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Preface

International Conference on Computational and Experimental Methods in
Mechanical Engineering (ICCEMME 2021) has been the third conference of its
series organized by the Department of Mechanical Engineering of G. L. Bajaj
Institute of Technology and Management, Greater Noida, Uttar Pradesh, India. The
institute is located in the vicinity of the industrial hub. Therefore, it was decided to
provide a forum to bring together scientists, speakers from industries, university
professors, graduate students, and mechanical engineers, presenting new research in
science, technology, and engineering.

This book includes Research articles from various areas of thermodynamics, heat
transfer, computational fluids dynamics, multiphase fluids fluid measurement, as
well as thermal energy systems including internal combustion engines, refrigera-
tion, and heat exchangers. The group members have experience of carrying out
cutting-edge and international-recognized researches. The other members’ expertise
matches and can strongly support the above research areas. The cross-disciplinary
nature of fluids and thermal engineering, interactive expertise in fluids, thermody-
namics, two-phase flow and phase changes, and heat transfer can help promote the
individual’s collaborations in not only fundamental researches but also applied
technological studies. During the conference, about ten delegates were joined from
various countries and delivered keynote lectures on the theme of the conference. All
papers were critically reviewed by two reviewers from national/international
authors.

Furthermore, we would like to extend our appreciation to all the authors for
contributing their valuable research in the conference. The committee is also
grateful to all reviewers who spared their time to carefully review all the assigned
research articles and to all the committee members for their great effort for making
the conference a grand success.

We are thankful to all sponsored agencies who gave us their cooperation and
funding support.
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We are thankful to our management and director of G. L. Bajaj Institute of
Technology and Management, Greater Noida, Uttar Pradesh, India, for their con-
tinuous source of inspiration and valuable support. We are thankful to all the
members of the organizing committee for their contribution in organizing the
conference. Last but not least, we thank Springer for its professional assistance
and particularly Ms. Priya Vyas and Ms. Sushmitha Shanmuga Sundaram who
supported this publication.

New Delhi, India Prof. (Dr.) L. M. Das
Greater Noida, India Prof. (Dr.) Abhishek Sharma
Muscat, Oman Dr. Fitwi Yohaness Hagos
Greater Noida, India Dr. Sumit Tiwari
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Transport Phenomena in a PWR
Subchannel Replete with Al2O3–TiO2/
Water Hybrid Nanofluid: A CFD
Approach

Md Yeashir Arafat , Shashwata Chakraborty, and Debashis Datta

Nomenclature

cp Specific heat
d Diameter
f Friction factor
g Gravitational acceleration
h Convective heat transfer coefficient
i, j Unit vector
k Turbulence kinetic energy
l Length
Nu Nusselt number
P Pressure
q″ Heat flux
Re Reynolds number
T Temperature
u Velocity component
u′ Turbulent fluctuating quantity
V Velocity
x, y, z Coordinates
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Greek Letters

l Dynamic viscosity
q Density
k Thermal conductivity
u Nanoparticle volume fraction

Subscripts

av Average
b Bulk
bf Base fluid
h Hydraulic
in Inlet
nf Nanofluid
np Nanoparticles
w Wall

1 Introduction

The concept of nanofluid introduced a couple of decades ago has thrived in
numerous engineering applications including industrial cooling, nuclear reactors,
automotive cooling, heat exchangers, biomedical field, and so on. In general,
nanofluids are prepared by dispersing individual solid particles, fibers, or tubes with
sizes less than 100 nm in various base fluids having thermal conductivity
remarkably lower than that of solids. The commonly used nanoscale particles also
called nanoparticles are Al2O3, CuO, TiO2, SiO2, Cu, SiC, etc., while H2O and
C2H6O2 are the most traditional base fluids [1]. The advent of hybrid nanofluid, an
emerging technique of suspending mixture or composite of dissimilar nanoparticles
in a particular base fluid, has taken the nanotechnology-based thermofluids to
another dimension. The potentiality of Al2O3–TiO2/water hybrid nanofluid has
grown significant contemplation among the researchers that are well reflected in
present-day studies in the literature [2].

Energy efficiency is of prime concern in nuclear power generation which is
substantially hindered owing to inadequate heat removal from the reactor core.
Therefore, nanofluids are being carefully considered to enhance the cooling
capacity as well as the safety aspects of a nuclear reactor [3]. Several researchers
have made notable contributions till date to evaluate the possibility and compati-
bility of different nanofluids as reactor coolants. Nazififard et al. [4] observed a
significant pressure drop in the PWR subchannel upon replacing pure water with

2 M. Y. Arafat et al.



Al2O3/water nanofluid. Ghazanfari et al. [5] noticed a reduction in central fuel
temperature, while alumina nanoparticles are dispersed in reactor coolant. Bahrevar
et al. [6] identified a lower pressure drop in the SCWR subchannel due to the
application of alumina nanofluid as a coolant. Saadati et al. [7] reported the nuclear
reactor to be safer when Ag/H2O nanofluid is chosen as coolant ascribed to high
negative reactivity temperature coefficient.

Though a number of researches have been conducted involving alumina, titania,
or zirconia nanofluids in nuclear reactor subchannel, authors are not aware of the
implication of any hybrid nanofluid for reactor cooling. Therefore, in this article,
efforts are aimed to numerically analyze the cooling performance of Al2O3–TiO2/
water hybrid nanofluid in a PWR subchannel under turbulent forced convection
conditions. The nanoparticle concentration is varied from 1 to 4% while the
Reynolds number from 20,000 to 80,000. The effectiveness of the hybrid nanofluid
compared to its base fluid is evaluated based on heat transfer rate, frictional loss,
and thermal performance factor as per the recommendation of IAEA Safety Reports
Series No. 30 [8].

2 Thermophysical Properties

The homogeneous mixture of aluminum oxide and titanium oxide nanoparticles
suspended in pure water is assumed to be a single-phase flow, isotropic, incom-
pressible, and Newtonian fluid [9]. The velocity and temperature of dispersed
hybrid nanoparticles are considered to be equal to those of base fluid [9].

The effective thermophysical properties i:e:; qnf ; cp
� �

nf ; knf ; lnf
� �

of hybrid
nanofluid can be determined from the following formulae of Sharma et al. [10].

qnf ¼
u
100

� �
qnp þ 1� u

100

� �
qbf ð1Þ

qcp
� �

nf¼
u
100

qcp
� �

np þ 1� u
100

� �
qcnp
� �

bf ð2Þ

knf ¼ kbf 0:894 1þ u
100

� �1:37
1þ Tnf

70

� �0:278

1þ dnp
100

� ��0:034 anp
abf

� �0:017
" #

ð3Þ

lnf ¼ lbf 1þ u
100

� �11:3
1þ Tnf

70

� ��0:038

1þ dnp
170

� ��0:061
" #

ð4Þ

The thermophysical properties of base fluid (water) and solid nanoparticle
(Al2O3, TiO2) are specified in Table 1 [11]. Table 2 presents the effective
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thermophysical properties of the hybrid nanofluid calculated for the nanoparticle
diameter of 30 mm, nanofluid temperature of 293 K, and nanofluid concentrations
uð Þ of 1, 2, and 4%.

3 Mathematical Modeling

The steady-state, turbulent-forced convection flow has been employed on the
subchannel of a standard PWR occupied by Al2O3–TiO2/water hybrid nanofluid.
Figure 1 shows the schematic view and meshing surfaces of the subchannel con-
sidered in the numerical analysis. The design parameters of the subchannel model
having flow symmetry are adopted from the previous study in the literature and
presented in Table 3 [12]. The continuity, momentum, and energy equations which
govern the mathematical model are as follows [12].

dhuii
dxi

¼ 0 ð5Þ

dhuiihuji
dxj

¼ � d Ph i
dxi

þ d
dxj

l
d uih i
dxj

þ d uj
� 	
dxi

� �
� q u0iu

0
j

D E
 �
þ qgi ð6Þ

d
dxi

huii qEþPð Þð Þ ¼ d
dxi

keff
dT
dxi

þ uj sij
� �

eff

� �
ð7Þ

For simulating turbulence in ANSYS FLUENT, the k-e turbulence model has
been applied [9].

Table 1 Thermophysical properties of solid nanoparticles and base fluid [11]

Nanoparticles/base fluid q kg/m3
� �

cp J/kgKð Þ k W/mKð Þ l Ns/m2
� �

Al2O3 3,970 765 40 –

TiO2 4,250 686.2 8.95 –

water 997.1 4,179 0.613 0.001

Table 2 Effective
thermophysical properties of
Al2O3–TiO2/water hybrid
nanofluid

u qnf
kg/m3
� � cp

� �
nf

J/kgKð Þ
knf
W/mKð Þ

lnf
Ns/m2
� �

1% 1,028.23 4,040.96 0.635 0.001097

2% 1,059.36 3,911.04 0.643 0.001227

4% 1,121.62 3,672.82 0.661 0.001528
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The local and average heat transfer coefficient, average Nusselt number, and
pressure drop associated with flow friction can be defined by the following for-
mulae [4].

h zð Þ ¼ q00

T zð Þw�T zð Þb
ð8Þ

hav ¼ 1
l

Zl

0

h zð Þdz ð9Þ

Nu ¼ havdh
k

ð10Þ

DP ¼ flqv2

2dh
ð11Þ

Fig. 1 Subchannel of a typical PWR. a Schematic view, b meshing surfaces generated in ANSYS
fluent

Table 3 Design parameters
of the subchannel of a typical
PWR [12]

Parameters Values (mm)

Length, l 600

Fuel rod diameter, df 9.5

Fuel rod pitch, pf 12.54

Hydraulic diameter, dh 11.8
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3.1 Boundary Conditions

A constant heat flux of 0.05 W/mm2 is defined for the hydrodynamically smooth
fuel rod surface. Fluid is assumed to enter the subchannel at 293 K. The inlet
velocity (Vin) of nanofluid is varied along with the Reynolds number and
nanoparticle concentration following the correlation Re ¼ qvdh=lð Þ. The range of
Re is maintained within 20,000 and 80,000, while u is altered from 1 to 4%.
A relative average zero pressure is specified at the outlet of the subchannel. The
length of the subchannel is taken to be long enough to obtain fully developed
temperature and velocity profiles. Symmetry boundary condition has been applied
for the fluid region.

