciprocal of time constant (m)
can be written as Eq. 3 [5].

m = h

ρCp(L/2)
s−1 (3)

For both plates, the values of (Ta) and (To) are considered as 20 °C and 300 °C,
respectively. Convective heat transfer co-efficient of water is taken as 500 W/m2K.
For steel plate, thermal conductivity (k)= 15 W/mK, density (ρ)= 8000 kg/m3 and
(Cp) = 500 J/kgK. For aluminium plate, thermal conductivity (k) = 202 W/mK,
density (ρ)= 2707 kg/m3 and (Cp)= 897 J/kgK. During analysis using LISA 8.0.0,
the heat flow domain is discretised into 4-noded 32 elements having total 45 nodes.
At the extreme end, the heat flux through convection and conduction is taken as
equal. Initially, whole plate is at uniform temperature. Both materials are assumed
to be isotropic. Total cooling time is selected as 10 min.

3 Results and Discussion

Finite element analysis software LISA 8.0.0 has been used in present transient heat
transfer study. The numerical results are checked for the accuracy using analytic
approach (Eqs. 1–3). The approximation of simulated results is found to be in close
agreement with analytic approach.

The simulated results for the temperature distribution in the SS 316 plate are
shown in Fig. 1. The values of temperature are written in °C and time in seconds. It
has been shown that during this 10 min cooling process, the minimum temperature
will be 107.1 °C. Table 1 shows values of temperature at mid-section and extreme
end during the time interval of 60 s for SS 316 plate.

The simulated results for heat flux in the SS 316 plate are shown in Fig. 2. The
values of heat flux are written in W/m2 and time in seconds. It has been shown that
during cooling process, the maximum heat flux will be attained as 4.198× 104 W/m2

at extreme end and minimum as 4664 W/m2 at the mid-section. Heat flows from the
mid-section towards extreme end in X-direction.

The simulated results for temperature distribution in the aluminium 6061 plate
are shown in Fig. 3. The values of temperature are written in °C and time = 480 s
(8 min). It has been shown that during this 10 min cooling process, the minimum
temperature will be 102.5 °C.

Table 2 shows values of temperature at mid-section and extreme end during the
time interval of 60 s for aluminium 6061 plate.

The simulated results for heat flux in the aluminium 6061 plate are shown in
Fig. 4. The values of heat flux are written in W/m2 and time in seconds. It has been
shown that during cooling process, the maximum heat flux will be attained as 9.119
× 104 W/m2 at extreme end and minimum as 1.013 × 104 W/m2 at mid-section.
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Fig. 1 Modelling of steel
plate (Temperature in °C)

Table 1 Temperature
distribution for SS 316 plate

Time (min) Temperature at
mid-section (°C)

Temperature at extreme
end (°C)

0 300 300

1 298.5 200.9

2 296.6 168.3

3 294.2 150.4

4 292.6 138.5

5 291.3 130.1

6 289.8 123.7

7 287.1 118.6

8 284 114.3

9 277.6 110.6

10 269.2 107.1

The cooling effect of both metallic plates is compared and shown in Fig. 5. It is
clear that aluminium 6061 is more thermal effective compared to SS316 when used
as a thick plate. The temperature at extreme end is almost same for both metallic
plates during cooling process. But, at the mid-section, the cooling of aluminium
6061 is found to be very fast compared to SS 316. At extreme end, there is a gradual
cooling in case of aluminium alloy but for stainless steel, the cooling rate is very
fast initially at the plate surface and its intensity decreases afterwards. For austenitic
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Fig. 2 Modelling of steel
plate (Heat flux in W/m2)

Fig. 3 Modelling of
aluminium plate
(Temperature in °C)
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Table 2 Temperature
distribution for aluminium
6061 plate

Time (min) Temperature at
mid-section (°C)

Temperature at extreme
end (°C)

0 300 300

1 280.4 251.3

2 252.2 226.2

3 227.1 203.4

4 204.7 184

5 184.7 166.3

6 166.9 150.4

7 151 136.3

8 136.8 123.7

9 124.1 112.5

10 112.9 102.5

Fig. 4 Modelling of
aluminium plate (Heat flux
in W/m2)

stainless steel, the thermal cooling behaviour is not appreciable at the mid-section of
the plate due to its more heat storage capacity and low thermal diffusivity compared
to aluminium alloy.

Finally, it can be observed from the transient thermal analysis that one should
look for aluminium alloy if more heat is required to release. Results shows that the
heat flux is high for aluminium 6061 compared to SS 316. Aluminium alloys are
preferred over stainless steels in such situations where low weight requirement is the
main concern. Both these materials are best for the water-based applications due to
high corrosiveness and good strength.



A Comparative Numerical Study of Transient … 237

Fig. 5 Comparison curves for temperature verses cooling time

4 Conclusion

Comparative study for transient thermal behaviour of metallic plates has been
conducted in present work. It has been concluded that the aluminium 6061 plate
shows more fruitful results compared to SS 316 when subjected to cooling. By using
finite element analysis software, much computational time has been saved to achieve
the results. The values of heat flux are observed to be high for aluminium 6061
compared to SS 316. All the materials should be analysed numerically, analytically
and experimentally before using them in specific application where heat transfer
phenomenon is involved.
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Comparative Analysis of Tensile Strength
for Corroded and Un-corroded Friction
Stir Processed Aluminum Alloy Surface
Composites

A. Nihal, Piyush Gulati, Jaiinder Preet Singh, Manpreet Singh,
Rajeev Kumar, and Harpinder Singh

1 Introduction

Finding amaterial with particular properties is a standout among the most imperative
issues in numerous mechanical applications, particularly in the aviation and trans-
portation ventures. So there is a need of outliningmaterialwith the specific properties.
High strength combined with high ductility is conceivable with materials having fine
and homogenous grain structures. Be that as it may, there are numerous restrictions
regarding expense and time of generation with traditional preparing methods such
as rock well, powder metallurgy processes and hot rolling which contains thermo-
mechanical processing and high energy laser-melt treatment, high energy electron
beam irradiation, plasma spraying, cast sinter and casting which requires high energy
consumptions and time consuming. But in these above-mentioned processes, the
material is subjected to liquid phase at extremely high temperature due to which
interfacial reaction takes place between themetal matrix and reinforcement, and also,
there is formation of some detrimental phases which results into poor microstructure
of the surface layer.

In order to avoid that problem, a new technique was introduced in which the
processing takes place at temperature below melting point of the material and
the process was termed as friction stir processing (FSP) due to which solidi-
fied microstructure is obtained in the surface layer [1, 2]. Friction stir processing
(FSP) uses the same procedure of friction stir welding (FSW), whereas FSP is for
modifying the local microstructures and FSW is for combining materials together
permanently. FSP modifies the internal material structure through severe, localized
plastic deformation resulting in desiredmechanical properties. FSP is amultipurpose
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method, because it has extensive applications like processing, fabrication and mate-
rials synthesis [3]. Required specific properties can be achieved by choosing proper
reinforcements in FSP. Since its development by Mishra et al. [3], several authors
have explored FSP as a technique for the development of surface composites. Wang
et al. [4] developed SiCp reinforced aluminum matrix composites and had observed
excellent bonding between the inserted particles and the base material.

Aluminum, the second most abundant metallic component on earth, turned into
a monetary rival in engineering applications as of late as the end of the nineteenth
century. Even though aluminum compounds came after steel and copper, however
because of exceptional combination of certain mechanical properties, they have
turned into the most generally utilized nonferrous metal [5]. High quality aluminum
AA7075 (Al–Zn–Mg–Cu) is a precipitate hardenable alloy generally utilized as a
part of the aviation, marine and vehicle ventures [6].

The aluminum alloy AA7075 has great mechanical properties yet it is prone to
corrosion due to large number of intermetallic particles, which are either developed
purposely to improve the mechanical properties or are present as impurities that can
lead to localized corrosion, i.e., pitting and intergranular attack which will unfavor-
ably impact its mechanical properties [7, 8]. In order to increase corrosion resistance
of the alloy, many surface protection methods have been applied [9]. However, these
protecting methods have not significantly reduced the corrosion problems without
affecting the other properties of the alloy. Therefore, in the present work, focus is to
investigate the tensile strength of AA7075 surface composite with B4C particles as
reinforcement without compromising its corrosion resistance.

2 Experimentation

FSP process carried out on TAL V—350 vertical machining center, which is easy,
efficient and controllable as it is a computer controlled machine. The friction stir
processing setup is shown in Fig. 1. Investigation of tensile strength of FSPed
aluminum alloy reinforced composites in a corrosive environment was accomplished
with a several series of processes. Corrosion on the samples was carried out by using
sodium hydroxide solution, as represented in Fig. 3, which is highly corrosive and
alkaline in nature. The tools used for FSP and capping are represented in Fig. 2.

Aluminum7075with 5mm thickness sheetwas used as our plate andB4Cpowders
were used as reinforcement. Distinctive type of processing will be held by certain
proportion of B4C, tool pass and parameters. For dispersal of B4C, a small groove
of 1.5 mm wide and 2 mm depth was provided on aluminum sheet. After filling
the groove with B4C, a pass of pin less tool as shown in Fig. 2 was carried out
in order to close the groove known as capping. Capping is to avoid spattering of
B4C away from groove during processing. Further processing with pin and shoulder
tool was completed. In order to achieve a defect free FSP, the input parameters viz:
rotational speed and the transverse speed of the tool need to be carefully selected.
During processing, the temperature range of the material around the tool is locally
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Fig. 1 Friction stir
processing setup

Fig. 2 Tool used for present
work, a for processing, b for
capping

Fig. 3 Corrosion setup used in present work
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Table 1 Finalized processing
parameters

S. No. Processing Traverse speed
(mm/min)

Rotational speed
(rpm)

1 None (base) None None

2 1400

3 30 1500

4 Yes 1600

5 With boron 1400

6 Carbide 40 1500

7 1600

8 1400

9 50 1500

10 1600

11 1400

12 Yes 30 1500

13 1600

raised to a level in which severe plastic deformation can readily occur and simulta-
neously minimizing the forces acting on the tool. In general, the heat input increases
with higher rotation speed or decreasing transverse speed. The finalized processing
parameters after a series of trials are represented in Table 1.

For friction stir processing, there is a need to outline a reasonable and precise
tool. H13 steel molybdenum-chromium hot work steel was utilized as tool due to
properties like good hot hardness, thermal fatigue cracking resistance and toughness
will reduce those effects made us to choose H13 as our tool material. Tool consists of
shoulder and tapered pin. Taperness is provided in order to reduce stress concentration
else there is a change of breakage of pin. A small concavity also provides to the tool
shoulder that results in reduction of chips out.

All specimens of tensile test were kept in alkaline solution for 8 h (until reaction
complete) as shown in Fig. 4 and kept in atmosphere for drying.

3 Results and Discussion

3.1 Tensile Test

Tensile test was conducted on all the FSPed specimens to measure ultimate tensile
strength (UTS) for corroded as well as non-corroded specimens. There is a need to
know the impact of corrosion on tensile strength for different parameter so from each
plate, two specimens were taken for tensile tasting as shown in Table 1. From each



Title Suppressed Due to Excessive Length 243

Fig. 4 Non-corroded tensile specimens: a before test, b after test

Fig. 5 Corroded tensile specimens: a before test, b after test

plate, one specimen is corroded another left un-corroded and subjected to tensile
testing.

Figure 5 shows corroded tensile specimens before and after fracture.White powder
coating present on specimen is aluminumoxide filmproduced as a result of corrosion.
Tensile results as shown in Fig. 6 reveal that by increasing rpm, there is a decrement
in tensile strength as a result of increase in grain size by increase in temperature. If the
temperature is below crystallization temperature, then there will be strain hardening
and dislocation of grains resulting in improvement of tensile strength; this can occur
by using low rpm and high traverse speed rate. But here due to high rotational and
traverse speed, heat is more that soften material by grain growth and refining of
dislocation by recrystallization resulting in decrease in UTS. The UTS of specimens
processed without particles also having the same phenomenon, whereas it has high
UTS than processed with B4C particles. It was observed that UTS of processed zone
without particle was more than the given value because breakage occurred away
from the processed zone as seen in Figs. 4 and 5 which means processed zone has
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Fig. 6 Tensile strength of non-corroded and corroded specimen

more strength than the broken zone. From the result, 1400 rpm at 30 traverse speed
without particles has the better tensile strength.

3.2 Impact of Corrosion on Tensile Strength

By choosing proper parameters, effect of corrosion can be reduced. So for knowing
that reduction in UTS of corroded sample with respect to non-corroded samples
is calculated by taking difference of both samples at same parameters as shown in
Fig. 7.
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Fig. 7 Tensile strength in corroded samples
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Fig. 8 Fractrography image by using SEM, a without B4C particles, b with B4C particles

By increasing rpm, there is a drop in tensile strength due to corrosion effect at
all traverse speed rates. It means by decreasing rpm, corrosion attacks on specimen
were increasing due to low surface finish, voids and low interface bonding between
base material and B4C obtained at lower rpm; thereby, chemicals can penetrate and
attack specimen deeply. So 1600 rpm at 30 traverse speed was having lowest effect
of corrosion on tensile strength followed by 1600 rpm at 50 and 40 traverse speed,
respectively, and 1400 rpm at 50 traverse speed has highest effect of corrosion on
tensile strength.

Fractrography images as shown in Fig. 8 of tensile specimens clearly revealed
the images of breakzone and presence of B4C was identified in many place which
is processed with particles. And also specimen processed without particles has very
lesser amount of voids or pits in comparison to processed with B4C. FSPed with
B4C, pits are visible due to pull out of B4C as a result of tensile loads due to less
interface bonding between B4C and parent metal. This resulted in reduction of UTS
of FSPed specimen.

4 Conclusion

Aluminum alloy metal matrix composites were fabricated by friction stir processing
using B4C as reinforcements at varying process parameters. The FSPed specimens
were tested for tensile test with and without corrosion. It was observed that impact of
corrosion is high for FSPed specimen with B4C than without particles. By increasing
rpm, impact of corrosion was reducing and thereby 1600 rpm has lowest reduction
in wear resistance after corrosion. Tensile strength of FSPed specimen was lowered
by about 35% as compared to base. FSPed with B4C has lower tensile strength
as compared to without particles. Tensile fracture occurred for specimens without
particles is away from processed zone. For tensile also, impact of corrosion was
lowered by increasing rpm. It is as a result of increase in temperature results in
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higher peak temperature which helps in reduction of defects in processed zone and
good interface bonding among B4C and base materials; thereby, material can resist
the penetration of chemicals into the work. Lowest rpm (1400) with lowest traverse
speed (30) accomplished better tensile strength as compared to others. By increasing
rpm, due to more stirring action, higher amount of frictional and deformation heat is
generated which results in higher grain size and thereby reduction in the strength.
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Wear Analysis of Friction Stir Processed
Aluminium Alloy Surface Composites

Piyush Gulati, A. Nihal, Dinesh Kumar Shukla, Jaiinder Preet Singh,
Harpinder Singh, and Gurveen Singh

1 Introduction

The demand to lighten the automobiles leads to the development of new mate-
rials. Finding a material with particular properties is a standout amongst the most
imperative issues in numerous mechanical applications particularly in transportation
ventures. Aluminium alloys possess high specific strength and good corrosion resis-
tance which makes them a suitable choice for lightening of vehicles’ components as
well improving the efficiency.

However, during service, the components experience wear which can affect its
service life. To improvise upon thewear characteristics, the surface properties need to
be improvised [1, 2]. This can be achieved by using the surface composites in which
the surface layer experiences modification and the original composition is retained
by the substrate. There are various conventional techniques to fabricate aluminium
matrix composites (AMCs) like anodizing, physical vapour deposition, etc. which
improves the surface properties of the aluminium alloys [1, 3–6]. Despite yielding
satisfactory results, there are certain short comings in these techniques such as toxic
emissions, higher processing time and use of expensive consumables [7].

Friction stir processing (FSP) is another promising technique capable of fabri-
cating AMCs and that too with desirable range of distribution of added particles [8].
FSP is a solid state processing technique in which a solid non-consumable rotating
tool, comprised of a pin and a shoulder, is inserted in the parent metal up to depth for
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the modification in its microstructure and properties. The main source of heat gener-
ation during FSP is the friction between rotating tool and workpiece and the plastic
deformation which causes recrystallization. Most of the FSP applications such as
repairing of cast defects [9, 10] or fabrication of metal matrix composites [11–16]
are limited to planar surfaces [7]

Since its development by Mishra et al. [17], several authors have explored FSP as
a technique for the development of surface composites. Wang et al. [18] developed
SiCp reinforced aluminium matrix composites and had observed excellent bonding
between the inserted particles and the base material. It was also reported that the
developed surface composite revealed 10% higher microhardness values in compar-
ison to the base material. Higher hardness values of surface composites in compar-
ison with base material, fabricated through FSP, were also reported by R. Ramesh
et al. [19]. They had used Aluminium 7075 as the base metal and reinforcement
as B4C particles. Rana et al. [20] also used Aluminium 7075 as the base material
for fabricating AMCs using B4C particles as the reinforcement particles. They have
evaluated the wear properties and microhardness of the AMCs. As per the reported
results, they observed excellent improvement in the wear resistance (100%) of the
surface composite in comparison to the parent metal. Moreover, hardness was also
found to increase by 40–70% for the surface composites. The improved properties
were attributed to fine distribution of B4C particles in the aluminium matrix.

As per the published literature, most of the surface composites fabricated using
friction stir processing evaluated the surface properties such as wear and hardness.
However, the effect of corrosion on various properties of developed surface compos-
ites is not touched upon. In the present researchwork, an effort ismade to successfully
fabricate aluminium matrix surface composites through FSP using Aluminium 7075
as the substrate and B4C particles as the reinforcements. The surface composites
were then tested for wear and the effect of corrosion on the properties of AMCs is
also highlighted in the current work.

2 Experimentation

Aluminium alloy 7075 plates 5 mm thick were friction stir processed using B4C
particles to fabricate aluminium matrix surface composites. The set up used for
performing the FSP is represented in Fig. 1. The B4C particles were layered into a
1.5 mm × 2 mm small groove on the surface which was then capped using pin less
FSP tool so as to avoid spattering of the particles. The FSP tool with a conical pin
and the pin less tool is shown in Fig. 2.

Corrosion on the samples was carried out by using sodium hydroxide solution.
All specimens of wear test were kept in alkaline solution for 8 h (until reaction
complete). The wear tests were performed on pin on disc apparatus. The corroded
and non-corroded samples prepared for wear test are represented in Fig. 3. During
processing, thematerial around the tool will have to be locally raised to a temperature
range in which severe plastic deformation can readily occur, and at the same time
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Fig. 1 Friction stir
processing set up

Fig. 2 FSP tool, a conical
pin, b pinless tool

minimizing the forces acting on the tool. In general, the heat input to the work piece
increases with higher rotation speed or decreasing transverse speed. The finalized
processing parameters after a series of trials are represented in Table 1.
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Fig. 3 Wear specimen (pin) of non-corroded and corroded

Table 1 Finalized processing
parameters

S. No. Processing Traverse speed
(mm/min)

Rotational speed
(rpm)

1 None (Base) None None

2 1400

3 30 1500

4 Yes 1600

5 With boron 1400

6 Carbide 40 1500

7 1600

8 1400

9 50 1500

10 1600

11 1400

12 Yes 30 1500

13 1600

3 Results and Discussion

3.1 Wear Test

Pin on disc tribometer was considered for the study of wear behaviour of a specimen.
It has an immobile pin by a load in touch with a disc which is in rotation. Frictional
coefficient ismeasured by the proportion of the frictional power to the power stacking
on the pin. The pin on disc test was demonstrated its capacity in giving a straight-
forward wear and erosion test. Linear wear rate ‘h’ is plotted by utilizing a linear
variable differential transducer. From linear wear rate, volumetric wear rate is found
by using cylinder formula = π /4 × d2h.
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The wear graphs for base sample and FSPed sample at 1600 rpm are represented
in Figs. 4, 5 respectively. These results reported that by increasing rpm of processed
specimen without B4C, wear rate was also increasing with respect to it. The results
were validated from Devaraju et al. [21] that increase in rpm will soften material due
to over ageing and grain size growth occurred by temperature rise by increasing rpm.
More the size of grain reduce material hardness and strength. From the volumetric
wear rate as represented in Tables 2 and 3, it is clear that wear resistance dropped
for all corroded specimens from non-corroded as obvious that corrosion attacks will
weak the specimen and reduce area of contact by degrading surface.

Whereas from these corroded friction stir processed specimens, 1400 rpm has
better wear resistance than non-corroded base. From that linear wear rate obtained
volumetricwear rate is reported inTable 2.Only 1400 rpmwithout particles enhanced
wear resistance than base material due to reason of strain hardening occurred by
deformation with low temperature. Also by increasing rotational speed of tool at
same traverse speed, there is an increment in wear resistance with particles, whereas
without particles show opposite way that is by increasing rotational speed, there is a

Fig. 4 Wear versus time graph of base sample

Fig. 5 Wear versus time graph of 1600 rpm without B4C
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Table 2 Volumetric wear
rate of FSPed specimens
without reinforcement

RPM Traverse speed Volumetric wear rate mm3/s

Non-corroded corroded

1400 30 0.2424 0.3443

1500 0.3367 0.4337

1600 0.5003 0.5442

Table 3 Volumetric wear
rate of FSPed specimens with
B4C as reinforcement

RPM Traverse speed Volumetric wear rate mm3/s

Non-corroded corroded

1400 30 0.2854 0.5293

1500 0.2600 0.4869

1600 0.1574 0.3451

decrement of wear resistance. And increment of wear resistance by increasing rpm
in the specimens was due to proper distribution B4C in the processed area. Wear
resistance improved for FSPed material with particles at all processing parameter.

Volumetric wear rate of corroded and non-corroded samples calculated fromwear
graph is listed in Table 3. Volumetric wear rate is high for 1400 followed by 1500
then 1600 rpm. This means 1600 rpm processed with B4C has better wear resistance
than other two lower rpms. And also, wear resistance was improved on all processing
parameters specimens processed with B4C than as received. So addition of B4C into
AA7075 by utilizing FSP is good for improving wear resistance, whereas there is
high drop in wear resistance after corrosion of specimen subjected to wear testing
tells that in a corrosive environment without FSPed without B4C is preferred.

It is clear from the results obtained base materials and FSPed with B4C particles
has higher wear rate increment than FSPed without B4C after corrosion. Due to
this reason, there is a high drop in wear resistance after corrosion of FSPed with
and without B4C particles, whereas before corrosion, the wear resistance was much
higher. From the linear wear rate, volumetric wear rate of non-corroded and corroded
base was 0.3303 and 0.4308mm3/s. It is clear that drops in wear resistance higher for
FSPed samples with B4C than FSPed without B4C, and due to this reason, corroded
1400 rpm and 1500 rpm processed without B4C has better wear resistance than with
B4C. Interestingly, FSPed with B4C at 1600 rpm and FSPed without particles has
more wear resistance than corroded base samples.

3.2 Impact of Corrosion on Wear Resistance

Drops inwear resistance of corroded samples fromnon-corroded samples of different
plates of various process parameters are shown in Fig. 7. This will provide effects of
corrosion on wear resistance by all parameters.
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Fig. 7 Impact of corrosion by FSP on wear rate

By increasing rpm, effect of corrosion on wear resistance was decreasing; this
also validated from Navaser et al. [22] that by increasing rpm, the extent of IGC was
reducing in TMAZ and HAZ of AA7075. It is due to reason that when we utilize
reinforcements, there is a chance of occurrence of small pores and less interface
bonding between foreign particles in processed area, if stirring or heat not occurred
properly. So corrosion attacksmore rapidly, that is why corrosion affectedwear resis-
tance adversely by decreasing order of rpm. If rpm is more, particles will distribute
in a better way, and by high temperature, metal will soften more and by cooling
better bonding between B4C and parent metal will occur and corrosion attack will
reduce. However, this impact due to reinforcements can be reduced by increasing
rpm which will enhance interface bonding between B4C particles and parent alloy.
So if the application of material is under corrosive environment, then FSPed without
out particle or less amount of B4C with high rpm up to a limit is preferred.

3.3 Processing Parameter Relation on Coefficient of Friction

Coefficient of friction is one of the important properties in tribology. This value can
derive from friction force because normal loadwas known that is 10N.Dividingmean
value of friction force by normal load will give coefficient of friction value. So it is
evident from Fig. 8 that processed specimen without particle has more coefficient of
friction than with particles, so, it has more contact area than without particles. Also it
observed that coefficient of friction was increasing by increasing rpm because of the
availability of more stirring time and thereby particles will also breakdown resulting
better interface bonding and high temperature results in reduction of defects and
thereby more contact area. When rpm is increasing, coefficient of friction of with
particles and without particles is coming more closure.
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Fig. 8 Influence of processing parameter on coefficient of friction

4 Conclusions

Aluminium matrix surface composites were successfully fabricated through friction
stir processing using B4C as reinforcement particles. Wear specimens prepared from
the friction stir processed composites and were tested on pin on disc apparatus under
corrosion and non corrosion conditions. The main conclusions derived are:

1. All FSPed samples except 1500 and 1600 rpm without any reinforcements
exhibited higher wear resistance than base sample.

2. FSPed with B4C has more effect on wear properties than base where as this can
be reduced by increasing rpm.

3. From the results obtained, it is concluded that rpm is one of the main factors
to decrease corrosion effect on wear resistance. By increasing rpm, corrosion
impact was reduced due to proper interface bonding between reinforcements
and parent material with low pores and cracks.
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A Survey on Flow Phenomena and Heat
Transfer Through Expansion Geometry

Sandip Saha

1 Introduction

The fluid flow through expansion geometry seems to be very useful in funda-
mental fluid mechanics as well as in various industrial applications including heat
exchanger models, diffusers, nuclear reactors, electronic cooling equipment, and
mixing vessels also in medical sciences. In the last few years, it has become a major
interest to investigate the flow of expansion geometry in reverse movement from
symmetry to asymmetry [1–5]. Flow through sudden expansion has become recog-
nized as a symbolic test bed, for the experimental and computational investigations
of such flows, as a configuration considered having the simplest geometry [6–9].
But geometric simplicity does not inherently imply that flow phenomena are simple
[1–9]. The important features attracted by many researchers [10–13] were also flow
separation, reattachment, and various forms of flow bifurcation according to various
values of Reynolds number and recirculated fluid flow areas. In recent times, flow
through expansion geometry is well known for studying the flow instability at higher
values of Reynolds number and the dynamic relationship between flow bifurcation
and fluid rheology has of course begun to be highlighted. Paper can be formulized
as follows: Sect. 2 described the model geometry, literature review drawn in Sect. 3
and lastly prescribed the conclusion and references.
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Fig. 1 Sudden expansion geometry

2 Model Geometry

Figure 1 presents the computational domain of sudden expansion geometry, where
the fluid flows through inlet section toward the outlet section.

3 Literature Survey

3.1 Experimental and Numerical Works on General
Expansion Channel

In this subsection, the experimental and numerical works of laminar, turbulent, and
MHD flow phenomena on expansion channel have been discussed briefly. Previous
research works on sudden expansion channel (Fig. 1) have been reviewed in Table 1
based on publication years and flow type.

3.2 On Modified Expansion Geometry

Various works (Table 2) have been studied to understand the flow characteristics
and the modification of expansion geometry namely incorporation of wall suction,
diffuser zone in presence of fence incorporation, and expansion geometry in presence
of swirling devices.
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Table 1 Review investigation on flow phenomena and heat transfer

Authors Publication year Flow type and technique Conclusion

[1] 1962 Turbulent flow by single- and
double-step configuration

– Three different corner vortices
appear when Ar (area ratio) >
1.5

[2] 1967 Laminar flow by energy
method

– Captive eddy exists on the
lower and upper corner walls

[3] 1972 Turbulent flow by
experimentally

– Wave instabilities are present in
the shear layer

[4] 1972 Laminar isothermal flow
using SIMPLE scheme

– Excess pressure drop increases
as Re increases

[5] 1978 Laminar flow by LDA – For low Re, flow patterns are
steady and indistinguishable
corner vortices appear

[6] 1983 Turbulent flow using LDA – Secondary vortex forms at
higher values of Re on both
corner walls

[7] 1988 Turbulent flow using LDV – One-dimensional LDV device
play a major role to find mean
velocity and turbulent kinetic
energy

[8] 1989 Turbulent flow by
convective-acoustic scheme

– Net effect of step height on
flow is negligible if all the
parameters of inlet geometry
kept constant

[9] 1990 Laminar flow using energy
based

– Steady and non-symmetrical
solutions exist when Re > Recr,
using

[10] 1990 Laminar flow by discretization – Flow break the symmetry at Re
= 40.5

[11] 1990 Laminar flow using singular
finite element

– Normal stress is more
insensitive to construct a
singular basis function

[12] 1993 Laminar flow using LDA – Flow bifurcation break the
symmetry for Re > 125

[13] 1993 Turbulent flow by LDV – At X/H = 3.15, flow
reattachment is faster because
of center body deflection

[14] 1996 Laminar flow using Cascade
model

– When Re > Recr flow becomes
asymmetric

[15] 1997 Laminar flow by quadratic
model

– Pressure drop increases with
the increase of Re

[16] 1997 Laminar flow using
continuation method

– For creeping flow weak corner
vortices appear on the corner
walls

(continued)
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Table 1 (continued)

Authors Publication year Flow type and technique Conclusion

[17] 1999 Laminar flow using PAV – An inverse relationship
generate between eddy strength
to Re

[18] 1999 Laminar flow using
experimental technique

– Due to pressure coupling,
isothermal flow asymmetry has
been reduced

[19] 2001 Laminar flow using linear
stability analysis

– Flow become linearly stable for
Re < Recr and unstable for Re >
Recr

[20] 2001 Turbulent flow by VLEC – Strouhal number increases
cause the increases of
expansion ratio

[21] 2002 Laminar flow using VONOS
convection scheme

– More than two corner vortices
appear for

3.3 Recr and Flow Bifurcation

Up to a certain value of Re, symmetry-breaking bifurcation (Coanda effect) exist.
When, Re > Recr flow bifurcation known as Hopf bifurcation, where the complex,
unstable and periodic solution exists. Mazushima et al. [42] examined the flow insta-
bility by nonlinear stability analysis, where the flow bifurcation transition changes
symmetric to asymmetric due to the increase of Re. They employed weak nonlinear
stability analysis to analyze the structural instability of flow bifurcation. The results
of experimental and the numerical results show a good agreement. The wide number
of authors investigates the Recr for symmetry-breaking bifurcation at different values
of expansion ratios (ER), as shown in Tables 3 and 4.

4 Conclusion

The current work provides a brief survey of numerical and experimental studies of
flow phenomena through sudden expansion microchannel. The following important
features are concluded by various researchers.

• Vortex length and the values of Nu increases cause the increase of Reynolds
number.

• Symmetry flow bifurcation exist, when Re < Recr, but for Re > Recr flow becomes
more critical and unstable.

• Due to the increase of recirculation region length causes the decrease of Nusselt
number. Moreover, various authors studied the inverse relationship between Re
and ER.
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Table 2 Review investigation with some modification

Authors Publication year Flow type and technique Conclusion

[33] 1976 Turbulent flow by PIV – For area ratio 5.15, pressure
recovery can be increased

[34] 1989 Turbulent flow using LDA – Turbulence intensity is much
higher for diffuser angles 140°
and 180° as compared to 900

[35] 1997 Turbulent flow using finite
difference scheme

– Injection rate increases near
the corner wall

[36] 2004 Laminar flow by power law – Critical Reynolds number for
shear-thinning fluid becomes
higher as compared to
Newtonian fluids

[37] 2006 Laminar flow by HSMAC
scheme

– Weak asymmetric flow
patterns are exist for
Re ∈ [100–1000], however in
a vertical plane strong
asymmetric flow patterns are
noted

[38] 2006 Laminar flow by finite volume
discretization scheme

– Flow becomes symmetric after
a certain distance from the
downstream zone of the
geometry

[39] 2008 Laminar flow by finite difference
discretization scheme

– As increase the blow speed
recirculation length reduces
significantly

– Increase of suction velocity
causes the existence of
asymmetry flow

[40] 2013 Turbulent flow using PIV – In downstream of the tube, the
rate of heat transfer increase
190–225% as in the presence
of propeller

[41] 2015 Laminar flow by discretization – Drag friction is slightly
affected as an increase of
obstacle thickness

Table 3 Drikakis et al. [16]

ER 2 3 4 5 6 8 10

Recr 216 80 53 41 33 28 26

• Pressure loss reduces as the expansion ratio decreases, however excess pressure
drop and pressure drop increases with the increase of Re.
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Table 4 Investigation of various authors

Authors Recr Authors Recr Authors Recr

[16]
ER = 2, 3 and 5

218, 80, and
42.5

[45]
ER = 3

80.9 [45]
ER = 1.43, 1.67,
1.82, 2, 3.2 and 4

1250–1290,
465–485,
330–350,
217–219, 75–85
and 50–60

[43]
ER = 1.5, 1.6, 2,
3 and 4

446, 340–345,
215, 81 and 54

[22]
ER = 2

200 [46]
ER = 3

92.4

[44]
ER = 2

125–200 [36]
ER = 3

90–100 [9]
ER = 2 and 3

215, 82.6

[47]
ER = 3

81 [48]
ER = 2

285 [49]
ER = 1.33, 2.6
and 4

4533, 100 and 75

[20]
ER = 3

80.7
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Biolubricants Based on Non-edible Oil:
A Review

Sagar Galgat and Ankit Kotia

1 Introduction

Lubrication is the process in which a layer or a film of oil is applied between two
objects, which are in relative motion with each other, so as to reduce the friction
between them.Lubricating oil or lubricant is a substancewhich is required to decrease
the friction and wear between surfaces having relative motion with each other. The
lubricant must have certain objectives such as reduce wear and power loss in over-
coming friction reduce the oxidation and protect it from corrosion, act as a shock
absorber in automotive engine parts, act as a cleansing agent in various application,
and also reduce the heat from friction so can then act as a cooling agent. A good
lubricant must have the characteristics of (1) high viscosity, (2) high viscosity index,
(3) thermal stability, (4) high resistance to oxidation, and (5) prevention against
corrosion [1]. The conventional source of lubricant is petroleum or crude oil. It is
a by-product of the refining process of petroleum. Automotive sector utilizes the
petroleum-based oil as lubricant from beginning. Though the uses of mineral oil are
limited due to its less availability, the decay of oceanic as well as terrestrial environ-
ment is caused by the dispose of crude oil. The application of petroleum-based oil
in automotive engine result in the emission having metal traces such as magnesium,
zinc, and iron is harmful to the environment. These lubricants have discharge during
application due to their non-degradability which can cause contamination of air, soil,
or water. The petroleum-based lubricants harm environment because they are non-
degradable and highly toxic. The shortage of mineral oil reserves also motivated the
researchers to find an alternative for petroleum and its product. Lubricant obtained
from mineral oil shows poor oxidation resistance and less resistance to the carbon
formation and less resistance to the corrosion. Due to the depletion of fossil fuel
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resource, the cost of petroleum-based product increases. There is a need to develop
a flexible environmental-friendly biolubricant from renewable sources. Finding an
alternative to the petroleum-based product is a prominent area of research. This moti-
vates researchers towork on biolubricants. These are plant-based oil or synthetic ester
obtained by modifying the renewable oil.