3.2 Numerical Procedure

The computational fluid dynamics (CFD) model has been solved in
ANSYS FLUENT software using the SIMPLER algorithm. Governing equations
were discretized involving the second-order upwind scheme. Convergence criteria
of the solution are set at residuals � 10−7. A mesh sensitivity check has been
performed for the single subchannel at Re = 80,000, u = 4%, and the outcomes are
presented in Table 4. A minor change has been observed in average Nusselt
numbers for the mesh elements between 639,496 and 694,245. Hence, mesh ele-
ments of 639,496 have been chosen to conduct the numerical simulation. Moreover,
the hexahedral mesh type is selected to attain better solution accuracy.

Table 4 Mesh sensitivity check on subchannel geometry at Re ¼ 80; 000 and u ¼ 4%

Mesh elements 348,816 465,088 581,360 639,496 694,245

Nu 535.68 551.284 558.31 561.107 562.087

|Error| – 2.83% 1.258% 0.498% 0.175%

Fig. 2 Numerical code validation. a Nusselt number, b friction factor
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3.3 Code Validation

For validating the CFD approach, a single subchannel holding Al2O3–TiO2/water
hybrid nanofluid has been considered. The average Nusselt number of the com-
putational domain at u ¼ 4% has been compared with the correlations of Pak and
Cho [13] experiment and Maїga et al. [14]. Moreover, the pressure drop/friction
factor results data have been validated adopting the Blasius formula
f ¼ 0:3164Re�0:25
� �

and Vajjha et al. [15] experimental correlation. It is perceived
from Fig. 2 that the results of the present numerical solution are congruent with the
proposed correlations and predictions. However, comparatively higher deviations
have been observed among the CFD data and the correlations derived from
experiments [13, 15] as ideal conditions are considered in our study.

4 CFD Results

4.1 Temperature Profile

Temperature contours of the subchannel outlet for both pure water and hybrid
nanofluid (u ¼ 4%) at Re ¼ 80; 000 are presented in Fig. 3. Comparatively lower
and improved temperature distribution has been observed for the hybrid nanofluid
than its base fluid for a particular Reynolds number. The temperature profile across
the subchannel midline (z-axis) under variable u, and Re is illustrated in Fig. 4.
Coolant is assumed to enter the subchannel at a predefined temperature, and the
temperature rises steadily as it flows through the subchannel by absorbing heat from
the fuel rod surfaces. Therefore, maximum coolant temperature is noticed at the
subchannel outlet in all cases considered. The bulk temperature decreases with the
increment in nanoparticle concentration and/or Reynolds number given that
nanoparticle inclusion contributes to enhanced thermal conductivity, while
increasing Reynolds number leads to higher inlet velocity.

Fig. 3 Temperature contours of the subchannel outlet at Re ¼ 80; 000. a u ¼ 0%, b u ¼ 4%
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4.2 Velocity Profile

Velocity contours of the subchannel outlet for 0 and 4% hybrid nanoparticle con-
centration at Re ¼ 80; 000 have been depicted in Fig. 5. At a particular Re, Vin

varies along with the effective density and dynamic viscosity upon altering the
nanoparticle volume concentration in a certain nanofluid. Hence, higher input and
output velocities are noted with increasing u than the pure liquid. However, the
similar contour patterns at a fixed Re depict the proportionate change in the velocity
profiles with respect to their corresponding inlet velocities at variable nanoparticle
concentration.

From Fig. 6a, it has been perceived that the coolant centerline velocity rises
continuously until the flow becomes hydrodynamically fully developed. For the
computational domain under consideration, the fully developed regions have been
marked at z ¼ 24dh and z ¼ 28dh approximately for Re ¼ 20; 000 and
Re ¼ 80; 000, respectively. Moreover, the values of velocity ratio (V=Vin) reduce
with the increment of Reynolds number on account of comparatively uniform

Fig. 4 Temperature profile across the subchannel centerline. a Re ¼ 20; 000, b Re ¼ 80; 000

Fig. 5 Velocity contours of the subchannel outlet at Re ¼ 80; 000. a u ¼ 0%, b u ¼ 4%
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velocity profiles at higher Re [4]. Furthermore, Fig. 6b indicates that the velocity
ratio along the subchannel centerline is independent of u at a specific Re under the
assumptions considered in the conducted CFD study.

4.3 Heat Transfer

Figure 7 depicts a linear rise in h and Nu upon augmenting u and Re within the
computational domain under consideration. Though the outcomes of nanoparticle
dispersion are inconsiderable at u ¼ 1%, it becomes prominent at u ¼ 4%.
The CFD results confirm that the highest heat transfer rate takes place at the
maximum Re for an individual nanoparticle content u. Enhancement of heat
transfer coefficient by 0.9%, 3.5%, and 17.2% and Nusselt number by 4.5%, 8.6%,
and 8.8% has been identified for 1%, 2%, and 4% volume fraction of hybrid
nanoparticles, respectively, at Re ¼ 80; 000 compared to pure fluid. This heat

Fig. 6 Velocity ratio along the subchannel centerline (z-axis). a u ¼ 4%, b Re ¼ 80; 000

Fig. 7 a h versus Re graph, b Nu versus Re graph
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transfer exaltation in hybrid nanofluids can be ascribed to their superior thermo-
physical properties particularly the enhanced thermal conductivity upon Al2O3–

TiO2 hybrid nanoparticles inclusion [4, 9].

4.4 Pressure Drop

A linear decrease in coolant centerline pressure has been recorded along the length
of the subchannel until it reaches the outlet with nearly zero pressure for all con-
sidered nanoparticle concentrations as illustrated in Fig. 8a. Figure 8b suggests an
increase in pressure drop along with u and Re inside the computational domain.
Additionally, maximum pressure drops have been noticed at the uppermost Re for a
particular u. The coolant velocity elevation along the subchannel and enhanced
viscosity at higher u may be the leading contributors in suppressing the fluid
pressure along its flow direction [11, 16]. The CFD results reveal pressure drop
escalation by 17%, 42%, and 107% approximately for 1%, 2%, and 4% volume
hybrid nanofluid, respectively, at Re ¼ 80; 000 with respect to the base fluid.

4.5 Thermal Performance Factor

Suspension of Al2O3–TiO2 hybrid nanoparticle in pure water has emanated
enhanced heat transfer coefficient in the subchannel coolant. Meanwhile, aug-
mented viscosity has generated significant pressure drop which is undesirable and
associated with energy loss. Hence, the thermal performance factor of the hybrid
nanofluid should be evaluated to assess its compatibility for cooling operation. The
thermal performance factor can be defined as follows [16]

Fig. 8 a Coolant pressure distribution across the subchannel centerline at Re ¼ 80; 000, b relation
between pressure drop and Reynolds number
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Thermal performance factor ¼ Nunf=Nufð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fnf=fnfð Þ3

p ð12Þ

where thermal performance factor [ 1:0 signifies energy gain.
The thermal performance factor of hybrid nanofluid against variable nanoparticle

concentration and Reynolds number are found to be greater than one in all con-
sidered cases as presented in Fig. 9. Hybrid nanofluid at u ¼ 4% is perceived to be
most economical with a performance factor = 1.05 approximately. Moreover,
Fig. 9 suggests that Re impacts little the thermal performance factor for the cases
considered. As pressure drop incurs a little penalty in pumping power, heat transfer
amelioration within a PWR subchannel introducing Al2O3–TiO2/water hybrid
nanofluid seems to be promising. However, the neutron absorptivity of the pro-
posed nanofluid must be investigated further to assess its feasibility in a nuclear
reactor.

5 Conclusions

A CFD simulation is executed to predict the thermal transport of Al2O3–TiO2/water
hybrid nanofluid contained in a PWR subchannel under turbulent-forced convection
conditions. The reasonability of hybrid nanoparticle inclusion in reactor coolant has
been assessed with regard to the key parameters (i.e., heat transfer coefficient,
pressure drop distribution, and thermal performance factor) recommended in IAEA
Safety Reports Series No. 30. The conclusions drawn from the present study are as
follows

1. Coolant centerline temperature is suppressed with the addition of hybrid
nanoparticles in water attributed to thermal conductivity enhancement in a
hybrid nanofluid. Maximum coolant temperature is always recorded at the outlet
of subchannel geometry.