Biolubricants are biodegradable and non-toxic to humans and have better physico-
chemical properties than petroleum-based lubricants. Biolubricants are more advan-
tageous than mineral oil-based lubricants because it has a higher flash point,
higher boiling point, high lubricity, high biodegradability, high viscosity index, low
volatility, and less toxic. [2]. Biolubricants can be obtained from both edible and
non-edible oils. The use of edible oil for the production of bio-oil is not practicable
because they are in great urge for fulfilling the requirement of human food. As edible
oil is used in the food chain, the use of edible oil as a lubricant can give rise to
the ecological damage by using their land [3]. The employment of non-edible oil as
lubricant has various advantages such as inedible plant can be cultivated in a harsh
environment and does not cause ecological damage, easily obtainable, low price and
biodegradable, and non-toxic. These biolubricants can be classified according to the
chemical composition as natural and synthetic oil. Natural oils are obtained from
plant or animal fat by various extraction or distillation process. Synthetic oil uses the
natural oil as basic material and obtained by chemical modification of natural oils.
The natural oil contains triglycerides which are obtained from glycerol and fatty acid
chain. The percentage composition of fatty acid in oil affects the physicochemical
properties of oils. Fatty acid is carboxyl acid with long carbon–carbon chain. Fatty
acids are classified on the basis of presence of double bond in the carbon–carbon
chain. Saturated fatty acid is those who do not have double bond, and unsaturated
fatty acid has minimum one double bond. Synthetic oil is obtained from chemical
modification of natural oil.

Thermo-physical properties of natural oil can be improved by chemical modifi-
cation. Thermal and oxidation stability can be affected by the presence of the unsat-
urated part of natural oil. Chemical modification of natural oil is mainly focused on
modification of unsaturated fatty acid because double bonds aremore vulnerablewith
the oxidation reaction. Themost common chemical modification includes transester-
ification process, epoxidation process, and hydrogenation process [2]. Epoxidation
reaction is the chemical modification of unsaturated part of the natural oil and thereby
increases the oxidation stability. Using a variety of reagents including air oxidation,
hydrogen peroxide, peracetic acid, it converts the carbon–carbon double bond into
oxiranes (epoxides). Epoxidation reaction results in an increase in thermal and oxida-
tive stability, viscosity and lubricity of natural oil. Another method to advance the
thermo-physical properties of lubricating oil is by the application of additives. These
additives in lubricating oil are used for different purposes such as to improve the
viscosity, viscosity index of the oil, to increase the oxidation stability of oil, and to
improve the frictional and wear characteristic of oil. These additives are antiwear
additives, high pressure additives, detergents and dispersants additives. High pres-
sure and antiwear additives are mostly used. The function of this kind of additives
is to improve the capacity of lubricating oil to withstand the extreme pressure and



Biolubricants Based on Non-edible Oil: A Review 267

thermal condition. Sulfur, phosphorous, and chlorines are this kind of additives but
these are harmful to the environment. Metal containing nanoparticles can be used as
additives for lubricant. Nanoparticles (NP) of metals, metal oxides, and sulfide can
be used as additives for lubricating oil. The concentration, size, and morphology of
nanoparticles affect the frictional characteristic. The size of nanoparticles is inversely
proportional to its hardness. The smaller the size of nanoparticles there will be better
dispersion stability and good tribological behavior. The shape of NP is related to its
load handling capacity [4].

Nanoparticles are of considerable interest for increasing the properties of
biodegradable lubricants. Nanoparticles are environmental-friendly, as they mini-
mize the use of additives, which are harmful to the environment. Nanoparticles
may additionally facilitate the minimization of energy consumption in production
processes, thus leading the reduction in amount of carbon dioxide released into the
atmosphere [4]. The application of nanoparticles is used for conquering the disad-
vantages of conventional additives. Various non-edible oils were considered for the
creation of biolubricant by the chemical modification and addition of nanoparti-
cles. The tribological applications of different non-edible plant were examined by
various studies such as Moringa oleifera seed [5–7], Calophyllum inophyllum [8–
10], Thumba (Citrullus colocynthisL.) seed [11],Balanites aegyptiaca [12],Michelia
champaca [13],Shorea robusta [14], juliflora oil [15], and jojoba oil [16, 17]. Existing
studies include the development of a biolubricant fromnon-edible plant by enhancing
tribological properties through chemical modification and using nanoparticles. The
chief objective of this current study is to provide the collective summary of the recent
use of inedible plant for the production of biolubricant. This study involves the review
of latest published research literatures on chemical modification of different inedible
plant oil to obtain biolubricant.

1.1 Criteria for Selection of Article

Google Scholar, Scopus, and Elsevier search engines were used for choosing the
most significant articles for the subject of the current study. Biolubricant, non-edible
oil, and nanoparticles keywords combination were used. The block diagrams for
selection and identification of significant research article are as shown in Fig. 1.
Selection of the relevant article is carried out in two stages.

• In first stage, articles are identified and selected on the basis of their title and
abstract. The selection was according to three main criteria such as (a) the article
must be from the past five years only, (b) the articlemust be on non-edible oil only,
and (c) the articles must be on the non-edible oil whose were never considered
for production of biolubricant. On the basis of above criteria, 13 articles were
selected.

• The second stage consists of identifying and selecting the additional article
published in current year for providing the basic knowledge about the study.
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Fig. 1 Block diagram for selection and identification of significant research article

Three articles were selected according to this stage. These articles were selected
after studying the yearwise growth in the study of biolubricant for the past five
years. The yearwise publication on biolubricant in “Fuel” Journal of Elsevier is
as shown in Fig. 2. Most of the articles were selected from the “Fuel” Journal
because it covers the topic of interest. After these two stages, 16 articles were
finalized.

2 Biolubricant from Non-Edible Oil

Moringa oleifera generally known as “Moringa” is the most broadly developed
types of the variety Moringa, which is the main class in the family Moringaceae.
Moringa oil is obtained from the seeds of Moringa oleifera as shown in Fig. 3.
Many researchers have considered this moringa oil for the production of biolubri-
cant. FrancisUchennaet. Al. examined the tribological behavior of blends ofMoringa
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Fig. 2 Yearwise publication
on biolubricant in “Fuel”
Journal of Elsevier

Fig. 3 Extraction of Moringa oleifera oil

oleifera seed oil with conventional mineral oil. In this research, SAE 40 was consid-
ered as a base oil and blended it with moringa seed oil on percent basis of 10, 20, 30,
and 40%. Pin-on-disc machine was used for analyzing the tribological behavior. The
blend with 10% of moringa oil fulfills the condition for SAE 30 and SAE 40 grade
[5]. Louis M. Nwokocha et al. investigate the tribological characteristics of moringa
seed oil. This study includes the finding of the Moringa oleifera seed oil properties
as a biolubricant. This oil contains more amount of oleic acid (72.73%) which has
long carbon change (18:1) that leads to high viscosity. Rheological characteristic of
moringa shows that it is solid at 10 °C, liquid at 30 to 70 °C, and thermally unstable
at 90 °C [6]. Due to the high percentage of oleic acid, this oil can be considered
in the tribological application as a biolubricant. But this oil is thermally unstable
at high temperature and due to unsaturated fatty acid; there will be a risk of oxida-
tion. The thermal and oxidation stability can be achieved by chemical modification
of oil. Yashvir Singh et al. experimentally investigated the tribological characteris-
tics of chemically modified moringa seed oil having 0.5% and 1% silicon carbide
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Fig. 4 Extraction of tamanu oil

nanoparticle (SiC). Moringa oil was chemically modified by two-step transesteri-
fication reaction. Pin-on-disc machine and scanning electron microscope was used
for conducting the experimentation, evaluating the wear characteristics. 0.5% of SiC
nanoparticles show better result in terms of reducing coefficient of friction, wear
rate, and less damage to the surface. The methodology used is complex and requires
high accuracy [7].

Calophyllum inophyllum oil (Tamanu oil) is squeezed from seed as shown in
Fig. 4 of either the C. inophyllum (typically) or the Calophyllum tacamahaca (ati),
tropical trees having a place with Calophyllaceae family. This oil has a great poten-
tial for the production of biolubricant. M. Habibullah et al. perform the compara-
tive experimental analysis of tribological property of Calophyllum inophyllum (CI)-
based trimethylolpropane (TMP) ester and commercial mineral oil. TMP triesters are
formed by the transesterification of trimethylpropane with Calophyllum inophyllum
(CI) methyl ester. Four-ball triboester was used for the investigation of tribolog-
ical properties of oil. In this study, the results show that CI TMP ester has promising
future to supplantmineral oil-based oil as its presentation is vitality productive, hence
decreasing energy subordinate [8]. Chandra Mouli et al. examined the tribological
behavior of blends of Calophyllum inophyllum seed oil with commercial engine oil.
First of all of Calophyllum inophyllum (CI)-based trimethylolpropane (TMP), ester
pentaerythritol ester was synthesized from Calophyllum inophyllum seeds.

In this research, commercial engine oil was considered as a base oil and blended
it with Calophyllum inophyllum seed oil on percent basis of 10, 15, 20, and 25%.
60-h endurance teston a motorbike was conducted for analyzing the tribological
behavior. The blend with 15% of Calophyllum inophyllum seed oil shows better
tribological property [9]. Mohammed Zaid et al. experimentally analyzed the tribo-
logical properties of Calophyllum inophyllum oil by chemical modification. In this
experimentation, mineral oil is blended with the modified Calophyllum inophyllum
oil with certain ratio 5 to 15%. A comparative analysis is carried out on these blends
over their frictional characteristics. Coefficient of friction is less for 5 and 10% blend
and increases with 15% blend. Similar results were seen for wear analysis [10]. Non-
edible oil is discussed in this paper which is only used to modify the tribological
characteristics but here more amount of conventional mineral oil is used so there will
not be any chance for improving the degradability.
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Fig. 5 Extraction of thumba oil

Thumba (Citrullus colocynthisL.) oil is obtained from the seed of C. colocynthis
as shown in Fig. 5. K. Kamalakar et al. experimentally investigate the tribological
characteristics of chemical-modified thumba oil. In this experimentation different
base stocks are prepared such as epoxy thumba oil, polyol esters, and 2-ethylhexyl
ester from non-edible thumba oil. For lubricant properties, these base stocks were
evaluated. Epoxy thumba oil shows higher viscosity, thermal stability, and oxida-
tive stability from the other two base stocks. Polyol esters show low pour point
compared to epoxy thumba oil [11]. Thumba oil contains more amount oflinoleic
acid which leads to great lubricating properties. This oil can be chemically modi-
fied by epoxidation reaction. Nanoparticles can be used as additives to improve
tribological properties.

Desert date oil (Balanites aegyptiaca) is obtained from the kernel of the tree as
shown in Fig. 6. Balanites aegyptiaca is a member of family Zygophyllaceae or the
Balanitaceae. Yashvir Singh et al. experimentally investigate the tribological proper-
ties of desert date oil (B. aegyptiaca) with copper nanoparticles addition. Desert date
undergoes through transesterification process for chemical modification using two-
step transesterification process and trimethylpropane was then added to the product.
Themodified desert date oil is tested for friction andwear behavior by using four-ball
testers. The variation in the concentration of nanoparticles is from 0.3 to 1.6%. 0.9%
of copper nanoparticles show better result in terms of reducing coefficient of friction,
wear rate, and less damage to the surface [12]. The methodology used is complex
and require high accuracy.

Fig. 6 Extraction of desert date oil
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Fig. 7 Extraction of Michelia champaca oil

Michellia champaca oil is obtained from seed of the Michelia champaca (shown in
Fig. 7) member of the family Magnoliaceace. Yashvir Singh et al. perform compar-
ative experimental analysis of tribological properties of raw Michellia champaca
oil and chemically modified M. champaca oil and modified oil with a nanopar-
ticle as additives. Michellia champaca oil undergoes through epoxidation reaction
and CuO2 nanoparticle was used as an additive. Pin-on-disc machine was used to
conduct the experimentation. The nanoparticles are added to the epoxidized cham-
paca oil on weight percentage basis (0.3, 0.6, and 1.2). Improvement in terms of
reducing friction, less wear, and damage to the surface was seen by using 0.6% of
copper nanoparticles [13]. There are other non-edible oils which consist of more
amount of unsaturated fatty acid thanM. champaca so can show greater tribological
property after epoxidation reaction.

Sal (Shorea robusta) oil is obtained from seed of the S. robusta (shown in Fig. 8)
member of the family Diptero carpaceae. Shailendra Kumar Chaurasia et al. perform
the comparative experimental analysis of tribological properties of raw Sal (S.
robusta) oil and chemicallymodifiedSal (S. robusta) andmodified oilwith a nanopar-
ticle as additives. Sal (S. robusta) undergoes through epoxidation reaction and CuO2

nanoparticle was used as an additive. Pin-on-disc machine was used to conduct the
experimentation. The nanoparticles are added to the epoxidized Sal oil on weight
percentage basis (0.25, 0.5). Improvement in terms of reducing friction, less wear
and damage to the surface was seen by using 0.5% of copper nanoparticles [14].
There are other non-edible oils which consist of more amount of unsaturated fatty

Fig. 8 Extraction of Sal (Shorea robusta) oil
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Fig. 9 Extraction of juliflora (Prosopis juliflora) oil

acid than Sal (S. robusta) so can show greater tribological property after epoxidation
reaction.

Juliflora (Prosopis juliflora) oil is obtained from seed of the Prosopis juliflora
(shown in Fig. 9)member of the family Fabaceae. Yashvir Singh et al. experimentally
investigate the tribological properties of juliflora (Prosopis juliflora) oil with TiO2

nanoparticles addition. Juliflora oil undergoes through transesterification process
for chemical modification using two-step transesterification process and trimethyl-
propane was then added to the product. The modified juliflora oil is tested for friction
and wear behavior by using four-ball testers. The variation in the concentration of
nanoparticles is from 0.6 to 1.2%. 0.6% of TiO2 nanoparticles show better result in
terms of reducing coefficient of friction, wear rate, and less damage to the surface
[15]. The methodology used is complex and requires high accuracy.

Jojoba oil is obtained from seed of the Simmondsia chinensis (shown in Fig. 10.).
Mohammed Sadriwala et al. examined the tribological behavior of blends of jojoba
oil with conventional mineral oil. In this research, SAE20W40 was considered as
base oil and blended it with jojoba oil on percent basis of 0, 5, and 10%. Pin-on-disc
machine and Taguchi method were used for analyzing the tribological behavior. The
blend with 10% of jojoba oil shows better tribological properties [16]. Sanchit Gupta
et al. examined the tribological behavior of blends of jojoba oil with conventional
mineral oil. In this research, SAE20W40 was considered as base oil and blended
it with jojoba oil on percent basis of 5 to 20%. Pin-on-disc machine was used for

Fig. 10 Extraction of jojoba oil
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analyzing the tribological behavior. Al–7%Si alloy and steel materials were used for
pin and disc, respectively. The blend with 10% of jojoba oil shows better tribological
properties [17]. The summary of the literature review is shown in Table 1. The
physicochemical properties of the oils discussed above are shown in Table 2.

Table 1 Summary of the literature review

Non-edible oil Author Year Finding

Moringa oleifera Francis Uchenna et al 2014 The blend with 10% of
moringa oil fulfills the
condition for SAE 30 and
SAE 40 grade

Louis M. Nwokocha et al 2017 Rheological characteristic of
moringa shows that it is solid
at 10 °C, liquid at 30–70 °C,
and thermally unstable at
900c

Yashvir Singh et. al 2020 0.5% of SiC nanoparticles
with chemically modified
moringa oil show better
result in terms of reducing
coefficient of friction, wear
rate, and less damage to the
surface

Calophyllum inophyllum M. Habibullah et al 2015 In this study, the results
show that CI TMP ester has
promising future to supplant
mineral oil-based oil as its
presentation is vitality
productive, hence decreasing
energy subordinate

Chandra Mouli et al 2019 The blend with 15% of
Calophyllum inophyllum
seed oil shows better
tribological property

Mohammed Zaid et al 2020 Coefficient of friction is less
for 5 and 10% blend and
increases with 15% blend.
Similar results were seen for
wear analysis

Thumba K. Kamalakar et al 2015 Epoxy thumba oil shows
higher viscosity, thermal
stability and oxidative
stability from the other two
base stocks. polyol esters
show low pour point
compared to epoxy thumba
oil

(continued)
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Table 1 (continued)

Non-edible oil Author Year Finding

Desert date Yashvir Singh et. al 2020 0.9% of copper nanoparticles
with chemically modified
desert date oil show better
result in terms of reducing
coefficient of friction, wear
rate, and less damage to the
surface

Michellia champaca Yashvir Singh et al 2020 Improvement in terms of
reducing friction, less wear,
and damage to the surface
was seen by using 0.6% of
copper nanoparticles with
chemically modified
champaca oil

Shorea robusta Shailendra Kumar Chaurasia
et al

2020 Improvement in terms of
reducing friction, less wear,
and damage to the surface
was seen by using 0.5% of
copper nanoparticles with
chemically modified Sal oil

Juliflora Yashvir Singh et al 2020 0.6% of TiO2 nanoparticles
with chemically modified
juliflora oil show better
result in terms of reducing
coefficient of friction, wear
rate, and less damage to the
surface

Jojoba Mohammed Sadriwala et al 2019 The blend with 10% of
Jojoba oil shows better
tribological properties

Sanchit Gupta et al 2020 The blend with 10% of
jojoba oil shows better
tribological properties when
Al-7%Si alloy and steel
materials were used for pin
and disc, respectively

3 Research Gap and Recommendation

From the literature review, it has been found that an attempt has been made to
obtain an alternative to petroleum-based lubricating oil using non-edible oil. In addi-
tion, it demonstrates the analysis of tribological behavior of chemically modified
biolubricant with nanoparticles as additives. Non-edible oils are biodegradable and
have better physicochemical properties than petroleum-based lubricating oil but as a
result of unsaturated fatty acid contents it shows less thermal and oxidative stability.
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Table 2 Physicochemical properties of the oils

Non-edible oil Kinematic
viscosity
(mm2/s at
40 °C)

Kinematic
viscosity
(mm2/s at
100 °C)

Viscosity
index

Flash point
( °C)

Reference

Moring oleifera 46.23 8.27 118 159.21 Yashvir Singh et al.

Calophyllum
inophyllum

18.45 4.11 137 256.13 Mohammed Zaid
et al.

Epoxy thumba
(Citrullus
colocynthis L.)

216 22.7 128 145 K. Kamalakar et al.

Desert date
(Balanites
aegyptiaca)

18.84 4.21 131 247 Yashvir Singh et al.

Michellia
champaca

73.13 10.11 117 151 Yashvir Singh et al.

Sal (Shorea
robusta)

38.3 10.29 118 123.8 Shailendra Kumar
Chaurasia et al.

Juliflora
(Prosopis
juliflora)

45.23 8.23 112 181 Yashvir Singh et al.

Jojoba oil 174 15.7 210 221 Sanchit Gupta et al.

Non-edible oil can be chemically modified by different processes such as transes-
terification and epoxidation to enhance the thermal and oxidative stability. From the
previous study, none of the research concentrated on developing a biolubricant which
have greater thermal and oxidation stability along with the enhancing tribological
properties by the application of nanoparticles. These studies did not conclude that
biolubricant obtained with the application of nanoparticles has greater tribological
properties together with thermal stability and oxidation stability. There is a need
to develop a flexible environmental-friendly nanolubricant having excellent rheo-
logical, tribological properties and antioxidant properties which will be suitable in
automotive.

4 Conclusion

Existing studies are lacking for dedicated study for developing a biolubricant which
has greater thermal and oxidation stability along with the enhancing tribological
properties by using of nanoparticles. These studies did not conclude that biolubri-
cant obtained with the application of nanoparticles has greater tribological properties
together with thermal stability and oxidation stability. There is a need to develop a
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flexible environmental-friendly nanolubricant having excellent rheological, tribo-
logical properties and antioxidant properties which will be suitable in automotive
application. Nanoparticle as additive is a recent fresh topic for research, there is need
to develop a nanolubricant having good oxidation stability without reducing its fric-
tion and wear characteristics. For designing a nanolubricant, relationship of structure
of nanoparticles and tribological characteristics of bio-oil must be considered and the
examination of rheological and antioxidant properties should be in detail by using
modern method for analysis.
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Effect of Nanoparticles
on the Performance and Emission
Characteristics of Diesel Engine
Operated with Different Fuels

Deresse Firew, Getachew Alemayehu, Ramesh Babu Nallamothu,
and Sung Kyu Kang

1 Introduction

Diesel engines are successfully used to power vehicles, aeroplanes, irrigation pumps,
trains, ships, and electric generators used for production of electric power. Combus-
tion of fossil fuels produces emissions which are negatively effecting human health
and ecosystem. To overcome this problem, it has become an international target to
develop clean alternate fuels those are available, internationally acceptable, and tech-
nically practicable. The realization of energy concerns and environmental problems
related to the burning of fossil fuels has pushed researchers to study opportunity of
using non-conventional energy sources, as alternative fuel source to fossil fuels and
its derivatives [1, 2].

Availability and efficient utilization of energy determine the socioeconomic status
of any country [3]. Diesel engines have outstanding characteristics out of the various
energy conversion devices, such as higher thermal efficiency, utilization of leaner air–
fuelmixtures, high compression ratios, low specific fuel consumption, reliability, and
low maintenance and operating costs. Regardless of having incredible superiorities,
diesel engines are emitting a large number of pollutants such as CO, NOx, soot, and
unburned hydrocarbons, which causes environmental degradation and serious health
hazards [4–6]. Moreover, petroleum-derived fuels are depleting due to additional
demand due to the growth of population and vast energy utilization [7].

Engine manufacturers are continuously improving their design to increase
economy of fuel and to meet emission standards by reducing pollutants from exhaust
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emission [8, 9]. This condition has motivated many researchers to focus on alter-
native fuels to alleviate the problem in addition to engine design improvement.
Fuel modification strategies consist of mainly improvising the fuel characteristics
to improve combustion, which is responsible for better engine performance, low
exhaust emissions, and high fuel economy [10].

The difficulties mentioned above can be overcome by finding out more environ-
mentally friendly oxygenated fuels such as ethanol [2, 11]. Agricultural produce such
as sugarcane, cassava, molasses, waste biomassmaterials, corn, sorghum, barley, and
sugar beets can be used for ethanol production. Ethanol can be derived from ethane
or ethylene through a chemical process. It is biobased renewable fuel with a simple
molecular structure having hydrogen, carbon, and oxygen atoms [12]. Because of the
water content, a wide range of temperature of the diesel fuel, hydrocarbon composi-
tion, and prevailing wax content, it is difficult to easily mix ethanol with diesel fuel.
Especially more than 1% v/v ratio water content in ethanol makes phase separation
to occur usually in the fuel blend [13–15]. To solve this problem emulsifier and
co-solvent can be used. Important physicochemical properties such as heating value
and cetane number are reduced in the diesel–alcohol blends. These properties can be
improved by the use of additives.

Themixing of ethanol in diesel fuel causes physicochemical change. It can reduce
the heat content, cetane number, flashpoint, and viscosity. For example, the blended
fuel heat content is reducing by 2% for 5v/v%mixing of ethanol to diesel fuel. Table
1 shows the decrease in the heat content with the increase in ethanol content [16].

The cetane number of ethanol is very low, so this makes the diesel–ethanol blend
fuel cetane number to significantly decrease, the cetane number [14, 16, 17]. The
cetane number reduces four units in the diesel–ethanol blend for each 5% v/v ratio
ethanol increase in the diesel fuel. Figure 1 shows the effect of ethanol content on
cetane number.

Ethanol–diesel blends usually need additives to improve stability, miscibility
lubricity, and cetane number to improve combustion efficiency due to of decreasing
knock, and confirm the efficient operation of the engine [18]. Based on their func-
tions, fuel additives are categorized into a variety of groups [19]. The additives
category includes ignition promoters, combustion modifiers, antiknock compounds,
antioxidants additives, anti-wear additives, stabilizers, etc., and based on their chem-
ical nature are classified as oxygenized, metal-based, nonmetal-based additives, etc.
Nanoparticles have amazing properties.Due to their size and can considerably change
the combustion property of the fuel they are added. Moreover, for reducing exhaust

Table 1 Heat of
diesel–ethanol mixtures [16]

Mixtures gross heat content (MJ/kg)

Diesel 42.35

Diesel + 10% ethanol 40.98

Diesel + 15% ethanol 40.75

Diesel + 20% ethanol 39.59
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Fig. 1 Effect of ethanol
content on cetane number of
diesel fuel [17]
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emissions and for improving engine performance, nanoparticles are used as fuel
additives [20].

The combustion performance of conventional fuel is improved by adding a few
micrometer-sized metallic particles. But the problem with microsized metallic parti-
cles is the increase in ignition delay period which consequences engine knocks [21].
The reason for ignition delay is reported as due to smaller surface area to volume
ratio compared to metallic nanoparticles fuel additives [22]. Fuels with nanopar-
ticle additive called nanofluids are considered as a new variety of fuel that attracts
the attention of many researchers because of their high heat transfer rate for heat
exchangers and other strong thermophysical properties [23].

Many researchers have accepted that the mixing of nanoparticles improves fuel
properties. The purpose of nanoparticles is to improve fuel properties as a result
to achieve reduced pollutant exhaust emissions and to increase the performance of
the engine as well as to use biofuel without engine modification. On commercially
available fuel, nanoparticles are added to achieve certain properties and expected
to reduce the exhaust pollution, increase the oxygen content in the engine, maintain
fluid stability, reduction in ignition delay, enhance the lubricity index, and flashpoint,
the chemical to chemical contact must be enhanced instead of metal to metal contact
to reduce wear [24].

Blending alcohol with diesel fuel causes decrease in cetane number of blended
fuel. The decrement in cetane number of alcohol–diesel fuel blends could increase
noise and vibration [25]. On a research done on butanol–diesel fuel blend, the addi-
tion of TiO2-based additive significantly reduced vibrations and noise. The additional
oxygen content and catalytic effect of the TiO2 nano-additive lead to reduced igni-
tion delay, thus lowering of knocking tendency. It is also mentioned that at a lower
percentage of alcohol nano-additivesweremore effective, butwith amore percentage
of ethanol, the observed difference is not significant [26].

The depletion of petroleum-based fuel and the hazards emission from engines
is a motivational factor to research in the area of unconventional fuel specifically
for diesel engines. For improving the performance properties such as BP, BSFC,
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BTE, and to reduce the exhaust emission of diesel engine, nanoparticles addition is
promising. The objective of this review article is to see the effect of nanoparticles
addition in bothdiesel andblended fuels, on emission andperformance characteristics
of a diesel engine. The article is extracted from research journals published to the
year 2020 which gives an idea about the recent trends in nano-additive researches.

2 Performance Characteristics

Biofuels having comparable properties of diesel are the most interesting alternative
fuels and are expected to replace diesel fuels in the future. On the other hand, due
to shortfalls like lower power and engine speed, higher BSFC and lower mixture
stability, biofuel is not fully utilized in diesel engine.Numerous researchers are trying
to find variety ofmethods and technologies to overcome the problems.One promising
method of improving the properties of biofuel is the utilization of nanoadditives. The
performance parameters of C.I engine such as BSFC, BP, BTE, of different biofuels
with the mixing of different nanoparticles have been reviewed.

On many research papers, it is investigated that, the mixing of nanoparticles
with diesel–biofuel (biodiesel and alcohol) emulsions progress fast and complete
combustion process because of improved radiative and heat mass transport property,
which improves combustion efficiency [27].

Compared to neat diesel, fuels with metallic-based additives showed a reducing
trend in BSFC [28]. The consequence of Al2O3 nanoparticles on the emission char-
acteristics and performance enhancement in a single-cylinder, four-stroke diesel
engines is studied. Two different amounts 0.1 and 0.5% by weight of Al2O3 nanopar-
ticles were utilized as a fuel additive. The performance test result is compared with
net diesel fuel. The results designated that the fuel with a concentration of 0.5%
nanoparticle gives better performance characteristics when compared with 0.1% and
the addition of Al2O3 indicated a highest reduce of 31% inBSFC atmaximum load as
compared to that of diesel [29]. Nanoparticles addition increases the calorific value
of fuels slightly hence causing a decrease in BSFC. High surface area of the metallic
additives causes the decrease in BSFC and improved combustion quality [26].

Characteristics of a diesel engine by adding 60 ppm GQD nanoparticle to
bioethanol with 10% biodiesel (B10) and 2, 4, and 6%, vol. of ethanol at different
engine speeds of (1800, 2100, and 2400 rpm). It is concluded that the addition of
GQD nanoparticle generally improves the performance of the engine and reduced
exhaust emission. The specific fuel selected as B10 + E4 + GQD60 is the most
favorable fuel at all speeds. In relation to pure diesel fuel, the optimal fuel (B10 +
E4 + GQD60) improved the engine power and torque with 24.59% and 20.02%,
respectively [30].

The experimental work focuses on the effect of Al2O3 nanoparticle on a combi-
nation of diesel 70%, biodiesel 20%, and ethanol 10% (called as BDE) by varying
injection timing. The effects of 25 ppm Al2O3 in BDE blend at 19° bTDC IT in
single-cylinder diesel engine. Al2O3 addition causes lower heat release and cylinder
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pressure away from TDC, resulting in lesser BSFC better engine performance and
combustion [31].

The collective effect of nanoparticle additives, injection timing, and combus-
tion chamber geometry in single-cylinder diesel engine is with ethanol, diesel, and
biodiesel mix was tested. The fuel is tested with different combustion chamber
geometries and injection timings, namely 21°, 22°, 23°, and 24° bTDC. The result
indicated the highest BTE of about 33.8%. Lowest BSFC profile was achieved at 22°
bTDC with an increase of 11.51% BTE in comparison with neat diesel [32].

Effects of GQD nanoparticles on emission and performance of a diesel engine
with ethanol–biodiesel blends in the blend of B10 are studied. The concentration of
GQD nanoparticles used is 30 ppm for the fuel blend. The experiment is conducted
at various engine speeds of 1800, 2100, and 2400 rpm. The performance parameters,
such as power, torque, and SFC, were investigated and results are found. Mixing
GQD nanoparticles to fuel improved power and torque by 28.18% and 14.35%,
respectively, reduced SFC by 12.42% compared to D100 fuel [33].

Emission and performance characteristics study on the use of TiO2 nanoparticles
addition in neat diesel fuel. The study showed that characteristics of petroleum diesel
such as viscosity, density, calorific value, andfire point improvewith themixing of the
nanoparticles. Engine performance test results showed improvement in brake thermal
efficiency and reduction in BSFC by 22% with the addition of the nanoparticles at
the highest load [34].

Investigation on the result of CNT and molybdenum trioxide (MoO3) nanopar-
ticles on fuel consumption, performance, and emissions characteristics of diesel in
a CRDI diesel engine is studied. The experiments are conducted in single-cylinder
common rail diesel engine for investigating and comparing the engine emission and
performance characteristics of the nanofuels with pure diesel. The test fuels include
100CNT (diesel + 100 mg/L CTAB + 100 mg/L CNT) and 100MoO3 (diesel +
100 mg/L CTAB+ 100 mg/LMoO3). The BTE of the 100CNT is increased by 5.2%
and 100MoO3 by 2.3%, and BSFCs were decreased by 5.1% for 100CNT and 2.3%
for 100MoO3, respectively, compared to pure diesel [18].