Fig. 9 Thermal performance
factor versus Reynolds
number graph
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2. The flow becomes hydrodynamically fully developed at around z ¼ 24dh and
z ¼ 28dh for Re ¼ 20; 000 and Re ¼ 80; 000, respectively. Nanoparticle volume
fraction has no effect on coolant centerline velocity ratio (V=Vin) at a particular
Reynolds number under the assumptions considered in the present CFD study.

3. Suspension of 1, 2, and 4% hybrid nanoparticle in pure water has contributed to
the enhancement of heat transfer coefficient by 0.9, 3.5, and 17.2%, respectively,
along with Nusselt number by 4.5, 8.6, and 8.8%, respectively, at Re ¼ 80; 000.

4. Linear coolant pressure drop is observed across the length of the subchannel. 1,
2, and 4% hybrid nanoparticle inclusion in the base fluid has resulted in pressure
drop escalation by 17, 42, and 107%, respectively, at Re ¼ 80; 000.

5. Thermal performance factor [ 1:0 in all instances under consideration imply
that the application of Al2O3–TiO2/water hybrid nanofluid is economical
regardless of pressure drop penalty. However, neutron absorptivity investigation
in the proposed nanofluid is recommended to assess its compatibility in a typical
PWR.
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Performance Analysis and Optimization
of Ammonia-CO2 and Ammonia–
Propylene Refrigerant Pairs
for Cascade Refrigeration

Harvendra Singh, Kaushalendra Kumar Singh, and Harshit Bahri

1 Introduction

Due to hazardous effects of halogenated refrigerants, Montreal Protocol (1987)
initiated the phase out of CFC refrigerants. It was an agreement which was made in
the year 1987 with the member countries of United Nations Industrial Development
Organisations (UNIDO). Under this agreement, it was decided to phase down the
use of chlorofluorocarbon by the end of nineteenth century. Before 1987,
chlorofluorocarbon (CFCs), methyl chloroform, CTC Halon, and methyl bromide
have been used as primary refrigerant. Kigali Amendment followed by many other
amendments are done in this regard. As per agreement, the service of CFC
refrigerants was terminated. Therefore, it is imperative to search for some alter-
native refrigerant which are environment-friendly. Many studies are done in search
of alternative refrigerant couples. Due to environmental concerns caused by the use
of HCFC and CFC refrigerants, natural refrigerants are again being established as
the most important alternative refrigerants because of their inherent eco-friendly
characteristics Parekh et al. [1]. Alberto et al. [2] have been designed the condenser
for the cascade refrigeration system to operate eco-friendly refrigerant pair R
(404) A-R (508) A; this refrigerant pair has zero ozone utilization likely and
minimum global warming effect. The main objective of this model is to find out
heat transfer coefficient of both condensers. Cascade system is generally designed
to achieve temperature range up to −200 °C for the examination like cold storage,
medical science in blood banks, and other freezing system Rezayan and Bahbaninia
[3]. Sachdeva et al. [4] have been designed a model cascade refrigeration system on
the basis of vapor compression cycle. In this study, we use working fluid in low
temperature cycle in carbon dioxide (R744), ammonia (R717), propane(R290),
propylene(R1270), R(404)A, and high-temperature cycle in which we use the R12
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refrigerant. After that we are comparing the performance of the curve of NH3,
C3H8, C3H6, and R404A with R12, and we find out that ammonia is the best in
comparing with the R12 Parke et al. [5]. Nasruddin and Arnas [6] used a mixture of
CO2 and hydrocarbon in LTC and recommended to use the mixture in a proportion
of 63% ethylene 37% carbon dioxide in order to get the maximum effectiveness of
the mixture refrigerant. Natural refrigerant blends are good alternatives to the
solution of their low effectiveness Jadhav and Apte [7]. Low-temperature refrig-
eration systems obtained due to high pressure ratio and single-stage compression
systems are not recommended because they require higher compressor power
demand resulting in higher running cost Aminyavari et al. [8]. Lee et al. [9] per-
formed a two-dimensional multi-objective optimization to find an optimum cascade
condensing temperature which gives maximum COP and minimum exergy
destruction. Bhattacharya et al. [10] worked on two-stage internally reversible
cascade cycles to optimize the cooling load with respect to the intermediate tem-
perature. Getu and Bansal [11] found the values of optimal evaporator temperature
for a CO2–NH3 based cascade system in order to maximize its COP.

Instead number of studies regarding optimization and analysis of various
refrigerant pairs in cascade refrigeration system, a comparative analysis based
purely on natural refrigerant pairs has not been done so far in the reviewed liter-
ature. The aim of the study is to investigate the thermodynamic performances of
cascade refrigeration system using NH3–CO2 and NH3-propylene refrigerant pairs.

2 System Description

Figure 1 shows the representation of a cascade refrigeration system which is a
series combination of two single-stage refrigeration systems, one is lower tem-
perature cycle (LTC), and other is higher temperature cycle (HTC). Air from the
cold space is fed to the evaporator where the cooling effect is obtained by LTC
refrigerant evaporation. Then, the refrigerant is compressed by LTC compressor,
and after condensation in cascade heat exchanger, it is fed back to the evaporator
after undergoing expansion valve. The HTC refrigerant receives the heat in cascade
heat exchanger, and similar processes are performed in HTC cycle. The heat from
HTC refrigerant is rejected to the ambient environment in condenser through fan.
Figure 2 shows the thermodynamic cycles of LTC and HTC on T-s diagram.

3 Mathematical Modeling

The cascade refrigeration system is modeled on EES software through thermody-
namics equations based on energy and exergy balance equation. The program is
validated with a previously published work. Energy analysis, exergy analysis, and
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Fig. 1 Block diagram of
cascade refrigeration system

Fig. 2 Thermodynamic cycle
on T-s diagram
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optimization are performed to evaluate the optimal COP using various natural
refrigerant couples. A comparative study is done to figure out the best refrigerant
couple which reflects the best performance, i.e., maximum COP.

3.1 Energy Analysis

In energy analysis, the energy interactions between different system components are
using energy balance equations. Following assumptions are involved in the
analysis:

• No changes in heat losses and pressure.
• All components obey steady flow energy equations.
• No changes in potential and kinetic energy.
• Refrigerants are at respective saturated states at inlet and exit of heat

exchangers.

Cooling load is:

_QL ¼ _m1ðh1 � h4Þ ð1Þ

The isentropic efficiency (gisen) of compressors can be written as [1]:

gisen ¼ 1� ð0:04� rpÞ ð2Þ

The electrical efficiencies and mechanical (ηe and ηm) of both compressors (LTC
and HTC) are assumed as 1.

LTC and HTC Compressor power inputs are expressed as:

_WComp1 ¼
_m1ðh2s � h1Þ
gisengmge

¼ _m1ðh2 � h1Þ
gmge

ð3Þ

_WComp2 ¼
_m2 h6s � h5ð Þ
gisengmge

¼ _m2ðh6 � h5Þ
gmge

ð4Þ

Applying energy balances in expansion valves, we get:

h3 ¼ h4 ð5Þ

and

h7 ¼ h8 ð6Þ

18 H. Singh et al.



Heat transferred in cascade heat exchanger expressed as:

_Qcc ¼ _m2 h5 � h8ð Þ ¼ _m1ðh2 � h3Þ ð7Þ

The heat rejected in condenser can be expressed as:

_QR ¼ _m2ðh6 � h7Þ ð8Þ

Applying energy balance on overall system, we get:

_QH ¼ _QL þ _WComp1 þ _WComp2 ð9Þ

Total work done on both compressors can be expressed by

_WTotal ¼ _WComp1 þ _WComp2 ð10Þ

Coefficient of performance (COP) expressed as

COP ¼
_QL

_WTotal
ð11Þ

3.2 Exergetic Analysis.

Exergy is the maximum obtainable work from the system when it is taken back to
the dead state. Exergy destructed can be obtained by exergy balance equations
applied to different components of the system:

_Ed;evp ¼ _QL: 1� TO

TCL þ 273

� �
þ _m1: _E4 � _m1: _E1 ð12Þ

_Ed;comp;1 ¼ _m1: _E1 þ _W1 � _m1: _E2 ð13Þ
_Ed;cc ¼ _m1: _E2 þ _m2: _E8 � _m2: _E5 � _m1: _E3 ð14Þ

_Ed;exp;1 ¼ _m1: _E3 � _m1: _E4 ð15Þ

_Ed;comp;2 ¼ _m2: _E5 þ _W2 � _m2: _E6 ð16Þ

_Ed;cond ¼ _m2: _E6 � _m2: _E7 ð17Þ
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_Ed;exp;2 ¼ _m2: _E7 � _m2: _E8 ð18Þ

The total inlet exergy into the system can calculated as:

_Ein ¼ _WComp1 þ _WComp2 ð19Þ

The total exergy out of the system expressed as:

_Eout ¼ _QL:
TO

TCL þ 273
� 1

� �
ð20Þ

Total destruction in exergy can be written as:

_Ed;Total ¼ _Ein � _Eout ¼
X
p

_Ed;p ð21Þ

where
P

p
_Ed;p is the summation of all exergy destructions.

Exergetic efficiency can be expressed as:

gII ¼
_Eout

_Ein
¼ 1�

_Ed;Total

_Ein
ð22Þ

3.3 System Optimization

Optimization is the way toward finding the best or least estimation of a capacity for
some imperative, which must be genuine paying little heed to the arrangement.
Alternatively, it means the best possible solution for a given problem under defined
set of constraints.