Engine performance and emission characteristics of two fuels B20(80%diesel and
20% soybean biodiesel) and D80SBD15E4S1 þ alumina (80% diesel, 15% soybean
biodiesel, 4% ethanol, and 1% surfactant, and alumina nanoparticles, 100 mg/L)
fuel blends are compared with neat diesel. Brake thermal efficiency is higher for
B20 and D80SBD15E4S1 þ alumina fuel mix compared to neat diesel at maximum
load. An increase in brake thermal efficiency of 15.8% and 17.9% was observed in
the case of B20 and D80SBD15E4S1 þ alumina fuel blend, respectively, contrasted
with pure diesel at full load. It is due to the presence of higher oxygen in the fuel
complete combustion occurred in the case of B20 and the case of D80SBD15E4S1
þ alumina fuel blend due to the presence of the alumina nanoparticle the further
increase in efficiency is because of the higher evaporation rate and the microex-
plosion of the primary droplets. The BSFC is minimal compared to the neat diesel
at higher loads of 75% and full load. The existence of the alumina nanoparticle
improves the atomization rate that enhances complete combustion and increases the
heat transfer from the combustion, thus lowering the sink temperature, resulting in



284 D. Firew et al.

engine performance increment. The BSFC is 3.53 for D80SBD15E4S1 þ alumina,
3.7 for B20, and 4.33 for neat diesel. This shows the high viscosity within the case
of B20 and D80SBD15E4S1 þ alumina fuel mix is overcome, by the diminishing in
viscosity at higher temperatures within the case of the full-stack condition [35].

The effect of three different nanoparticles, Al2O3, CNT, and silicon oxide as a
diesel fuel additive is investigated and compared on the performances and exhaust
emissions in a four-stroke single-cylinder diesel engine. The nanoparticles were
mixed in a dosage of 25, 50, and 100 ppm with pure diesel. The blended fuels were
tested at engine loads of 0, 25, 50, 75, and 100% at a constant engine speed of
1800 rpm. The test results revealed that the BSFC of CNT blend is reduced by up to
19.8% and BTE improved by 18.8%. Silicon oxide blends show better results than
Al2O3 blends in lower brake specific fuel consumption [36].

The investigation is made on the performance and emission characteristics of
CIME nanoemulsions in a two-cylinder CI engine. The test is conducted with diesel,
pure biodiesel, and biodiesel nanoemulsions dispersed with TiO2 and ZnO nanopar-
ticles. Calophyllum inophyllum biodiesel nanoemulsions at 50 and 100 ppm concen-
trations have been studied and the results were comparedwith pure biodiesel and neat
diesel fuels. The engine performance result indicated that the highest brake thermal
effectiveness is 33% for diesel fuel, 31% for biodiesel-T100, 30% for biodiesel-
T50, 27% for biodiesel-Z100, 28% for biodiesel-Z50, and 26% for pure biodiesel at
full engine load. The BSFC of pure Calophyllum inophyllum biodiesel and CIME
nanoemulsions is higher compared to diesel fuel at all loadings. The BSFC of CIME-
T100 is 0.24 kg/kWh and whereas 0.258 kg/kWh for CIME-Z100 at full engine load.
The researchers concluded due to the lower calorific value of biodiesel increased the
fuel consumption to achieve the same power output. It is evident that all nanoemul-
sions of CIME; CIME-Z50, CIMEZ100, CIME-T50, and CIME-T100 resulted in
lower BSFC compared to CIME without nanoparticle addition [37].

The influence of different nanoparticles and hydrogen mix on engine characteris-
tics of performance and emission on dual fuel systems is studied. The nanoparticles
used for the study are CuO, CNT, CeO2, TiO2, and Al2O3. The nanoparticles are
added at a dosage level of 100 ppm with 20% hydrogen fuel. The test is conducted at
a speed of 1800 rpm in different engine loads of 0, 25, 50, 75, and 100%. The brake
thermal efficiency by adding up of increases by 4.3% for CeO2 and 2.5% for Al2O3.
In the meantime, for CeO2 the BSFC is observed to be insignificant. CNT and TiO2

nanoparticles indicate a 23 and 22% decrease in BSFC than other blends [38].
The addition of nanoparticles improves fuel properties such as a rush in heating

value, a fall in fuel viscosity improves cetane number due to the enhanced surface
area/volume ratio of the nanoparticles which consequences improvement in BTE.
Nanoparticles have a catalytic property that promotes combustion by generating
microexplosion of primary droplets that could vaporize the fuel and enhances mixing
with air to reduce ignition delay. The other helpful effect of nanoparticle additives
is the increment in heat transfer so that it can facilitate combustion and increase the
heat release rate. Therefore, adding nanoparticles to fuel increases the performance
of engines by increasing the probability of complete combustion [37–39].
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3 Emission Characteristics

Researchers have shown that in densely populated municipal areas, the usual reve-
lation to diesel exhaust could pass damage to health. Despite the advantages, diesel
engines are a severe cause of air pollution caused by exhaust dangerous gas emissions,
including CO2, CO, NOx, and sulfur oxide [39]. The community concerning ecolog-
ical and well-being has been blaming the topic of diesel engine exhaust emissions on
the influence of human health. It is worrying to figure out that engine pollution affects
human health on a huge level. Moreover, diesel engine emissions contain many toxic
substances such as NOx, SOx, CO, CO2 carcinogens, and mutagens. Additionally,
animals and humans become major expose for lung cancer which has health risk
in health research. Research on truck drivers and railroad workers exposed to diesel
engine exhaust due to their occupation showed that tend to have to increase in getting
lung cancer with escalating years of work in the exposed job and the workers have
been found in risk [40].

To improve the emission characteristics of diesel engine, many researches have
been done on fuel additives. The effect of metallic nanoparticles investigated in
different researches is reviewed. The employment of aluminum oxide (Al2O3)
nanoparticles as fuel additive reduces the emission of NOx ious waste like CO2

and HC compared to petro-diesel fuel [29].
On the research work done to evaluate the performance parameters and emissions

characteristics of a diesel engine by adding 60 ppm graphene quantum dot (GQD)
nanoparticle to bioethanol fuel, a considerable emission reduction is achieved with
10% biodiesel (B10) and 2, 4, and 6%, volume of ethanol at different engine speeds
of (1800, 2100, and 2400 rpm). The specific fuel selected as B10 + E4 + GQD60
reduced UHC and CO emissions by 42.05% and 35.60%, respectively, compared to
the pure diesel fuel [34].

An experimental work which focuses on the effect of alumina (Al2O3) nanopar-
ticle on a mix of 20% biodiesel, 70% diesel, and 10% ethanol (called as BDE) by
varying injection timing is carried out. The effect of 25 ppm Al2O3 in BDE blend
at 19° bTDC IT in a single-cylinder diesel engine effect in reductions of NOx, HC,
CO, and smoke opacity [31].

Harish Venu et al. experimented on the joint effect of nanoparticles additive,
combustion chamber design, and injection timing in a diesel single-cylinder engine.
Diesel, biodiesel, and ethanol blends which they called ternary fuel after alumina
nanoparticles have been added to the fuel, they termed the resulting fuel as high-
performance fuel. The high-performance fuel is tested with different combustion
chamber shape and injection timings, namely 21°, 22°, 23°, and 24° bTDC. The test
result indicated lesser HC and CO emissions of 9.18 and 16.83% in contrast to 22°
bTDC and lowered NOx emissions by 22.53% in comparison with net diesel [32].

Graphene quantum dot nanoparticles are studied for performance and emissions
on a diesel engine with ethanol–biodiesel mix in diesel engine. The concentration of
GQD nanoparticles used is 30 ppm. An experiment is conducted at various engine
speeds of 800, 2100, and 2400 rpm. Emission parameters such asCO,CO2,UHC, and
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NOx were investigated. CO andUHCdecreased by 29.54%and 31.12%, respectively,
and NOx emission resulted in 1.29% increment, compared to net diesel fuel [33].

The study on the influence of TiO2 nanoparticles additive in neat diesel fuel
on the emission characteristics of CI engine is performed with and without TiO2

nanoparticles additive. It is watched that with the expansion of nanoparticles there is
a diminish on the emission of unburnt hydrocarbons by 18% and carbon monoxide
by 25% [34].

DeqingMei et al. have investigated the effect of carbon nanotube (CNT) and nano
molybdenum trioxide (MoO3) on emissions characteristics of diesel in a common
rail diesel engine. Single-cylinder common rail diesel engine is used to conduct the
experiments for investigating and comparing the engine emissions characteristics
of nanofuels with neat diesel. The test fuels include 100CNT (dsiesel + 100 mg/L
CTAB + 100 mg/L CNT) and 100MoO3 (diesel + 100 mg/L CTAB + 100 mg/L
MoO3). The test result showed that emissions of HC, CO, NOx, and soot with the
adding of CNT andMoO3 to pure diesel were declined to different levels. CNT shows
better capability in lowering all the emissions HC 11.4%, CO 9.6%, NOx 8.9%, and
smoke 15.2%, than neat diesel and MoO3 resulted in an emission reduction of HC
7.5%, CO, 6.8%, NOx 5.2%, and smoke 8.3%, than neat diesel [18].

T. Shaafi and R. Velraj have investigated the emission characteristics and engine
performance of two modified fuels B20(80% diesel and 20% soybean biodiesel) and
D80SBD15E4S1, alumina (80% diesel, 15% soybean biodiesel, 4% ethanol, and 1%
isopropanol as an emulsifier, and alumina nanoparticles of 100 mg/L) fuel blends,
in comparison with pure diesel. They also reported very encouraging results on the
emission characteristics. The emission reduction is due to the inbuilt oxygen present
in the soybean biodiesel and its improved utilization by the occurrence of the alumina
nanoparticle. However, at full load condition alumina nanoparticle increased NOx

emission, by 9.9% in case of D80SBD15E4S1, alumina fuel blend correspondingly,
when compared to pure diesel [35].

Ang F. Chena et al. investigated exhaust emissions characteristics of carbon
nanotubes, aluminum oxide, and silicon oxide nanoparticles in a four-stroke single-
cylinder engine. From the experiment, it is revealed thatCNTnanoparticles product in
elevated CO, CO2, HC and lower NOx emissions of 4.48%. CNT blends with diesel
show a better performance result to improve the emission characteristics carbon
nanotubes have the possible to be more research as an additive for diesel fuel due to
important combustion decrease in NOx emissions [36, 41].

The research done by K. Nanthagopal et al. investigated the emission characteris-
tics and performance of Calophyllum inophyllum biodiesel (CIME) nanoemulsions
on two cylinders CI engine. The unburned HC and CO emissions are lower for all
CIME nanoemulsions relative to pure CIME and conventional diesel fuel because of
the oxidation effect of TiO2 and ZnO nanoparticles. The fuel CIME-T100 provided
a maximum decrease in HC emission measure up to all other fuel. The CO emission
is 24.5% lesser for CIME fuel process than that of pure diesel at full load. CO emis-
sion is relatively lesser for CIME-T100 nanoemulsion measure up to CIME-Z100
nanoemulsion fuel. NOx emission reduction of 7–29% is observed for all CIME
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nanoemulsions fuels compared to neat Calophyllum inophyllum biodiesel at full
engine load. This is because of the catalytic effect of the nanoparticles [37, 42].

On the study conducted by S. Manigandan et al. on Al2O3, CNT, TiO2, CeO2, and
CuO nanoparticles and hydrogen mix on emission characteristics, the test is done
at different engine load conditions. The exhaust emission results showed hydrogen
and nanoparticles addition decreases carbon dioxide, monoxide, and hydrocarbon
emissions considerably. However, for NOx emission, CNT is the only blend which
showed a decrease in NOx than other blends. From the results, they concluded that
the addition of hydrogen and nanoparticles pure diesel reduced exhaust gas emission
[38, 43–45].

The expansion of nanoparticles in fuel advances total combustion due to its
catalytic property and increase in cetane number. Complete combustion comes about
in diminish of CO and concentration of HC emanation [39, 40, 46]. In diesel motors,
NOx is shaped due to the oxidation of the air nitrogen N2 in crest combustion temper-
ature. The blending of nanoparticles with diesel rises the top combustion tempera-
ture, causing more N2 within the combustion chamber to be oxidized to NOx amid
combustion [2, 44]. Be that as it may, diesel blended with the nanoparticle, biodiesel
emulsified fuel it has been found that NOx outflow levels were diminished in compar-
ison with diesel fuel. This was ascribed due to heat sink impact of emulsified fuel
which smothers the in-cylinder gas temperatures amid combustion. Summary of the
nanoparticles influence on diesel and different biofuels is given in Table 2.

4 Conclusion

This review intends to see the effect of different nanoparticles on CI engine when
added into neat diesel and variety of biofuels. The exhaust emission and performance
characteristics of different nanoparticles such as CNT, MoO3, Al2O3, TiO2 ZnO,
CeO2, and GQD are reviewed. In this review, the fuels covered are neat diesel, diesel
biodiesel and ethanol emulsion, ethanol–biodiesel blends, biodiesel, diesel + 20%
hydrogen. From the researches done by combining the mentioned nanoparticles and
fuels, the following conclusion is drawn.

CNT and Al2O3 nanoparticles additives dispersed in diesel and diesel, biodiesel
and ethanol emulsion, respectively, have shown relatively the highest BTE. The
increment in BTE is due to the increase in calorific value and short ignition delay
time because of improvement in fuel combustion property.

The addition of all the nanoparticles indicated a significant reduction in BSFC as
a hall. The highest BSFC reduction is reported for the Al2O3 in neat diesel addition
by 31% and the minimum is for the combination of MoO3 in neat diesel which is
2.3%.

Regarding brake power and brake torque even though there is a shortage of data
on the reviewed papers the available data for GQD in bioethanol with 10% (B10)
and ethanol-biodiesel blends fuels indicates significant increment.
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When we see the CO and HC emission 90% of the research investigations show
a reduction in varying level. Al2O3, GQD, and TiO2 nanoparticles resulted in a very
significant reduction of HC and CO emission.

For NOx emission, inconsistent results are seen from the reports. The majority
of the research indicated there is a reduction of NOx emission. Some of the reports
which are done asCNT in neat diesel, Al2O3 in diesel, biodiesel and ethanol emulsion
and GQD in ethanol–biodiesel blends showed an increment in NOx emission relative
to the base fuel.
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Analysis of Hypersonic Flow Over Pin
Protrusions on a Blunt Body

N. Akshay and S. R. Nagaraja

1 Introduction

Hypersonic flow analysis is very complex phenomena so the vehicle which is flying
at hypersonic speeds should have great aerodynamics. Even a small disturbance will
affect the body very badly. But protrusions will exist on the surface of most of the
aerodynamic bodies. These protrusions over the body are due to fuel lines, electrical
cables, control surfaces, rivet joints, etc. In the vicinity of these protrusions, severe
heating and aerodynamics loads are present. These loads can cause damage to the
entire hypersonic vehicle. Many researchers have analyzed hypersonic flow over flat
plate, different types of cones in the presence of protrusions. They have studied vari-
ation of boundary layer thickness, flow separation, heating and aerodynamic loads.
Kumar et al. [1–3] have investigated separation region, heat flux in the vicinity of
a three-dimensional protuberance on flat plates and cones. They have found sepa-
ration length and location of hot spot, i.e., location at which heat flux is maximum,
for different protrusion heights on flat plates and cones. They have analyzed the
heat loads for different enthalpies and deflection angles. They have reported that
separation length depends on the height of protrusion. They have reported that the
hotspot is at foot of the protrusion. Another important conclusion from their work
is that for smaller protrusion heights the hotspot is on the sides of the protrusion,
rather than in front of it. Zahir [4] has done a computational study of blunt cones
with circular protrusion which are exposed to hypersonic flow. The analysis mainly
concentrates on the aerodynamic moment created by the protrusion and how effec-
tively this mechanism is providing maneuverability. Lu [5] explains how the flow
happens over the micro-vortex generators. These are mainly to control the shock
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wave boundary layer interaction. This vortex generator seems like a protrusion on
the body and it creates vortex systems. The flow field over rectangular protrusions
over flat plate is analyzed by Nair et al. [6]. The analysis is done for different heights
of protrusion, distance from leading edge, Mach numbers, and distance from leading
edge. Li et al. [7] have reported experimental results of hypersonic flow at Mach 5
over rectangular cylinders mounted over flat plates. They have reported that peak
pressure occurs just above triple point on the protrusion. Akshay and Nagaraja [8]
have done transient analysis of hypersonic flow over blunt body having cylindrical
protrusions. They have analyzed the flow field at different heights of the protrusion.
Hemateja et al. [9] have reported the effect of nose radius of blunt cones on drag
and heat transfer at different Mach numbers. The effect of Mach number on the flow
separation region in a blunt cone fitted with a spike with aero-disk was studied by
Sai Krishna Mohan et al. [10]. In this paper, computational analysis is done to study
the pressure distribution, separation length, and the heat flux data for a blunt body
with pin protrusions in Mach 8 flow.

2 Computational Methodology

The steady-state hypersonic flow over a blunt bodywith protrusions is done using the
computational fluid dynamics software ANSYS Fluent. The Navier Stokes equations
are solved using the density-based solverwith k-omega turbulentmodel. Theworking
fluid is air with ideal gas condition and the Sutherland viscosity model is used.

2.1 Geometry of Model

A blunt cone model used in this study has a base diameter of 80 mm, blunt cone
radius of 35 mm, and apex angle of 58°. The leading edge of the blunt body is at
a distance of 5 mm from the origin. This model is same as used by Sriram and
Jagadeesh [11] and is validated with their experimental results. The enclosure used
to surround the blunt body is similar to the one used by authors [11]. Figure 1 shows
the computational domain with the blunt body. A cylindrical protrusion of diameter
(D) 2.5 mm is used. Four different protrusion heights (H) are used with H= 0.1, 0.5,
1, and 1.5 times the diameter. Figure 2 shows the upper part of body with location
of the protrusion.

2.2 Mesh and Boundary Conditions

Grid independence study is done for three element sizes. Drag coefficient of model
without protrusion is used for comparison. The results are shown in Table 1. It can
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Fig. 1 Computational
domain

Fig. 2 Upper surface of the
body with protrusion
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Table 1 Grid independence
study

Element size of the mesh
(mm)

1 mm 0.95 mm 1.5 mm

Total number of elements 3,536,255 3,939,544 221,397

Coefficient of drag (CD) 0.8264 0.826 0.837

be observed that the drag coefficient is same for 1 and 0.95 mm element size. Hence,
an element size of 1 mm is used. In order to get better results near the surface of
the body and protrusion, an inflation around the body with a first layer thickness
of 0.1 mm for a total 40 layers is used. The large numbers of elements affect the
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convergence criteria and time required of the simulation but the result will be more
accurate.

The analysis is done by solving Reynolds-Averaged Navier–Stokes equations. To
predict the turbulence, two equation k-omega (k–ω) turbulencemodel is used in these
simulations. This model uses variables turbulence kinetic energy (k) and specific rate
of dissipation (ω) to predict turbulence. The density-based solver in ANSYS Fluent
is used. Since the geometry is small, double precision is used. The inlet conditions
are pressure = 1 kPa, Mach number = 8, and temperature = 100 K. These values
are chosen to compare the simulated results with experimental results available in
the literature.

3 Results and Discussions

Steady-state analysis is done with and without protrusion. The validation of the
current methodology is done by comparing experimental results of Sriram and
Jagadeesh [11]. The experiment consists comparison of heat flux values between
small microjet flow in the body and without jet. The heat flux varies from nearly
66 W/cm2 at a distance of 15 mm to 32 W/cm2 at a distance of 35 mm from the
stagnation point. The variations of the wall heat flux on the blunt body in the present
simulations are also similar to these experimental results (Fig. 4). The free stream
conditions for all the cases considered are constant. The flow conditions ahead of the
protrusion are different from that of free stream conditions. The pressure and heat
flux data on the blunt body are analyzed. The distance at which flow separation takes
place is noted. Also, variation of heat flux in the dead air region is analyzed. The
dead air region is region between the protrusion and separation point.

3.1 Comparison Pressure on the Blunt Body
with and Without Protrusion

Figure 3a, b shows variation of pressure and Fig. 4a, b shows variation of heat flux on
the blunt bodywith andwithout protrusion. The protrusion location on the blunt body
is decided based on the pressure variation on it without protrusion. It is positioned on
the surface of the blunt body such that it is subjected to constant values of pressure
and heat flux. These values become constant at a distance of 20 mm from the leading
edge of the blunt body as seen in Figs. 3a and 4a, respectively. Hence, the protrusion
is placed at a distance of 25 mm on the blunt body and the conditions ahead of the
protrusion are constant. The maximum values of pressure and heat flux are at the
stagnation point of blunt body without protrusion. For the case with protrusion, the
peak values vary with the height of the protrusion. The introduction of the protrusion
has increased the heating loads on the blunt body. Hence, it is important to study
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Fig. 3 Pressure variation on blunt body a without protrusion and b with protrusion
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Fig. 4 Heat flux variation on blunt body a without protrusion and b with protrusion

the variation of heat flux and pressure for different types of protrusions. Sharief and
Nagaraja [12] have studied the variation of pressure and heat flux for different shapes
of protrusions. In this paper, the effect of height is presented. The results shown in
Figs. 3 and 4 are for height (H) of the protrusion equal to the diameter (D) of it, i.e.,
H = D.

3.2 Separation Length and Dead Air Region

The location at which flow separates can be found by studying the variation of
heat flux or pressure or extending the shock wave formed using flow visualization
techniques. More accurate values are obtained using the variation of pressure in front
of the protrusion. The separation is the point at which the slope of pressure graph
changes. Figure 5 shows variation of pressure for case with H= 1.5D, it can be seen
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Fig. 5 Pressure variation for
H = 1.5D
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that there is sudden change in pressure gradient at a distance of 5.5 mm from the
protrusion. The point at which the pressure rapidly starts increasing after reaching
a plateau is the separation point. In this case, it is at a distance of around 0.025 m
from the origin. The pressure variation on the blunt body in front of the protrusion
is shown in Fig. 6. The flow separates at a distance of 5.5 mm from the foot of the
protrusion for H = 1.5D. The separation length for different protrusion heights is
shown in Fig. 7. The separation length increases as protrusion height increases.

The pressure value is the main parameter which decides the flow separation and
also it induces force on the protrusion. The maximum value of the pressure in the

Fig. 6 Pressure variation in
dead air region
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Fig. 7 Separation length for
different protrusion heights
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entire flow field lies on the protrusion except for protrusion for which H = 0.1D
(Fig. 8). The peak pressure occurs on the protrusion surface below top of the protru-
sion. As the protrusion height becomes smaller, the peak pressure on the surface of
the protrusion also reduces. For protrusion with H = 0.1D, the peak pressure is at
the stagnation point on the blunt body.

Fig. 8 Variation of pressure
for H = 0.1D
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3.3 Heat Flux

Heat flux is another important parameter in the hypersonic flow field which causes
the aerodynamic heating. The magnitude of heat flux value continuously decreases
from the stagnation point and reaches a minimum value, then it increases suddenly
due to the presence of protrusion. The maximum heat flux occurs at point between
center and top of the protrusion for all cases considered except for protrusion with
H= 0.1D, for which it is at the top of the protrusion. The heat flux in the vicinity of
the protrusion is higher especially in the separation region near the protrusion foot.
Figure 4b shows the variation of heat flux for protrusion with H = D. The variation
of heat flux in the dead air region for protrusion with H = 1.5D is shown in Fig. 9.
For protrusions with H = D and H = 1.5D the maximum value of the heat flux in
separation region is not exactly at the foot of the protrusion, but it lies at some distance
before the foot. Similar to pressure variation the maximum heat flux in the flow field
occurs on the protrusion except for H= 0.1D, for which it is at the stagnation point.
The maximum heat flux on the blunt body in the separation region increases with
increased protrusion height (Fig. 10). Due to the presence of protrusion, the peak
heat flux in the flow is about 2.2, 1.97, 1.71, and 0.72 times that at the stagnation
point for protrusion with H = 1.5D, D, 0.5D, and 0.1D, respectively. The heat flux
on the blunt body at location where protrusion is placed is about 2.7, 4.0, 4.7, and
5 times the heat flux at that location without the protrusion for H = 0.1D, 0.5D, D,
and 1.5D, respectively. Overall the presence of protrusion increases the heat flux on
the blunt body.

Fig. 9 Variation of heat flux
in dead air region
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Fig. 10 Variation of
maximum heat flux with
protrusion height in the
separation region

8 105

1.2 106

1.6 106

2 106

0 0.4 0.8 1.2 1.6

M
ax

im
um

 H
ea

t F
lu

x 
(w

/m
2 )

H/D

4 Conclusions

Computational analysis of the blunt body with protrusion of different heights in a
hypersonic flow is done. The distance at which flow separation happens in front of
the protrusion is measured. The distance at which flow separation occurs increases
with height of protrusion. The variation of pressure and heat flux on the blunt body
with protrusion is compared with those without protrusion. It is found that for all
protrusions studied the peak pressure and heat flux values are on the surface of the
protrusion except for the case with H = 0.1D for which it is at the stagnation point
of the blunt body. The peak heat flux in the flow varies from 0.72 to 2.2 times that at
the stagnation point for protrusion with H = 0.1D to 1.5D. There is large pressure
and heat flux occurs the dead air region which may cause damage for the entire body.
The increase in heat flux on the blunt body at the location of protrusion is 2.7, 4.0,
4.7, and 5 times the value without protrusion for H = 0.1D, 0.5D, D, and 1.5D,
respectively.
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Design and Analysis of Zero Turning
Radius Steering System for Light
Vehicles (Bajaj QUTE)

Getachew Fentaw, Ramesh Babu Nallamothu, Anantha Kamal Nallamothu,
Seshu Kishan Nallamothu, and Daniel Hambissa Datti

1 Introduction

Many existing cities in the world were not built by considering an increase in the
number of cars. Therefore, drivers find it difficult to park their car on crowded city
streets and to turn in a small radius. However, it is possible to create cars to suit the
traffic conditions of the cities [1, 2].

The difficulty of parking in narrow space and at multiplexes, the problem of easy
removal of a vehicle from the traffic jams, the difficulty of turning back at narrow
roads, wastage of time and fuels during turning and parking and a high degree of tyre
wears are the main problem in current automobiles [3–5]. The vehicle will have a
zero turning radius when the role centre axis passes through the centre of gravity of
that vehicle, and it is achieved by rotating all the four wheels opposite to each other
[6–8]. It helps to turn the vehicle with a minimum space possible, i.e. a circle with
a diameter of the length of the vehicle itself is required to rotate the vehicle fully
[9–11].

The main consideration in the design of the steering system is to produce pure
rolling motion of the wheels while manoeuvring the tightest turns on the dirt road
tracks [12, 13]. The steering system must also offer adequate feel to the driver while
turning [14, 15]. For maximum life of the tyres, the steering system is designed such
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that it maintains proper angles between the tyres while turning and while braking
in the corner along with straight-ahead position [16, 17]. The driver should be able
to turn vehicle with minimum effort but it should not be directionally unstable. The
steering system is thus designed in a very unique way by compelling many factors
and formulating mathematical model [18, 19].

2 Methodology

2.1 Materials

CATIA V5 and ANSYS 18.1 were used for geometrically modelling and analysing
the stresses induced on individual components, respectively.

During the study, ANSYS static structural and eigenvalue buckling analysis have
been done for checking the strength of each individual designed part. Different mesh
element type as per the shape of the component, i.e. mapped mesh with hexagonal
element, was used for the two shafts and selector, whereas the tetrahedral element
was used for modelling all gears and tie rod. Mesh refinement process was done to
get the optimum value and reduce the error. In addition to this, analytical methods
were used for verifying the final result obtained from ANSYS 18.1.

Besides, the kinematic analysis of the assembled system was carried out using
CATIA DMU kinematics to see how the motion of the mechanism look like and to
check whether it can move as required or not.

2.2 Methods

The methodology followed while doing this work has four major parts, namely liter-
ature review, data collection, design and analysis, and manufacturing and assembly
of prototype.

ANSYS 18.1 Software Result Verification.
The analysing software used here (ANSYS18.1) has been verified in the following

way. First, the analysis was done using the software and the actual analytical solu-
tions were calculated using formulas and then the outcome of the software result
is compared with the analytical solutions. Here it is considered a cantilever beam
which has a cross section of 20 × 20 mm and a length of 100 mm in which 1 kN
force is applied at its free end as shown in Fig. 1. The curb weight of the vehicle is
400 kg, which results in 4000 N weight (W) and assuming 50:50 weight distribution

weight on each tire (Fz) = W

4
(1)
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Fig. 1 Cantilever beam for software validation

FZ = 1000N

The lateral force acting on the steering knuckle is a function of normal force and
coefficient of friction (μy)

Fy = μy Fz (2)

the maximum lateral force is equal to the normal force, i.e. obtained when the
coefficient of friction is 1.

Fy = Fz = 1000N = 1 kN

From beam theory, the bending stress is

σb = 75MPa

And the ANSYS result for the same problem in different mesh size is shown in
Fig. 2a–c.

Similarly, further analyses were done for a mesh size of 2, 1.5, 1, 0.8 and 0.7 mm
and obtained values are listed in Table 1.

By using the results obtained, a convergence graph is plotted in Fig. 3 for both
mesh size versus von Mises stress and mesh size versus total deformation.

From Table 1, it is clear that the maximum stress is increased from 39.692 MPa
at a mesh size of 5 mm to 74.712 MPa which is almost equal with the analytical
solution of 75 MPa. This shows that as the mesh size becomes finer the software
result converges to the exact value of the problem. In von Mises stress software
analysis of Fig. 3, it can be seen that the maximum stress occurs at the fixed end
and the stress at the free end is zero which is the same with beam bending theory. In
addition to this, Fig. 3 shows both the total deformation and von Mises stress value
increase as the mesh size decreases. After a mesh size of 0.9 mm, the results become
constant which indicates the convergence of the case. Therefore, the software result
matches with the analytical result with negligible errors so that ANSYS 18.1 has
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a) Mesh size 5mm b) Mesh size 4mm

c) Mesh size 3mm

Fig. 2 ANSYS von Mises and normal stress results at a different mesh size

Table 1 Convergence analysis and software result validation

Mesh size (mm) Maximum von Mises stress
(MPa)

Maximum total
deformation (mm)

Nodes Elements

5 39.962 0.04845 1865 320

4 43.091 0.04849 3396 625

3 48.324 0.04853 8336 1666

2 55.051 0.04856 23,441 5000

1.5 58.736 0.048569 173,481 40,000

1 74.712 0.048572 254,352 59,248

0.8 74.712 0.048572 333,476 78,125

0.7 74.712 0.048572 508,860 120,203
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Fig. 3 Convergence analysis and ANSYS result validation graph
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Fig. 4 Manufactured prototype

been validated and used for the other component stress and deformation analysis of
the current mechanism.

Manufacturing and Assembly
Once the design and simulation part ends up, the next part is the method of manufac-
turing each parts and assembling. So the part and assembly drawings are done using
CATIA V5. Besides, the manufactured prototype has been shown in Fig. 4.

Concept Generation
The first step is obtaining and identifying the product design specifications which
meet the objective of the research work. A black box approach conceptual design
process was carried out, and the red thick arrows on Table 2 indicate the efficient
design path. After the concept is developed, the 3Dmodel of the designedmechanism
is prepared as shown in Fig. 5.
Concept Selection for Steering Mechanism

3 Result and Discussion

Component Strength analysis results in ANSYS
The component strength analysis has been done using ANSYS 18.1 and compared
with the analytically calculated values, and the results of each component are shown
in Fig. 6.

Performance Comparison of the New System with the existing
Here the main results of the analysis, namely reduction in the turning radius, critical
speed for each mode and reduction in required area for 3600 rotation of the vehicle,
are discussed one by one as follows. The comparison of the new system with the
existing mechanism based on some common criteria’s is shown in Table 3.
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Table 2. Efficient design path
Energy source Steering mechanism Transferring mechanism to 

rear steering system

Torque multiplication

Human

Chain drive

Linkage type
Bevel gear 
and shaft

Rack and Pinion
Power 
assist 

Manual

Worm gear type Belt drive

Human

Chain drive

Linkage type
Bevel gear 
and shaft

Rack and Pinion
Power 
assist 

Manual

Worm gear type Belt drive

Fig. 5 Geometric model in CATIA V5

The result shows that using minimum turning configuration will save 62.4% extra
radius for manoeuvring a vehicle 3600 in a required direction and during zero turning
radius mode it will save almost 100% extra radius spaces which will enable the
driver to turn tightly with the minimum space available. The only problem using this
configuration is the speed limit.
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Bevel gear; a) Von-misses stress b) Total deformation

Selector; a) Von-misses stress b) Total deformation 

Long Shaft; a) Equivalent stress,b) Total deformation

Fig. 6 ANSYS component strength analysis results
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Tie rod; a) Von-misses stress, b) Total deformation

Rack and pinion; a) Von-misses stress, b)Total deformation 

Short shaft; a) Von-misses stress, b) Total deformation 

Fig. 6 (continued)
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Table 3 Comparison of the new system with the existing one

Criteria Conventional Minimum turning radius
mode

Zero turning radius mode

Turning radius (m) 3.5 1.13 0

Critical speed (km/h) 70 43 31

Area required for 360°
rotation (m2)

54.26 19.1 7.3

Turning radius
reduction (%)

– 67.8 100

Reduction in the area
required to rotate the
vehicle 360° (%)

– 64.8 86.55

The critical speed of the vehicle is reduced to 43 km/h during the minimum turn
configuration at maximum steer angle and 31 km/h during zero turn configuration
mode. That means in driving at speed of more than or equal to 31 km/h, the driver
should not use zero turning radius mode and when the speed of the vehicle is more
than 43 km/h the steering angle should not be maximum; otherwise, it will lead to
vehicle instability. The comparison of the obtained results in turning radius and area
requirement is shown in Fig. 7a–e in the form of a bar graph for more clarification.