In this study, we have done optimization using engineering equation solver
(EES) software. In this study, the objective function is COP. EES software consist
of optimization tool which is used for optimization of cascade refrigeration system
(using C3H6–NH3 refrigerant couple). The method has used for optimization is
“conjugate direct method.” The following decision variable is presented in Table 1.
The list of the input parameter used for cascade refrigeration system is presented in
Table 2.

Table 1 Range of important
parameters assumed in
simulation work [8]

Design variables Range

LTC evaporator temperature
LTC condensation temperature
Cascade temperature difference
HTC condensation temperature

−56 °C < TE < −47 °C
−11 °C < TMC < 1 °C
2 °C < DTCC < 10 °C
40 °C < TMC < 65 °C
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4 Results and Discussions

4.1 Model Validation

Simulation model of the cascade refrigeration system has been validated through a
previously published work [8]. Published values are compared with the values
calculated from the present model, and the respective deviations in the values are
given in Table 3.

As appeared in Table 3, the accomplished qualities are in acceptable concurrence
with the distributed information in the wake of ascertaining the deviation D from
following equation:

D ¼ R�M
R

� 100 ð23Þ

4.2 Effect of Design Parameters on Exergetic Efficiency
and COP

In this study, we have calculated the COP and exergetic efficiency for cascade
refrigeration system using both refrigerant couple (CO2–NH3 and C3H6–NH3). The
design variable alongside their relating scope of varieties (as appeared in Table 1)
are utilized for plotting graph as shown below.

Variation of COP and Exergetic efficiency with TE

Figure 3 appeared the variation in COP and exergetic efficiency with variation in
evaporator temperature (T1). By varying the temperature of evaporator from −47 to
−56 °C, from the graph, we can see that as the temperature increases, the COPs and
exergetic efficiencies also increase both refrigerant, but the COP and exergetic

Table 2 Other important
parameters assumed in system
modeling [8]

Parameter Value

Load of refrigeration ( _QL)
Environment temperature (To)
Ambient pressure (Po)
Cold space temperature (TCL)

50 KW
25 °C
1 atm
−45 °C

Table 3 Validation of present model from Ref. [8]

Operating parameters COP Exegetic efficiency

TE (°C) TMC(°C) DTCC (°C) TC (°C) R M D R M D

−47 −6.301 40 2 1.4949 1.56 4.35 45.89 47.89 4.35

R reference, M model, D deviation (%)
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efficiency of propylene–ammonia refrigerant is more as compared to carbon
dioxide-ammonia refrigerant throughout the graph for the same temperature dif-
ference. As a result, we can say that propylene–ammonia refrigerant is more effi-
cient than carbon dioxide–ammonia refrigerant.

Variation of COP and exergetic efficiency with LTC condenser Temperature

Figure 4 is similar to Fig. 3. The only difference is that it shows the variation in
exergetic efficiency and COP with variation in LTC condenser temperature (T3). By
varying the temperature of LTC condenser from −11 to 1 °C, we can observe from
the graph that the effect of LTC condenser temperature on COPs and exergetic
efficiencies is similar in both refrigerants, the only difference is that the exergetic
efficiency and COP of propylene–ammonia refrigerant is more as compared to
carbon dioxide–ammonia refrigerant throughout the graph for the same temperature
difference. As a result, we can say that propylene–ammonia refrigerant is more
efficient than carbon dioxide–ammonia refrigerant.

Variation ofCOP andExergetic efficiencywithHTC condenser Temperature (T7)

Figure 5 shows the variation in exergetic efficiency and COP with variation in HTC
condenser temperature (T7). This graph shows the influence of HTC condenser
temperature (T7) on COP and exergy efficiency. By varying the temperature of HTC
condenser from 40 to 65 °C, it is clear from the graph that, with the increase in

Fig. 3 Variation of COP and exergetic efficiency with TE of both refrigerant couple (CO2–NH3

and C3H6–NH3)
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temperature, COP and exergy efficiencies decrease for both refrigerant, but the
exergetic efficiency and COP of propylene–ammonia refrigerant are more as
compared to carbon dioxide–ammonia refrigerant throughout the graph for the
same temperature difference. Therefore, we can say that propylene–ammonia
refrigerant is more efficient than carbon dioxide–ammonia refrigerant.

4.3 Optimization Results

A single objective optimization of the system using CO2–NH3 refrigerant pair to
maximize the exergetic efficiency has been done using conjugate direct method.
The optimization results of CO2–NH3 refrigerant couple are given in Table 4.

Table 4 presents the results of optimization for CO2–NH3 refrigerant pair. It is
evident that the evaporator temperature is −47 °C which is almost the minimum
value of its provided range. This is because the system performance is maximum
when the temperature gap between condenser and evaporator is minimum which
results in minimization of the power required. The maximum exergetic efficiency is
47.89% and minimum compressor work is 14.19 kW.

Fig. 4 Variation of COP and exergetic efficiency with LTC condenser temperature for both
refrigerant couple (CO2–NH3 and C3H6–NH3)

Performance Analysis and Optimization of Ammonia-CO2 … 23



5 Conclusion

After carrying out the comparative analysis and optimization of cascade refriger-
ation system using NH3–CO2 and NH3-propylene refrigerant combinations, fol-
lowing conclusions are drawn from the study:

1. Values of exergy efficiency and COP increase with the rise in evaporator
temperature for both the refrigerant pairs.

2. Values of exergy efficiency and COP first increase and then start to decrease
with an increase in LTC condenser temperature.

3. Exergy efficiency and COP values continuously reduce with rise in HTC con-
denser temperature for both refrigerant couples.

Fig. 5 Variation of exergetic efficiency and COP with HTC condenser temperature for both
refrigerant couple (CO2–NH3 and C3H6–NH3)

Table 4 Results of optimization of the carbon dioxide–ammonia refrigeration system

Optimal operating conditions Optimum performance parameters Total
exergy
destruction
(KW)

TE
(°C)

TMC

(°C)
DTCC
(°C)

TC
(°C)

(COP)max Exergetic
efficiency (%)

Compressor
work (kW)

−47 −6.301 2 40 1.56 47.89 14.19 16.7
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4. C3H6–NH3 refrigerant couple is more efficient than CO2–NH3 refrigerant
couple.
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A Comprehensive Review
of Performance, Combustion,
and Emission Characteristics
of Biodiesel-Fueled Diesel Engines
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and Abhishek Sharma

Nomenclature

ASTM American standard test method
B10KOEE90 Diesel 90% + Kusum oil ethyl ester
B15KOEE95 Diesel 85% + Kusum oil ethyl ester 15%
B20KOEE80 Diesel 80% + Kusum oil ethyl ester 20%
B5KOEE95 Diesel 95% + Kusum oil ethyl ester 5%
BEMP Brake effective mean pressure
BP Brake power
BSFC Brake specific fuel consumption
BTE Brake thermal efficiency
CFPP Cold filter plugging point
CI Compression ignition
CN Cetane number
CO Carbon mono oxide
CO2 Carbon dioxide
CP Cloud point
CRDI Common rail direct injection
CV Calorific value
D 100% diesel
F/A ratio Fuel-air ratio
FAME Free acid methyl ester
FFA Free fatty acids
FIP Fuel injection pressure
JOEE5 Jatropha oil ethyl ester 10% + 90% diesel
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JOEE5 Jatropha oil ethyl ester 5% + 95% diesel
JOME10 Jatropha oil methyl ester 10% + 90% diesel
JOME5 Jatropha oil methyl ester 5% + 95% diesel
KOH Potassium hydroxide
MAG Mono-acylglycerols
NaOH Sodium hydroxide
NOx Oxides of nitrogen
PM Particulate matters
TAG Triacylglycerols
TDC Before top dead center
UHC Unburned hydrocarbons

1 Introduction

Expanding attention to the consumption of petroleum derivative fuel as well as their
negative natural effects has set off intrigue in the likely advantages of biofuels, for
example, biodiesel, which may be the promising elective fuel for diesel engines.
Biodiesel is beneficial in many aspects like as it is biodegradable, sustainable, and
compatible to use in diesel engines without modification. It has a high flash
compared to petroleum fuel, so that it is easier to handle. It was seen that biodiesel
produces less harmful emissions like being CO2, CO, unburned hydrocarbons
(UHC), and PM comparative with petro-diesel [1].

Biofuel molecular structure contains more oxygen in comparing fossil fuel due
to which it contains more double bond comparatively. Biofuel contains saturated
and unsaturated fatty acids. Unsaturated fatty acids are responsible to increase the
cetane number and viscosity of the fuel. Unsaturated fatty acids contained double
bonds which confined less space in comparison with single bonds resulting in
density and viscosity increased in comparison with fossil fuel. Biofuel has a higher
viscosity, density, and bulk modulus compared to fossil fuel [2].