4 Conclusion

• The designed steering system has a maximum steer angle of 600 in both cases,
i.e. for the minimum turning as well as zero turning configuration mode, and it
has a steering ratio of 12:1. The system has a selecting mechanism which is used
to shift and select either of the two modes based on the requirement of the driver,
road conditions and speed of the vehicle.

• For minimum turning configuration mode, it is found that the turning radius is
reduced from 3.5 to 1.13 m which has a total reduction of 67.8% that enables the
vehicle to turn in a tight space of approximately 19.1m2. Although the benchmark
vehicle (Bajaj QUTE) can move up to a maximum speed of 70 km/h in normal
conditions, while using this mode at its highest value of steer angle, i.e. 600, the
speed of the vehicle should be kept below 43 km/h; otherwise, it will cause vehicle
instability because of lateral load transfer during cornering.

• For minimum turning configuration, there is a reduction in a turning radius from
3.5 to 0 m that means during this mode the instantaneous centre of rotation lies at
the centre of gravity. Due to this, the reduction in a turning radius is about 100%
at its maximum steer angle of 600. It is obvious that if the turning radius is very
small, its speed should be low for keeping the car stable during cornering. So in
this mode, the critical speed is found to be 31 km/h which is less than that of the
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Fig. 7 Performance comparison of the new system with the existing

critical speed of minimum turning configuration which has a critical speed value
of 43 km/h due to the reduction in a turning radius from 1.13 to 0 m.
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Nanostructures as High Absorption
Energy Materials—A Review

Shaik Afzal Mohiuddin, Ajay Kumar Kaviti , and T. Srinivasa Rao

1 Introduction

As water insufficiency is among the most significant global problems of our time,
there is a momentous need to find the technological solution to water scarcity [1].
Solar desalination, which produces distilled water from brine by sunlight, has been
heavily investigated [2, 3]. However, solar stills for desalination purposes are finite
because of its low efficiency and cost [3]. In order to overcome this drawback,
noble metal-based plasmonics [3–6] were largely experimented in the area of solar
energy [7, 8] because of their strong infrared and visible plasmonic responses coin-
ciding significantly with the solar spectrum. After working on NPs’ plasmonic
responses, researchers are now developing nanostructures with NPs’ help to have
a very high absorption of solar radiation (≈96%) for a wide range of wavelengths
and omnidirectional incidence angle. Some works done in nanostructure are very
recently developed nanostructures to study its effect on different absorber plates
[9], hybridization model for the plasmon response of complicated nanostructures
[10], hierarchical microstructured copper phosphate (HCuPO) [11], polypyrrole
(PPY)-coated stainless steel mesh [12], black titania nanocage structure [13], hier-
archical graphene foam [14] flexible networked structure [15], reduced graphene
oxide-polyurethane (rGO-PU) nanocomposite foam [16], plasmonic biofoam [17],
biodegradable polydopamine-filled bacterial nanocellulose (PDA-BNC) [18], versa-
tile salt-resistant Janus absorber [19], plasmonic bamboo nanostructure [20], nickel
(Ni) and gold (Au)-flexible hierarchical nanostructures [21]. The novelty of this
review paper is described in Fig. 1. In this current review paper, different types of
nanostructures have been explained.
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Fig. 1 Nanostructures for efficient solar desalination [22, 24, 25, 27–29]

2 Nanostructures

2.1 Aluminium and Gold Plasmon-Enhanced
Nanostructures

Zhou et al. [22] developed a plasmon-enhanced solar desalination device through
self-assembly of Al NPs into a 3-D porous membrane, referred to as aluminium
nanoparticles-anodic aluminium oxide membrane (Al NP/AAM). In their prepara-
tion of Al NP/AAM, they took the aluminium foil (Fig. 2a) and performed anodic
oxidation to generate a transparent (Fig. 2b) porous AAM. The porous AAM with
nanopores was then moved into the physical vapour deposition (PVD) machine for
Al evaporation. In the evaporation stage, Al ions move to the topmost surface of the
membrane and form a slim layer (Fig. 2c). In contrast, some of the Al ions deeply
penetrate the nanopores, impact the sidewall, collide with one another, move diffu-
sively and then condense, developing self-assembly of Al NPs in the pores of the
AAM. The transparent AAM was transformed to black after the Al NPs deposition
(Fig. 2f), a clear indication of better light absorption of the fabricated Al-based plas-
monic structure. The developed porous plasmonic absorber was capable of floating
effortlessly on the water surface, able to absorb broad solar spectrum efficiently
(>96%) and concentrate the absorbed energy at the water surface to facilitate effec-
tive (~90%) desalination. They remarked that the Al NP/AAM structure’s significant
desalination effect could give a portable desalination solution.

Similarly again, Zhou et al. [23] fabricated Au-NPs/AAM that can absorb ~99%
of radiations in the wavelength range of 400 nm–10 µm. The preparation of the Au-
NPs/AAM nanostructure was the same as that of Al NPs/AAM except Au-NPs was
used for deposition instead of Al NPs in the PVD chamber. The structure achieved
over 90% solar steam generation efficiency under 4 kWm−2 solar intensity. Traver
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Fig. 2 Fabrication of Al NP/AAM. a Al foil. b Anodic oxidation of Al foil resulting in AAM.
c The Al NP/AAM structure. d–f Optical photographs of the Al foil [22]

et al. [24] developed plasmonic interfaces of titanium nitride (TiN), zirconium nitride
(ZrN) and hafnium nitride (HfN) NPs by drop-casting on anodic aluminium oxide
(AAO) membranes having nanopores. They found that HfN-plasmonic interface
gave the maximum evaporation rate of 1.36 ± 0.03 kgm−2 h−1 with solar to vapour
efficiency of 95%.

2.2 Plasmonic Woods

Zhu et al. [25] developed a plasmonic wood for high-efficiency solar steam produc-
tion. They have taken a basswood slice that was built up with numerous nanochan-
nels and microchannels to transport water from the base to the wood’s top surface. In
order to assemble fine metal NP’s into the 3-D mesoporous matrix of typical wood,
an aqueous solution of PdCl2 (0.01 M) was prepared by mixing 88.5 mg of PdCl2
with 50 ml HCl solution (20 × 10−3 M) followed by heating for 1 h at 60 °C to
dissolve PdCl2 powder completely. The basswood slice was then made to immerse
in the prepared PdCl2 solution and heated at 80 °C to get the Pd-based plasmonic
wood.

The plasmonic wood was able to absorb 99% of light for a broad spectrum of
wavelengths from 200 to 2500 nm because of microchannels, wave-guide effect
(Fig. 3a) and plasma resonance of metal nanoparticles (Fig. 3b) in the wood. Due
to the capillary action, water could transport up along the wood’s microchannels, as
shown in Fig. 3c. The device has achieved a record 85% solar conversion efficiency
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Fig. 3 a Wave-guide effect of microchannels for max absorption of solar radiation. b Plasmonic
effect of NPs. c Magnified illustration of the water movement along microchannels in wood.
Plasmonic wood made of nanofibrous cellulose (NFC) [25]

under 10-sun illumination (10 kWm−2) and was stable for 144 h, without having any
degradation.

The other wood structure was designed and fabricated by Liu et al. [26] a novel
composite comprised of wood and graphene oxide (GO) for effective solar desali-
nation and solar steam generation. They have deposited graphene oxide layer on top
of the wood surface by drop-casting and set aside to dry naturally to get the wood-
GO composite. The wood-GO combined structure achieved ~83% solar thermal
efficiency under virtual solar illumination of power density 12 kW/m2.

Chen and his co-researchers [27] developed a plasmonic wood flower by
depositing silver-polydopamine (Ag-PDA) core–shell structured NPs on the flower
petals. The plasmonic flower could able to absorb 98.65% of light. The Ag-PDANPs
facilitated the formation of thin water films on either side of the flower petal. The
plasmonic wooden device has achieved an evaporation rate of 2.08 kgm−2 h−1 with
a high solar to vapour conversion efficiency of 97.6% under one sun illumination.

2.3 Bio-Inspired Gold Plasmonic Film

Wang et al. [28] developed a bio-inspired plasmonic film of gold (Au) NPs that can
be used for steam generation and distillation process. Vapours of formic acid were
made to diffuse into the gold NP’s solution to obtain the assembled film. Figure 4a
shows the photograph of an Au-plasmonic film of diameter >3 cm at the air–water
interface. Figure 4b displays the SEMpicture of the film having a disordered network
structure due to the random arrangement of NPs in the self-assembly process.
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Fig. 4 a Photograph an Au-plasmonic film. b SEM image of the film. c Schematic of experimental
setup [28]

A hot zone at the air and water interface was created by the plasmonic light
to heat transformation process, which resulted in localized heating of the water
surface. Such localized heating reduces the loss of heat energy to the bulk liquid and
enhances evaporation efficiency. A comparative study of the evaporation process of
plasmonic film and water mixed with Au-NP’s was made. An illustrative diagram of
the experimental setup is displayed in Fig. 4c. The beaker containing the plasmonic
film was placed on the electronic balance to assess the evaporation’s weight loss.
Heating of the plasmonic film was performed by using a 532-nm laser having a
5 mm diameter impinging at the right angle to the surface of the film. The cuvette’s
temperature distribution containing the plasmonic film was analysed by an infrared
(IR) camera. The above procedure was repeated for Au-NP’s solution.

Figure 5a, b, displays the optical and infrared photographs of the plasmonic film,
and Fig. 5c, d displays the optical and infrared photographs of Au nanoparticles
(≈4.39 × 1013 particles/mL) solution at 10.18 W/cm 2 of laser illumination. It
can be seen that the hot zone is very much confined for the self-assembled film
compared to that of Au-NP’s solution. Figure 5e displays the change in evaporation
rate concerning the time of laser illumination (10.18 W/Cm2) for the plasmonic film
and Au-NP’s solution. For the film, the evaporation rate rapidly reached an elevated
value (≈0.4 mg/s) and the total time took was 150 s for the film to reach a steady

Fig. 5 a, c Optical and b, d infrared photographs of the plasmonic film and Au-NP’s solution.
e Evaporation rate versus time of laser illumination [28]
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Fig. 6 HierarchicalCunanostructure:a photograph,bSEMimage, c 3-D laser confocalmicroscope
image [29]

rate. However, for the Au-NP’s solution, the evaporation rate improved gradually and
reached a steady rate after the 800 s. The reason for the delay in reaching the steady
rate for the solution was because of travel of vapour bubbles to the solution surface
and heat loss to the bulk liquid. Thus, it can be inferred that free-floating plasmonic
film of Au-NP’s can provide localized surface heating and higher absorption of solar
radiation, which leads to fast and effective evaporation needed for water desalination.

2.4 Hierarchical Cauliflower-Shaped Copper Nanostructure

Fan et al. [29] fabricated a flexible femtosecond (fs) laser-induced hierarchical
cauliflower-shaped nanostructure on the copper (Cu) surface, as shown in Fig. 6.
The surface was fabricated using TrumpfTruMicro 5000 laser system. The hierar-
chical Cu nanostructure so developed was able to absorb 98% of solar radiation for
a wavelength range of 200–800 nm, and the angular dependence was below 0.1%
for the 0–60° incident angle. Such high omnidirectional absorption property can
cause heating up effect under solar illumination. They found that for approximately
1 kWm−2 solar power density, the overall photothermal conversion efficiency was
over 60% in evaporating water experiment of hierarchical cauliflower-shaped nanos-
tructure on a Cu surface. Authors claimed that such a technology could provide a
reliable, cost-effective, and simple way of realizing effective solar energy utilization.

2.5 Carbon Nanostructures

Liu and his co-researchers [30] developed carbon-black-based superhydrophobic
gauze to enhance solar evaporation at the water surface. It was developed by dip-
coating in a solution that contains 1.5 g of CB nano-particles, 1 g of PDMS and
30 ml of hexane. The developed superhydrophobic gauze was able to float naturally
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on water, absorb light efficiently and localize the heat at air–water interface leading
to high evaporation rate needed for effective desalination.

Liu et al. [31] fabricated a geopolymer-based mesoporous carbon composite
(GBMCC) device to generate water vapour by harvesting energy from the sun. The
device could able to achieve an evaporation rate of 1.58 kgm−2 h−1 under one sun
illumination, with light to the heat conversion efficiency of up to 84.95%.

Mu et al. [32] developed a monolithic carbon aerogels having randomly
concentrated hollow-carbon-nanotubes (HCNTs) by carbonization of microporous
nanotubes. In order to increase the hydrophilic nature, they treated the developed
aerogels with sulphuric acid/ammonium peroxydisulfate, which results in quick
transportation of water molecules. The device could able to absorb 99% of light and
gave a high photothermal conversion efficiency of 86.8% under one sun illumination.

Liu et al. [33] fabricated versatile photothermal steam generation device by depo-
sition of hierarchical porous carbon (HPC) on hydrophilic thin paper. The HPC was
prepared by carbonization of dehalogenated polyvinyl chloride. The small pores
sizes of HPC facilitated quick water and vapour transportation. The device achieved
a record evaporation rate of 7.87 kgm−2 h−1 with a high energy conversion efficiency
of 95.8% under five solar sun intensity of 5 kWm−2. Table 1 displays the different
nanostructures, wavelength range in which the nanostructure is most effective, light
absorption percentage and light to heat conversion efficiencies.

Table 1 Nanostructures types, wavelength range, light absorption and steam generation efficiency

S. No. Type of nanostructure Wavelength range Light absorption Steam generation
efficiency (%)

1. Al NP/AAM [22] 500–2500 nm >96% 88.4% under 4 sun

2. Au-NP/AAM [23] 400 nm–10 µm ~99% 90% under 4 sun

3. HfN NP/AAM[24] 300–1300 nm Not given 95% under 1 sun

4. Pd-Plasmonic wood
[25]

200–2500 nm ~99% 85% under 10 sun

5. Wood-GO composite
[26]

500–1100 nm >80% ~ 83% under 12
sun

6. Plasmonic wooden
flower [27]

420–2500 nm 98.65% 97.6% under 1 sun

7. Cu nanostructure [29] 200–800 nm ~98% >60% under 1 sun

8. GBMCC [31] 250–2500 nm 90–95% 84.9% under 1 sun

9. Carbon aerogels [32] 200–2500 nm ~99% 86.8% under 1 sun

10. Hierarchical porous
carbons [33]

250–2500 nm ~91% 95.8% under 5 sun
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3 Conclusions

• The paper explains types of nanostructures that exhibit plasma-enhanced reso-
nance,wave-guide effect, interfacial heat localization and capillary action,making
them efficient solar desalination devices.

• The light absorption characteristics of all these nanostructures are above 96% for
a wide range of wavelengths.

• The combinationof the substantial desalination effect, superior stability, lowmate-
rial price, abundance and scalable manufacturing processes suggests that this type
of nanostructure device can give a portable desalination solution.
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Improving Frontal Body Shape
of Locally Built FSR Isuzu Bus
for Reduction of Aerodynamic Resistance

Bahiru Belachew, Ramesh Babu Nallamothu, Seshu Kishan Nallamothu,
and Anantha Kamal Nallamothu

1 Introduction

Buses are a basic piece of aman’s transportation framework.Buses aremade to satisfy
the consistently developing requests of clients [1]. In contemporary, transportation
by bus is less expensive and simpler; however, it has disadvantages due to the air
contamination that originates frommotor fumes gases [2, 3]. Decreasing the mileage
of business buses is fundamental for colossal armadas of buses that are utilized each
day to convey enormous quantities of travellers to delayed separations [4]. They are
incapable as far as fuel utilization; hence, to diminish the fuel utilization of vehicles,
the streamlined features of bus shapes increment to theworth. The efficiently effective
structure of the bus diminishes the drag force expanding eco-friendliness [5].

Fuel consumption spent on aerodynamic drag is more than ½ of the energy
consumption of the vehicle. Out of the total drag, 80% is pressure drag and the
boundary layer separation from the surface of the rear window due to the vehicle
geometry, very much influences the pressure drag. It is found that around 40% of
the drag force is generated at the rear after the body of the vehicle [6, 7]. The study
on [8] showed that heavy vehicles due to their large frontal area and bluff shapes are
ineffective aerodynamically and consumption of fuel to overcome drag mounts to
65%. Streamlined obstruction represents more than ¾ of largely motor power while
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working at higher speeds since the drag is proportional to the square of the speed.
As the motor burden rises essentially, which furtherly raises the fuel utilization rate
[9–11].