Biodiesel is produced from vegetable oil, animal fats, and certain lipid-rich algae
species. The principal molecular part of oils and fats are fatty substances, otherwise
called triacylglycerols (TAG). There are many conventional methods for producing
biofuels, such as pyrolisis, microemulsion, dilution, and thermal cracking. (Table 1)

But in recent technology, transesterification is proving to be a better way to
produce biofuels. In transesterification reactions, free fatty acids of triglycerides are
converted to alkyl ester. In the transesterification reaction, there are three main
continuous reactions, of which diglyceride and monoglycerides are the main
intermediate products. The transesterification process reduces overall viscosity
without changing the calorific value of the fuel. During the transesterification
process, free fatty acids from biofuels are converted into mono-alkyl esters and
glycerol in the presence of alcohol such as methanol or ethanol. These reactions can
be catalyzed by acid, alkali, and enzyme catalysts to increase the speed, efficiency,
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and yield of biofuels. These catalysts may be heterogeneous, homogeneous, and
enzymes, depending on the type of raw material [3–5].

The transesterification process is given in Fig. 1.
The transesterification reaction is an arrangement of three persistent and rever-

sible reactions. These reactions proceed stepwise. In the first starting step,
di-acylglycerols and mono-acylglycerols (MG) are formed. These are known as
intermediates products. In the last step, glycerol is produced [6, 7]. The transes-
terification response must be adequately finished and the FAME purged to satisfy

Table 1 Various types of methods of biofuel production [3–5]

Production
methods

Advantages Shortcoming

Pyrolysis Very simple, eco-friendly process
(non-polluted)

Need high temperature, costly
apparatus, less pure due to present
of carbon residues

Micro-emulsion Simple process Produce high-viscous biofuel, and
biofuel is also poor in stability and
volatility

Blending Simple process Poor combustion produce carbon
oxides and particles

Reactive
distillation

Beneficial for the high free fatty
acid biofuel. Less use of
methanol and easily separation of
by-products

High required amount of energy.
Mass transfer depends on catalyst
performance

Microwave
technology

Less reaction time, less amount of
heat loss

It is not suitable for feedstock with
solids. Requirement of catalyst
separation from end product.
Conversion depends upon catalyst
performance

Super critical
method

Catalyst-free reaction, high speed
of reaction conversion, highly
conversion

High amount of energy consumes.
Process takes place at the critical
temperature

Transesterification Highly conversion, rapid reaction
rate, can be used with or without
catalyst. It can be commercially
used

Cost catalyst selection depends on
type of feedstock

Fig. 1 Transesterification reaction of biofuel [3]
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fuel quality guidelines, for example, EN 14214. Biofuel feedstock have more
viscosity than conventional biofuel. Transesterification is a common method that is
used to reduce the viscosity of biofuel close to diesel fuel. The transesterification
process converts the triacylglycerols into free. Without transesterification, higher
viscosity biofuel makes the poorer atomization of the ignition cylinder worse and
the ignition device improper coming about knocking and so on operational issues in
diesel engine, for example, deposit formation on engine parts, increase specific fuel
combustion, larger ignition delay, improper combustion resulting knocking, and
possible engine failure [8]. TAGs high viscosity, density, high pour point, and low
volatility can lead to extreme engine deposition, injector coking, and cylinder ring
stickiness. To meet the fuel’s standard viscosity, biofuels are mixed in diesel fuel
[2]. Although, triacylglycerol used in a diesel engine without modification. But
reduced viscosity biofuel utilization is efficient in engines because higher density
biofuels are usually responsible for engine deposition, cylinder ring sticking and
injector coking, etc. [9]. Biofuel has some advantage in some aspect like as:-

• Biofuel has physical and chemical properties that are similar to diesel.
• It may be locality available in various types of feedstock. It may be produced

from waste fatty material. Although biofuel is produced, solid waste manage-
ment may occur on other aspects.

• It is compatible to use in a diesel engine without modification in diesel engine
design.

• It is miscible with diesel due to which it can use with a blend of diesel.
• Biofuel is biodegradable, sustainable, non-toxic, and eco-friendly.
• Biofuel is oxygenated fuel due to which it offers more oxygen during the

combustion of fuel. Oxygen molecules help in the burning of fuel. So that proper
burning of fuel takes place inside the combustion chamber.

• Biofuel flash point is high, so that it is easy to handle in the transport system.
• Biofuel is more viscous in comparison with diesel due to which fantastic

lubricity to diminish wear and to expand the life of fuel injection.
• Biodiesel holds extraordinary potential for animating economical country

improvement and an answer for energy security issues.
• Biodiesel should not be transported, refined, and drilled like diesel.
• Biodiesel creation is simpler in contrast with diesel.
• Biodiesel has a higher cetane number in comparison with diesel.
• It has the capacity to diminish CO2 discharges contrasted with fossil diesel or

remaining CO2 nonpartisan [10].

On the other aspect, biofuel has some limitations like as:-

• Biofuel has a lower calorific value in comparison with diesel fuel.
• It has a high pour point, so that it has poor storage stability and cold flow

properties.
• Biofuel has lower oxidation stability.
• Biodiesel has a corrosive nature against copper and brass.
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• Biodiesel produces lower engine speed and torque on the shaft. The biodiesels
on the normal abatement power by 5% contrasted with that of diesel at rated
load.

• Coking of injectors on the piston and head of the engine is the major problem.
Researchers are attentive toward it to remove this problem.

• Biofuel has high viscosity due to which it has inferior spray characteristics
resulting in insufficient mixing of fuel, improper combustion of fuel.

• Biodiesel degradation under storage for prolonged periods.
• In the case of biofuel combustion of fuel take place at higher temperature due to

more oxygen biofuel molecule in the structure of biofuel.
• The high viscosity, in long haul activity, presents the arrangement of injector

deposits, stopping of channels, lines and injectors, ring sticking, and contra-
diction with ordinary.

• It was seen by the researcher that biofuel has the more BSFC and lower BTC.
But it can say that biofuel produced lesser CO and HC emissions but increase
CO2 emissions comparatively. At the higher flame temperature, oxides of
nitrogen formed.

• Biodiesel causes excessive engine wear.

These weaknesses can be overwhelmed by appropriately picking the feedstock
of biofuel. Transesterification is appropriate method to produce the biofuel from
various feed stock. Transesterification method is easy and cheap method which is
used to reduce to viscosity of biofuel and ultimately produce biofuel. It is likewise
announced that the utilization of biodiesel builds NOX emissions [11]. There are
many reasons for increase in NOX discharge which are given below:-

• Higher flame temperature
• Higher density
• Fuel injection advancement
• Lower volatility
• Higher iodine value
• Presence of oxygen molecule in fuel structure

It is additionally seen that biodiesel powers are fit for diminishing soot emissions
[12, 13] because of nonappearance of sulfur furthermore, aromatics [14] and
presence of oxygen molecule in structure of biofuel. Consequently, it is basic to
consider the study, combustion, and emissions attributes of biodiesel fills to
embrace them as substitute fuel for diesel engines.

This literature review provides the effective information about the impact of
biodiesel on engine performance like as brake power, fuel consumption, brake
thermal efficiency, and emissions, including: engine emissions, such as nitrogen
oxides (NOx), carbon monoxide (CO), particulate matter (PM), hydrocarbons (HC),
carbon dioxide (CO2), and smoke opacity. Engine performance and engine are
affected from the various type of the feed stock because of biodiesel physical
properties influenced by the saturated and unsaturated fatty acid of fuel. Different
types of biofuel feedstock have the slightly change in amount of saturated and
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unsaturated fatty acids. So it is difficult to conclude the emissions of biofuel.
Although it was usually seen by the researcher, there is an increase in oxides of
nitrogen, decrease in CO, particulate matter, unburned hydrocarbon, and aromatics.

2 Effect of Biofuel Blend on Performance and Emission
Characteristics of C.I. Engine

Many researchers have studied biofuel emissions. They found that when biofuels
are mixed with petroleum fuel, emissions such as HC, carbon dead oxides, and CO,
carbon dioxide is reduced to one level, but oxides of nitrogen and particulate matter
usually increase. This is a major problem with biofuels. Nitrogen oxides are very
dangerous particles that cause pollution. Therefore, it is necessary to find ways to
reduce nitrogen oxide and flue gas emissions.

NOx emissions depend on the main factors, such as increased flame temperature,
the initial thrust of injection pressure, higher density, low volatility, high iodine
value, a higher volume of modulus, and higher octane value. Researchers are
looking at various factors and studying them to find solutions to reduce nitrogen
oxides.

Researchers study the emission characteristic of JOME and JOEE blending with
diesel fuel. JOME and JOEE blending fuel contain more oxygen compared to pure
diesel, so that blended fuel has a more cetane number. So combustion of fuel takes
place at a higher temperature inside the cylinder. At higher temperatures more NOx
produced. So that it was seen that at full-load conditions, oxides of nitrogen
increase 34% for JOME20 and 32% for JOEE20 in comparison with pure diesel.
For another blending, there was not much increase in NOX emissions. Oxygen
molecule increases due to mixing of biofuels like JOEE and JOME. Oxygen
molecule helps in proper combustion and oxidation of fuel. So that it was seen by
the researcher that CO, CO2, and HC are lower for all blends at all load conditions
in comparison with pure diesel [15].

Brake thermal efficiency is defined as the ratio of brake power energy to the
input fuel energy. It was found that BTE is less for all blending of KOEE with
butanol in comparison with pure base diesel line. KOEE biofuel has the lower
calorific value and less volatility. But it was seen that for the various blending like
as the B5KOEE95, B10KOEE90, B15KOEE85, and B20KOEE80, BTE are
26.67%, 27.45%, 29.67%, and 29.00%. When butanol is mixed with the KOEE,
oxygen contents increased resulting proper combustion and air-fuel mixing takes
place inside the combustion chamber. So BTE increased. But KOEE has less BTE
due to higher viscosity which leads the improper atomization. It was seen that at all
loads for all blend BSFC is higher than diesel base line. This was due to lower
calorific value fuel required more consumption to produce the same output. It was
seen that at 40–60% load for all blend, CO and HC emissions are lower in com-
parison with the diesel base line which may be due to higher oxygen content in the
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fuel. As load increased, CO emissions increased due to more amount of fuel
injected inside the cylinder due to which improper combustion take place. But HC
emissions are found lower for all blending and all loading conditions.CO2 emis-
sions found lightly higher than the neat kusum oil when butanol mixed with biofuel.
It was seen that NOx are lower for all KOEEB blends at high load which may be
due to quenching effect of butanol and lower flame temperature [16].

When lower alcohol biofuel like as methanol and ethanol are blended with the
diesel, emissions characteristics like as CO and HC improved. Alcohol biofuels are
enriched in oxygen molecule due to which they give the better combustion char-
acteristics. NOX emission also improved which may be due to combustion of fuel
take place at higher temperature. But it was found that higher alcohol gives the
better results in comparision with the lower alcohol like as when n-octonal mixed
with the diesel, it gives the better BTE, lower BSFC, and less NOX emissions in
comparision with lower alcohol blending. It was found that mostly biofuel blending
near about to 20–30% gives optimum performance characteristics [17].

It was seen by the researcher when bio-ethanol is blended with the biodiesel
kinematic viscosity, cetane number, lubricity, and corrosion resistance decreased.
Higher viscosity problem can be easily eliminated. Due to higher viscosity, poor
atomization of fuel takes place resulting improper combustion. Ethanol contains the
30% oxygen which improves the performance and combustion characteristics [18].

Researcher analyzes the test results and finds out that advanced injection timing
is suitable for the alternative natural gas. It was seen that fuel consumption slightly
increases with the advanced injection timing. There was a noteworthy decrease in
CO2 emissions with advanced injection timing. With the advanced injection timing,
the CO emissions were significantly reduced in comparision with standard timing.
The HC discharges of the double fuel frameworks were high all through the loading
conditions. A further 1.51 development would in general deliver flighty conduct of
the engine. It was seen that at the high load combustion chamber, temperature
increases due to which evaporation rate of the fuel increased resulting reduce
ignition delay. So that advanced injection is not suitable at high load conditions.
Delay period directly affects the emissions and performance characteristics of the
engine [19].

The main emission particulates are the oxides of nitrogen, carbon monoxide,
unburned hydrocarbon emissions, and smoke. When fish oil is blended as biofuel
with diesel and its blends B25, B50, B75, and B100 are used as fuel, the exhaust
emissions like as smoke density increases in comparision with diesel. When biofuel
mixes with diesel, its viscosity increases resulting poor atomization of fuel and also
affects the air fuel mixing. This is due to improper combustion of the fuel inside
combustion chamber. It was observed that when fish oil blended with diesel pro-
duce higher NOX emissions in comparision with diesel. However, it is compared
with the lower mixture of the fish oil biodiesel with diesel (B75) and B100 produces
lower NOX emissions. The higher NOX emission of fish oil biodiesel is due to its
earlier combustion start compared with diesel. But emissions like as CO and HC
increases with the blending of biofuel. Although it was seen that B100 fuel
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produced lower HC emissions than the diesel, higher HC and CO means that
complete combustion of fuel does not take place inside the combustion chamber
[20].

It was found that when the biofuel neem oil blended in the diesel, the BTE
decreases to an extent. It may due to viscosity of the fuel increases in comparision
with diesel due to which poor atomization of fuel takes place inside the combustion
chamber raised resulting improper combustion. But it was seen that DN5 showed
better peak load BTE than the D100. BSFC increases with increasing the blend of
neem oil. But it was seen that minimum BTE is at 5% blend of neem oil [21].

It was seen by the researcher that methanol and ethanol are effective to use in
transesterification process. But it was seen by the researcher that higher alcohol fuel
gives the better result in comparision with the lower alcohols. So that n-octanol
shows extraordinary potted-tial-and-diesel mixtures because of their high cetane
number. The survey showed that the lower alcohol mixing indicated a decrease in
BTE due to the high oxygen content of the fuel and the better combustion char-
acteristics. In addition, BSFCs concurrent increment and lower braking power due
to the low thermal value of biofuels. Alcohol-based fuel is higher oxygenated fuel.
They give the additional oxygen and improve the combustion of fuel. Due to
complete combustion of fuel CO and UHC decreased, it was seen that NOx
emissions decreased when alcohol blended quantity increase with diesel fuel which
is because of lower temperature of alcohol. It can moreover be done up for a greater
part of the alcohol mixes the mix % near 20–30% produces maximum performance
and emissions attributes. The less carbon structure alcohols such as CH3OH and
C2H5OH are requires added substance substances because of these alcohols
blending in diesel are believed to be unstable, for instance, emulsifier to stabilize
the mix [22].

In case of exhaust parameter, however, unmistakable changes of the emanation of
NOx (increment) and hydrocarbon (decline) if there should arise an occurrence of both
bio-energies (institutionalized biodiesel and non-institutionalized TBK-biodiesel)
can be gotten, which are connected to the moderate improving impact of the burning.
In the event that one biofuel is compared with another biofuel, there is slight dis-
tinction in regards of the NOx, CO, and HC and furthermore shows low, however,
biased distinction from pure fossil to pure biofuel. NOx has expanded, yet HC has
declined. Be that as it may, there is an improvement in the ignition procedure.
Nitrogen oxides increased the most, at 5.3%, and HC by 30.9%. Therefore, the
physical and chemical properties of biofuels can be compensated by another reduced
emission component, such as CO and HC due to higher oxygen content [23].

Transestrification process is used to produce cotton seed oil methyl ester
(CSOME). This is very promising and efficient method. During this process,
maximum amount of biofuel produce if 20% CH3OH blend with the raw material
cotton seed biofuel and 55 °C temperature of reaction, 0.5% by weight of catalyst
and a reaction time of around 8 h. It was found by the researcher that BSFC are
higher and lower thermal efficiency in comparision with diesel fuel due to lower
calorific value of the fuel [24, 25].
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These perceptions are ascribed to bring down heating value, poor quality of air–
fuel blending furthermore, atomization of fuel and higher density, viscosity of the
biofuel. Biodiesel combinations indicated lesser smoke, PM [26], and carbon mono
oxides emissions; furthermore, more NOX [27] discharged due to their extra O2

molecule due to which proper burning of fuel takes place inside the combustion
chamber [28, 29].

It was seen by the researcher that BSFC increased for the palm oil biodiesel than
the standard biofuel. Palm oil has the lower calorific value in comparision with
diesel oil. So that blending of palm oil with diesel decreased the BSFC.
Experimentally, it was seen by the researcher that for the biofuel blending ratio like
as B25, B50, and B75, these are about to 2.6%, 8.9%, and 9.3% individually. When
biofuel mixed with diesel, BTE was found lower due to lower calorific value of the
biofuel. This is ascribed to the lower heating value of palm oil. When biofuel mixes
with diesel, proper combustion of fuel takes place inside the combustion chamber.
Biofuel is more oxygenated fuel. These oxygen molecules support the burning of
fuel. So that CO emissions produced due to improper burning of fuel reduced.
Experimentally, it was seen that CO emissions particle for the B100, B75, B50, and
B25 are 53, 35, 35, and 21%, respectively, with the diesel fuel at full-load con-
ditions [30, 31]. Palm oil is more oxygenated fuel in comparision with diesel oil due
to which it provides more oxygen during the combustion of fuel resulting proper
combustion occurred inside the combustion chamber. So that CO emissions
decrease for palm oil blending with diesel at different loading conditions [32]. Due
to more oxygen molecules in comparison to diesel fuel, combustion of fuel occurs
at higher temperatures (higher flame temperature) inside the combustion chamber.
At higher combustion temperature, oxides of nitrogen formed. Notwithstanding, the
palm biodiesel expanded the NOX outflow contrasted with the diesel fuel [33, 34].
Lower HC outflow and smoke emissions are watched for higher biodiesel mixes
(over half) by 38.09 and 19% separately [30, 34]. It was seen that when biofuel
blended with the diesel, the cylinder peak pressure increased than the standard
diesel fuel. Biofuel has more oxygen molecule in comparision with diesel fuel. So
that early ignition occurred inside the combustion chamber. On the another aspect,
it has the higher viscosity and density in comparision with diesel, so that during fuel
injection it produces higher pressure wave due to which injection valve opens
slightly before the set time. Biofuel oil has the short chain unsaturated fatty acid
which has the low boiling point in comparision with standard diesel fuel due to
which quick burning of biofuel occurred inside the combustion chamber. These are
the main reason due to which ignition delay of biofuel reduced in comparision with
standard diesel fuel [34].