This study emphasis on the vehicle’s optimal design mostly drags imports for
the bus that impacts legitimately fuel utilization. FSR Isuzu buses, the design has
inefficient on the overall performance due to aerodynamics. So, it focuses to diminish
the streamlined obstruction of the FSR Isuzu bus by improving aerodynamic body
shape.

2 Methodology

Numerical simulations of different FSR Isuzu bus configurations were been
performed. Started with an evaluation of the baseline simulation, Compared to base-
line model, in modified models drag force observe to be reducing. For each shape,
the CFD analysis was done, following the process described (Fig. 1). According to
the investigation on [12], the acceptable level of drag reduction was considered from
the design point of view.

Fig. 1 CFD flowchart
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Fig. 2 Existing FSR Isuzu bus

2.1 Benchmarking the Baseline Model

This baseline model is one of the FSR Isuzu countrywide bus shapes (Fig. 2). The
dimensions of the body are almost considered for aerodynamic analysis; FSR Isuzu
buswas benchmarked for the study. It is themost recentmodelwell known inEthiopia
these days.

The current situation prompts the study of the bus since this bus is used by many
government and private organizations as a service and public transports. However, the
design has inefficient in the overall performance due to aerodynamics. The dimen-
sions of the body that are almost considered for aerodynamic analysis were bench-
marked for the study and the geometry creation was no more than 7% of the actual
dimension [13–15].

2.2 Design Scaled-Down Model Specifications

FSR Isuzu bus was chosen for this study; it ought to be noticed that the CAD model
utilized was not an accurate imitation of the FSR Isuzu transport, yet it is a rough
model (Tables 1 and 2).

The first bus, for providing better-streamlined flow, has front tapering [1]. The
second and third buses have an aerodynamically shaped and front tapering with drag
reduction-curved device. Other parameters are similar to the first bus. The fourth
bus has an aerodynamically shaped front with complete tapering. It also has a front
side and roof smoothness toward the rear end as shown in Fig. 3. As investigated on
[16–19] that a reduction of 14% of streamline drag is achieved, which compares to
an 8.4% decrease in fuel utilization with a curved device.
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Table 1 Bus specifications

Make Isuzu FSR, Japan

Model FSR 33L

Seating capacity 44

GVW (kg) 11,000

Cargo dimension (L × W × H) (mm) 9200 × 2350 × 3000

Wheelbase (mm) 4770

Front overhang 1700

Rear overhang 2730

Engine type Diesel, 6cyl, Inline OVH, Direct injection, Water cooled
6HH1-N

Capacity (cc) 8226

Max output (hp/rpm) 175/2850

Transmission Manual, 5 forward speed with overdrive

Brakes front/rear The air over hydraulic dual circuits and drums

Fuel tank capacity (L) 200

Tyre size front/rear 8.25-R20 radials

Table 2 Aerodynamic specification

S. No. Aerodynamic specifications

1 Front tapering with an angle of 15° to 25°

2 Maximum trailing edge radius of 100 mm

3 Minimum front Fairing radius of 100 mm

4 Curved device for drag reduction is added at the front of the bus

5 Curved front end

9 Front-top, middle, and bottom fairing of 100 mm, 80 mm, and 40 mm radius,
respectively

7 Complete front top fairing with smoothing surface

8 Bottom fairing and smoothing surface

2.3 Driving Speed Selection

The setting of speed limits has proven an effective measure to manage driver’s speed
and thereby the risk of road accidents. The experienced importance of the other
factors are.

• Driver background (age, gender, driving, experience, and other characteristics)
• Trip characteristics (travel purpose and trip length)
• Motives (time, pressure, safety, pleasure, and fear of apprehension)
• Car characteristics (make, model year, equipment, and power output)
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Model 1
Model 2

Model 3 Model 4

Fig.3 Geometrical modeling of all bus models

• Driving speed limit enforcement of the Ethiopian government.

2.4 Turbulence Modeling

In this study, the realizable k-ε turbulence model (RKE) described in the turbulence
modeling section was used. The solver used for the analysis is ANSYS 18.1 and
it solves the governing equations numerically by using a control volume method.
Pressure-based implicit solver was selected [3, 5, 20]. It solves the momentum and
continuity equations sequentially. It solves the equations using the second-order
upwind method by considering the flow is incompressible and steady. The well-
known robust turbulence k-εmodel is selected [21–23]. Due to its quick convergence
with moderate accuracy, this model was selected. The realizable k-ε model predicts
more precisely the spreading rate of both round and planar. Non-physical turbulent
viscosities are produced by the realizable k-εmodel in situationswhen both stationary
and rotating zones are existing in the computational domain [10, 24, 25]. Pressure
field was calculated using pressure and velocity coupling. No independent equation
is available to calculate pressure because the fluid is considered incompressible.
The second-order upwind method is applied for the solution of the kinetic energy,
momentum, kinetic energy, and the dissipation rate.

2.5 Geometry Generation

The initial step on the familiar arrangement was to characterize the geometry that
would be displayed bySolidWorksCADsoftware to represent the air surrounding the
bus. After the vehicle model has uploaded, an enclosure was generated surrounding
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Table 3 One-fourteenth of
the existing dimension for
wind tunnel enclosure in
fluent

Upstream Downstream Width Height

1.1403 m 3.0702 m 1.694 m 0.903 m

it. The enclosure was designed based on the recommendation fromfluent for accurate
results. The dimensions of the control volume that was generated approximately 10L
× 2L × 1.5L where L = 0.644 m. The enclosure command was used to generate
control volume [26, 27]. To make sure that all necessary turbulent length-scales in
the flow was captured, the developed model was placed in the control volume with
a spacing of 6.6L downstream and 2.4L upstream [13]. As recommended by Rodi,
the appropriate dimensions of computational wind tunnel were as follows: for the
upstream length 3.5 times, the overall height of the bus model, for the downstream
length 9 times the height, for the width 10 times the height, and 6 times the height for
the height of the wind tunnel [11]. Therefore, for better accuracy, the average values
were taken. In general commercial buses, like all other vehicles, are geometrically
symmetric about their longitudinal axis; to achieve this symmetry, plane is inserted
along the XY-plane of the bus.With this, the bus model was cut in half longitudinally
[3, 12] (Table 3).

For avoiding themeshing of the removed volume, the volumewas subtracted from
the control volume by using aBoolean operator. It does not affect the solution because
the software fluent takes no-slip condition on surfaces where the volume is removed.
It reduces the size of the mesh, thereby considerably reduces the computational time.

2.6 Meshing Generation

A polyhedral mesh type was developed in this study. Polyhedral or hexahedral or a
hybrid of both is generally recommended to be used in the ANSYS fluent software
[3, 12]. It is utilized for decently complex geometry like the bus model in this investi-
gation. Converted polyhedral meshes rather than constructed in the mesh component
of the setup in fluent, which is used to reduce the cell count When meshing type
changed from tetrahedral mesh to polyhedral mesh, the cell count reduced and the
computational time also reduced. For having minimum size elements around the
curvature of the bus and gradually increased the size of elements as moving away
from the surface of the bus, advanced size function was used. Finally, unstructured
tetrahedral hybrid elements of 620,866 for model 1,737,366 for model 2, 750,991
for model 3, and 1,532,367 for model 4 were generated at symmetry plane (Fig. 4).
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Fig. 4 Baseline model with unstructured polyhedral mesh at the symmetry plane

Table 4 Boundary conditions

Boundary Boundary conditions Values

Inlet Constant velocity v = 60 kmph, 80 kmph and
100 kmph

Turbulent intensity 1%

Intensity and viscosity ratio 10

Outlet Pressure outlet Constant pressure =
101,325 N/m2

Road Wall is moving, specified shear v = 60 kmph, 80 kmph and 100
kmph

Vehicle surface No-slip-stationary wall –

Domain top and side
(Enclosure)

Wall is stationary with no-slip –

2.7 Boundary Conditions

Rotating wheel on moving road condition was used for carrying out the analysis.
Only head on wind was considered in this analysis. Three different vehicle speeds
of 60 kmph, 80 kmph, and 100 kmph were selected for the analysis (Table 4).

2.8 Fluent Setup and Simulation Procedures

All models of the busses with and without front fairings are simulated by fluent
software using the realizable k-ε model. The polyhedral mesh is used to run the
realizable k-ε turbulencemodel. The simulationswere runwith a velocity of 60 kmph,
80 kmph, and 100 kmph impeding the motion of the bus, which is a boundary
condition. The velocity’s origin was set at the named section “Velocity inlet” in
the direction of the named section “Pressure outlet” about the “Air”. The turbulence
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intensitywas reduced to 1% for the velocity inlet. For the pressure–velocity coupling,
coupled scheme was chosen. For study flows, like the flow assumed in this work,
this coupled scheme is more efficient and robust. Coupled scheme was employed.
The flow courant number was set to 30 for the first time and second 50 while both
the explicit relaxation factors for momentum and pressure to 0.25 were tested. The
reduced explicit relaxation factors allowed for a quicker convergence of a skewed
mesh, about 0.85. A factor of 0.95 is taken as the turbulent viscosity relaxation
factor. Convergence was defined as the drag coefficient residual remaining constant
at the 1 × 10−5 value for ten consecutive iterations [12]. When convergence was
reached, the solution was analyzed to determine the effectiveness of new designs
being studied.

2.9 Grid Independence Test

As the complexity of the geometries increases, the structuredmeshes become skewed
extremely, and may lead to inaccurate solutions and unphysical solutions and can
cause increased computational time [14]. CFD should give the solutions independent
of the grid/mesh used in the numerical calculations.

For ensuring the obtaining of independence from the grid type, an analysis is to
be conducted using various grids of increasing node density. When the values of the
variables of interest like pressure, velocity, wall stress, etc., are not varying with a
number of nodes in the grid, then one can say grid independence is obtained (Fig. 5).

The results showed that consistency atmesh element after 543,740 at the symmetry
plane has similar output.

Fig. 5 Grid independence test at the symmetry plane for the baseline model
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(a) (b)

Fig. 6 Pressure contour of model 1 (a) and velocity streamline of model 2 (b) at 100 kmph,
symmetry

(a) (b)

Fig. 7 Velocity contour of model 3 at 80 kmph (a) and pressure contour of model 4 at speed of
80 kmph (b)

3 Results and Discussions

3.1 Pressure and Velocity Distribution of Different Models
at Varying Speeds

See Figs. 6 and 7.

3.2 Comparing Drag Coefficient and Lift Coefficient

Based on established data, on the results of the previous section, overall views of
all cases have been demonstrated (Table 5). It is clear that the lowest value Cd =
0.4141, which corresponds to a total drag reduction of 24.03%, is obtained for case
model 4. This is the case with modification of the frontal by slight curvature. This is
the best case. However, the worst case is model 1 with Cd = 0.5748 and total drag
increased to 4.25%.
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3.3 Comparing Drag Force and Lift Force

The drag force is derived from the drag coefficient whereas the lift force is derived
from the lift coefficient.

FD = 1

2
ρACdv

2 and FL = 1

2
ρAClv

2 (1)

The deviance of the drag force of the second- and third-bus models regarding the
baseline model bus will give a clear idea about how much the drag force increases
as the speed of the vehicle increases. From Table 5, it is observed that the values of
lift forces are negative, which is very much necessary to increase the road-holding
capacity of the vehicle and improve the steerability of the bus. Model 4 has a better
drag force and lift force than the baseline model that can be important in stability
and road-holding capability. This is due to the front streamlined shape modification
in model 4.

3.4 Power and Fuel Savings

According to Kim [15] power saved on the streamlined bus model comparing the
original bus model, given by

Psav = (Fd(Model−0) − Fd(Model−X)) ∗ vbus (2)

The power required to pull the bus against the resistance in a level road surface is
calculated and their corresponding values for various speeds are given in Table 5.

P = FtV

ηt
(3)

where P = Power, Ft = Total resistance, v = Vehicle speed, and ηt = transmission
efficiency with input parameters of symmetry body [Air density in kg/m3 = 1.225,
frontal area in m2 = 3.525, mass in kg (m) = 1100, transmission efficiency (ηt ) =
0.9].

Fuel saved by the reduction in drag force Kim [15]:

ṁfuel = Psav
QLHV ∗ ρfuel ∗ ηengine

(4)

where QLHV = 42.5 MJ/kg is the lower heating value of diesel fuel, ρfuel =
860 kg/m3is the fuel density at ambient temperature, and ï engine = 35% is the
thermal efficiency of the diesel engine.
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Fig. 8 Power required graph at various speeds for all models

Fr = (0.015 + 0.00016V )W (5)

where v = bus speed in m/s,W = weight of bus in N

Ft = Fd + Fr + Fg (6)

where Fd—Drag force, Fr—Rolling resistance, Fg—Gravitational force but Fg = 0
(leveled surface) = Wsin θ.

As presented in Fig. 8, total resistance to come up with model 1 is more than the
others are, and model 4 has less resistance force. Therefore, about 3.45% of total
power was lost in model 1 and 17.73% of power was saved by model 4, which is
maximum for the baseline model at 80 kmph.

The power required bymodel 1 is greater thanmodel 2, model 3, andmodel 4. The
power required in model 4 is much lower than the remaining models, which indicates
model 4 consumes less fuel than the three models and similarly, model 1 consumes
more than model 3 and model 4. Therefore, model 1 needs major improvements.
Model 4 has suitable power and fuel utilization as shown in Table 5.

3.5 Reduction of Fuel Exhaust Emission

The investigation on vehicles [13] shows the consumption of the fuel by ground
vehicles is high and emissions account for over 30% of CO2 and other greenhouse
gas (GHG) emissions. One liter of diesel weighs 835 g. Diesel consists of 86.2% of
carbon or 720 g of carbon per liter diesel. To combust this carbon to CO2, 1920 g of
oxygen are needed. The sum is then 720 + 1920 = 2640 grams of CO2/liter diesel.
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Fig. 9 Grams of emission produced at various speeds for all models

Thus,

CO2 produced = x lFuel-consumed × 2640 g

Y km
(7)

where x is liters of fuel consumed and y is km traveled.
From this investigation, the percentage reduction of the modified model relative

to the baseline model was calculated to be 15.72115%, 18.85444%, and 17.73115%
emissions reduced inmodel 4 at 60kmph, 80kmph, and 100kmph, respectively. Thus,
the average emission reduction was 17.87284%, as shown in Table 5. As shown in
Fig. 9 that average emission on modified models indicates, there is a maximum
reduction in model 4.

3.6 Comparison with Similar Works of ASTU

Yesfalgn andRamesh [18]modeled a newbus body design comparedwith theYutong
cross-country bus by using a turbulence model with quadrilateral mesh. The new bus
concept was based on the frontal area. They found that the drag force reduction was
about 34.4%. Lelalem [19] modified only the frontal part and add-on the device used
as a drag reduction device. He simulated the model using the RKE turbulence model
with converted polyhedral mesh. The results showed that the drag coefficient was
reduced by 22.754%. In this work, the total amount of drag force reduction was about
24.03% by frontal body modification. This investigation shows that qualified design
without any addition of a drag reduction device. This shows the high cost and drags
reduction with a small modification.



338 B. Belachew et al.

4 Conclusion and Future Work

4.1 Conclusion

The objective of the current investigationwas to develop a framework for a simplified
FSR Isuzu bus model frontal body geometry and aerodynamic shape optimization
with the dimensions obtained on actual bus and findings of the similar previousworks
using available CFD software. After this problem, initialization process, the CFD
model is generated. In the process of redesigning, four study cases, to improve the
aerodynamics of existing FSR Isuzu bus plying on Ethiopian roads, were investigated
and the reduction in total drag, emissions, and fuel was observed.

The drag coefficient was reduced from 0.5471 for the baseline model to 0.4141for
model 4; thus, the reduction in Cd is 24.03% at an average velocity of 80kmph.
Subsequently, the drag force has reduced from 581.07 N to 441.43 N, thus reducing
the power required to 15,841.87kw and about 3447.56 kW power can be saved
(17.87% reduction). The study indicated that model 4 has lesser CO2 emissions,
147.11738 g/km by17.87 percentage reduction on average due to due to reduced fuel
consumption (0.256296 gal/h).

The study indicated that modifications made on the front reduced drag by approx-
imately streamlining the frontal body shape and only slanting of the front have
increased the drag as shown in model 1. Thus, reduced the drag force, results in
increased performance of the bus, reduced emission release to the atmosphere, and
reduced fuel requirement. Therefore, the objectives are been achieved.

4.2 Future Work

It is recommended that the proposed framework should be implemented on the overall
exterior geometries in the future and besides, the curved device modification should
be applied to the rear bus geometry. In the current investigation, only numerical
analysis is performed, so in the future, wind tunnel, experimental test results should
be compared with the same models. The effects of aerodynamic drag on the inclined
roads are should be studied.
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