JOME is a non-edible biofuel. Its physical properties are close to the diesel due
to which it is suitable to use with diesel in diesel engine. It was seen that JOME
biofuel has the higher thermo-physical properties in comparision to diesel fuel such
as viscosity, density, flash point, fire point, and cetane number, but it has the lower
calorific value, lower volatility, and high iodine number in comparision with diesel
fuel due to the presence of double bound of oxygen molecule in biofuel structure. It
was seen that utilization of Jatropha biodiesel decreases the brake thermal efficiency
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due to lower calorific value of the fuel and also decreased the particulate matter
[35–37] and smoke discharges. It was seen by the researcher that ignition delay
reduced when biofuel blend with the diesel fuel in different ratio because of biofuel
has high density, less compressibility, high viscosity, and unsaturated fatty acids.
On the aspect, cylinder peak pressure increases because of biofuel which is an
oxygenated fuel. It offers the oxygen molecule in combustion of fuel. So com-
bustion of fuel occurred at high temperature and pressure. Biofuel has the low
calorific value and higher density and viscosity due to which blending of biofuel in
diesel BSFC increased. Due to biofuel blending in diesel combustion of fuel, flame
temperature increased. At higher temperature, oxides of nitrogen formed. NOX

emissions increased by increasing the ratio of biofuel in diesel. Oxides of nitrogen
formed at the higher temperature.

It very well may be induced from these trial examinations on Jatropha that there
is slight decrement in engine performance, however, with improved emissions
attributes at higher compression ratio and higher injection pressures.
Notwithstanding, it was found that at all compression ratio and injection pressure,
oxides of nitrogen are more in comparision with standard diesel fuel. When jatropha
biofuel is preheated, its viscosity and density decreased which supports in proper
atomization of fuel inside the cylinder resulting proper combustion occurred. So
preheated jatropha biofuel may be the promising fuel at higher compression ratio
and injection pressure. As above-discussed, blending of jatropha in diesel reduced
the emissions like as CO and HC due to which it may be proved better alternative
biodiesel at higher compression and injection pressure [38].

Researcher studied the effect of the preheating of biofuel. The engine perfor-
mance and emission characteristics are analyzed for the preheated rapeseed oil and
diesel on versatile diesel engine. When biofuel is preheated, its viscosity is reduced.
Preheated oil influenced engine BSFC, BTE, and emissions characteristics like as
CO2, CO, HC, and NOX. Compared with preheated oil, BTE is reduced to the not
preheated mixture. Not preheated mixture reduces NOX emissions because of the
lower peak combustion temperature [39]. It was observed that without preheated oil
reduces the NOX emissions due to lower peak combustion temperature inside the
combustion chamber. However it is found that NOX emissions of the preheated fuel
are higher than other test fuels. Higher NOX emissions, the reason from the pre-
heated mixture is the increase in combustion temperature. Due to preheating of oil,
the inlet fuel temperature increases which reduces the CO and smoke density. On
the another aspect, preheated biofuel has the better spray characteristics and air–fuel
mixing resulting reduction in CO and smoke capacity [40, 41].

It was found that biofuel has the lower calorific value in comparision with diesel
fuel. So that BSFC in decreases and brake power decrease of diesel engine when
blend ratio of biofuel increases in diesel fuel. Engine discharges, for example, NOx
was higher because of biofuel combustion occurred at higher flame temperature due
to oxygenated fuel [42]. Researcher discovered that 5, 10, 20, and 30% jatropha
mixes with diesel, the engine emissions like as give BTE, HC, CO, and CO2 which
are lower in comparison with diesel but BSFC and NOx are higher than diesel fuel.
So that it was estimated that jatropha biodiesel can be mixed with the diesel oil, and
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use of blending of jatropha with diesel is compatible as petroleum oil [43].
Researcher investigated the diesel engine performance and emission characteristics
when moringa oil methyl ester used as the biofuel with diesel, and it can be mixed
in different proportions from B20 to B100 in a DI diesel engine at different burden
condition. Researcher analysis the performance of the diesel engine when moringa
biofuel blend with diesel fuel used in unmodified diesel engine. It was found that
blended fuel have lower brake thermal efficiency due to lower calorific value and
higher density of fuel than diesel fuel. On account of engine emissions, moringa
mix produces lower HC, CO, and PM emissions; however, higher NOx discharge
contrasted with diesel fuel [44].

The study found that purified jatropha tree biodiesel and heated leprosy tree
biodiesel produced less braking power on the output shaft than diesel. Nitrogen
oxide discharges are higher than diesel because of the significant level of unsatu-
rated fats in jatropha tree biodiesel [45].

The researchers announced that the purified biodiesel comes from a mixture of
beef fat and its mixture ratio that reduces BTE and makes BSFC compared to diesel
fuel due to the low thermal value of the carnivore biodiesel. I found that emissions
like CO and UHC decreased and smoke density decreased by 24.0, 32.45, and
63.0% alone, but increased NOx emissions due to the high oxygen molecules in
biodiesel structures [46].

Biodiesel is obtained from the various types of feed stock. As we are probably
aware, biodiesel produced from vegetable oil, animal fats, and algae ordinarily
comprises of five significant long carbon chain FAMEs. It was seen by the
researcher that saturated FAME is in biofuel molecular structure which are methyl
palmitate (C16:0) and methyl stearate (C18:0), where first number shows the carbon
number and second number show the double bond. If double bond is zero, it means
that it is a saturated FAME. But on another aspect, some unsaturated FAME are
found in molecular structure are oleate (C18:1), linoleate (C18:2), and linolenate
(C18:3). If any unsaturated FAME has the single, double, and triple double bond,
they know as the mono-, bi-, and tri-unsaturated FAME [47]. It was seen by the
researcher that FAME directly influenced the physical properties like as cetane
number, flash point, fire point, ignition delay, viscosity, density, calorific value,
iodine value, and also majorly affect on performance and emissions of diesel engine
like as CO, CO2, HC, and NOX. FAME of the biofuel plays a significance role in
the emission characteristics of biofuel. It was seen by the researcher that NOX

emissions increase with the increase of blending ratio of biofuel in standard diesel
which means that NOX emissions are directly concern to double bond or may say
that O2 molecules. Unsaturated FAME gives the more oxygen molecule in com-
bustion of fuel resulting flame temperature of combustion increases and at the
higher temperature NOX formed [48, 49]. So that ignition delay also influenced by
the instauration level of biofuel because of ignition delay is defined as the time
between the start of injection of fuel and ignition of fuel. Instead of it due to
double-bond biofuel has the less compressibility and high density and viscosity, so
that biofuel produce pressure wave inside the injector vale due to which it opens
slightly before set standard time. Higher saturation level can abbreviate the
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substance start postpone time, be that as it may, the physical start would be delay
with the expansion of C16:0 and C18:0, just as C18:1, on the grounds that their
generally higher kinematic viscosity are not great for the fuel atomization, fuel–air
blending and evaporation qualities of biodiesel, and decreasing the burning effi-
ciency. Consequently rapeseeds biodiesel created the most reduced showed power
and the least NOx emissions.

3 Conclusion

This literature review provides comprehensive information about the combustion
and emission characteristics of promising alternative biofuel diesel blending fuel.
Biodiesel is sustainable, biodegradable, and eco-friendly fuel. It has the higher flash
point, so that it is easy safe to handle, store, and transport. Biodiesel obtained from
free fatty acids of vegetable oils and animal which is converted into ester by
transesterification process. In compare to diesel, biodiesel emits lower CO, HC and
PM and higher CO2 and oxides of nitrogen. It was observed that biodiesel fuels
have higher viscosity, density, cetane number, and lower compressibility in com-
parision with the diesel fuels due to which biodiesel has an early start of combustion
and a shorter ignition delay.

From the systemic review it was concluded that:-

• Transesterifcation process is a promising technique to reduce the viscosity of
biofuel.

• The physical and chemical properties of biofuel depend on the fatty acid
compositions of extracted oil.

• Biodiesel has the lower calorific value, so that it produces the lower HRR, BTE,
and higher BSFC than the standard diesel oil.

• From the quantitative comparisons, it was seen by the researcher biofuel blend
produces the leseer HC, CO, and smoke abut NOX and CO2 emissions increased
in comparision with diesel fuel because of biofuel is more oxygenated fuel in
comparision with diesel fuel.

• Biodiesel is without sulpher and aromatic compounds, so that it does not pro-
duce any sulfurous emissions component.nat role of better alternative fuel in
diesel engine without change in design of diesel engine.

4 Future Scope

It was analyzed from the literature review that there is more work needed on
biodiesel to analyze the diesel engine characteristics with biodiesel. It was seen that
biodiesel is currently not economical due to non-availability in large quantity. On
another aspect, it is efficient to use 20% lend with diesel fuel. So that advanced
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technology and research are required to enhance the importance of biodiesel with
other conventional energy sources. Therefore, more researcher have been conducted
on disadvantage of biofuel such as engine deposits, fuel injector clogging, and
engine pollution. Researchers are looking that engine must be performed with
biofuel by eliminating the weakness of without change in design.
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Analysis of Different Techniques
of Superconductivity

Pooja Rani

1 Introduction

Superconductivity is a very interesting topic that applicable in our daily life
experiences. Critical temperature is the temperature when electric resistivity
becomes zero. Superconductivity was discovered by Heike Onnes Kamerling in
1911. A superconducting material changes into normal conductor when its super-
conductivity vanishes [1].

1.1 Meissner Effect

In 1933, Walther Meissner and Robert Oschsenfeld validate that superconductors
provide altered material properties than ideal material. They discovered that mag-
netic field lines of material (Lead and Tin) do not enter the material which gives zero
magnetic fields inside the material called Meissner effect [1] as shown in Fig. 1.
From this finding, we found that a superconductor has a diamagnetic property. But
ideal conductor was not exhibited diamagnetic property although zero resistivity.
From this, it was found that a new type of matter with certain property [2].

In superconductor, magnetic field is zero it means B = 0.

loðHþMÞ ¼ 0
HþM ¼ 0
M ¼ �H
M
H ¼ �1
But v ¼ M/H
So, v ¼ �1
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Susceptibility is negative; it means material is diamagnetic [3].

1.2 Silsbee Rule

When the current has more value than critical value then it loses superconducting
state called Silsbee rule [4].

Ic ¼ 2prHc

1.3 Classification of Superconductors

The superconductors may be classified into two kinds like Type I and Type II
superconductors.

Fig. 1 Magnetic field lines of
material (lead and tin) do not
enter the material which gives
zero magnetic fields inside the
material called Meissner’s
effect
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Type I superconductors are metallic alloys and metals. The critical temperature
lowers when current passes through the superconductor. The critical temperature
decreases with an application of external magnetic field. The different effects are
found on the material when magnetic field becomes more as compared to critical
value [5]. Other name of Type I superconductors are soft superconductors or
low-temperature superconductors. At very low temperature, it obtains supercon-
ductive properties. It has no mixed state. It follows Meissner effect [6].

On the other hand, superconductors type II or high-temperature superconductors
have two critical magnetic fields. When the field starts to enter, the conductor is
designed as lower field and the superconductivity breaks down in the higher field.
The area between lower and upper critical field is called mixed state. Other name of
type II superconductor is hard superconductor. It does not follow Meissner effect
[2]. Type I and Type II superconductors are shown in Fig. 2.

1.4 BCS Theory

Bardeen, Cooper and Schrieffer (BCS) suggested a BCS theory in 1957. It described
the origin of superconductivity and gives information about properties of super-
conductor material. It is very difficult theory. In the absence of electrical resistance,
the ability of certain metal is to conduct electricity at low temperature [7].

a. The forced oscillations of an ion core caused by interface with an electron effect
the movement of other electron transient through nearby it and give rise to an
attraction between two electrons [8].

b. Cooper pairs are formed when the two electrons which interact attractively with
each other in phonon fields shown in Fig. 3.

c. When T greater than TC, electron–electron coulomb contact is more than
electron-lattice-electron interaction.

d. When T less than TC, electron-lattice-electron coulomb contact is more than
electron–electron coulomb contact, and so electrons tend to pair up [9].

e. Pairing thus initializes when temperature is low as compared to the critical
temperature.

Fig. 2 Type I and type II
superconductors
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f. Cooper pairs may not be distributed because flat riding on the lattice deficiencies
lacking any interchange of energy with them and hence show infinite conduc-
tivity [10].

g. The Cooper pairs may sustain their together movement up to a definite distance,
called coherence length [11].

1.5 High-Temperature Superconductors

The materials act like superconductors at temperature more than 77 K called
high-temperature superconductors. HTS may be cooled by liquid nitrogen.
The HTSC may be chilled larger powerfully [12]. In SQUIDS, small variation of
magnetic field may be measured. High-temperature SQUID has more noise as
compared to older helium technology, but accepted due to cost and profits of
nitrogen cooling [13].

1.6 Applications of Superconductors

Superconductors can be used in the many applications like:

a. Maglev (magnetic levitation) trains. In this application, a magnet can drift on a
superconductor because a superconductor repels a magnetic field. By this fric-
tion diminish between the train and the track. Safety measures are required for
high magnetic field to human health [14].

b. They are used to make electromagnets to go faster-charged particles.
c. SQUIDs (superconducting quantum interference devices) may be used to dis-

cover the weakest magnetic field [15].
d. Electricity may be generated more resourceful.
e. They are used in magnetic resonance imaging (MRI) and nuclear magnetic

resonance (NMR) machines [12].

Fig. 3 Formation of Cooper
pair
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1.7 Recent Research Paper Work in Superconductivity

a. Misfit phase (BiSe) 1.10 NbSe2 as the origin of superconductivity in
niobium-doped bismuth selenide.

b. Room-temperature superconductivity in a carbonaceous sulfur hydride.
c. Ultrafast transient liquid assisted growth of high current density supercon-

ducting films.
d Unique defect structure and advantageous vortex pinning properties in super-

conducting CaKFe4As4.
e. Superconductivity in a 122-type Fe-based compound (La, Na, K) Fe2As2.
f. Fast Na ion transport triggered by rapid ion exchange on local length scales.
g. Fabrication of 3D Fingerprint Phantoms via Unconventional Polycarbonate

Molding.
h. Tracking aluminum impurities in single crystals of the heavy-fermion super-

conductor UBe13.
i. Highly reproducible alkali metal doping system for organic crystals through

enhanced diffusion of alkali metal by secondary thermal activation.

2 Result Analysis: Important Parameters Corresponding
to Superconductivity Are Described Below

a. Meissner’s effect: Magnetic field lines of material (Lead and Tin) do not enter
the material which gives zero magnetic fields inside the material.

b. Silsbee rule: Ic ¼ 2prHc

c. Superconductors can be classified into two categories, i.e., Type I and Type II
superconductors

d. BCS theory explains the formation of Cooper pair.
e. High-temperature superconductors are classified as the materials whose tem-

perature more than 77 K.
f. Applications of superconductors: Maglev trains, electromagnets, SQUIDS,

MRI, NMR.
g. Recent work in superconductivity: 3D Fingerprints, Tracking aluminum impu-

rities, Superconducting films.

3 Conclusion

In this paper, we provide information about different factors of superconductivity
like different types of superconductors, Meissner’s effect, Silsbee’s rule, BCS
theory, applications of superconductivity and discuss various recent researches on
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the basis of superconductivity. It also tells about use of superconductivity in our
daily life experiences. Superconductivity improvises the working efficiency and
capability and acts as an ‘energy superhighway.’ The economic and energy impacts
of superconductors are predicted to be huge. Although superconductors are not new
technologies, but still there is room of improvement made in research and
innovation.
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Prediction of the Dynamic Viscosity
of MXene/palm Oil Nanofluid Using
Support Vector Regression

Naman Parashar, Junaid Khan, Navid Aslfattahi, R. Saidur,
and Syed Mohd Yahya

1 Introduction

Nanofluid, first developed by Choi and Eastmen [1], is a class of fluid where
nanometer sized particles (upto size of 100 nm) are suspended in fluids with the aim
of enhancing their thermophysical properties. These nanometer-sized particles are
known as nanoparticles and the fluids in which they are suspended are known as
base fluids. Various nanoparticles that are being used include metals, metallic
oxides, carbides, ceramics, carbon nanotubes, etc. [2]. Various fluids that are used
as base fluids include water, ethylene glycol, water ethylene glycol mixture, oils,
etc. It is due to the enhanced thermophysical properties of the nanofluid that they
have the potential of being used in a wide range of industries [3]. Various
parameters such as nanoparticles diameter, nanoparticles concentration, temperature
are known to affect these thermophysical properties. However, with the addition of
nanoparticles in the base fluids, not only the properties such as thermal conduc-
tivity, heat transfer rate improves, but viscosity also increases. This increase in
viscosity is not a desired property as it increases the required pump power [4].
Therefore, it is very important to know viscosity and other properties before a
nanofluid is put into application. Evidently, experimental determination of viscosity
involves a considerable amount of time, money and energy. Therefore, researchers
around the world are finding different ways so that the need of finding the viscosity
experimentally can be eliminated or even reduced. One such way is by creating
correlations using experimental data. These correlations once developed, may be
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used to determine the values of viscosity at varying ranges of parameters. To
achieve this, various researchers developed correlations for different base fluids and
nanoparticles. However, one of major issues with these correlations was their
accuracy. Therefore, researchers started finding new and more effective ways of
modeling the viscosity values of different nanofluids. One way was to use more
advanced mathematical models such as artificial neural networks (ANN). Artificial
neural networks are the computational models which are a proven tool of learning
the mapping between the input values and output values. It is due to the devel-
opment of algorithms that these models use, ANNs are now widely used in different
fields of science and technology. A lot of ANN models were developed by
researchers around the world which can be used to predict the thermophysical and
rheological properties of nanofluids. These ANN models were more accurate than
the correlations [5] in predicting the values of the viscosity. This owes to the more
complex algorithms that these ANN models employ. However, these ANN models
also have some drawbacks. These drawbacks include [6]: large dataset required to
train the model, overfitted models which are not able to give accurate predictions on
new data, and prediction uncertainties due to the stochastic nature of ANN models.
The drawbacks of the ANN models can be overcome by using other mathematical
models such as support vector regression models. Support vector regression
(SVR) models are known to have shown better performance even when the data is
low. These models are also less prone to overfitting problems and are easy to train
because of the less number of parameters involved. Some studies even concluded
that the performance shown by the SVR models is better than the performance
shown by the ANN models [7, 8]. Surprisingly, the number of studies in which
SVR models were used to predict the viscosity of nanofluids are very less in
comparison to the studies in which ANN models were used. An SVR model is
created in this study to predict the values of dynamic viscosity and the experimental
values are used to facilitate the same. Mean absolute error and coefficient of
determination are used to determine the efficacy of the developed model. These
aforementioned parameters illustrate that the SVR model is able to anticipate the
dynamic viscosity values of MXene/palm oil with appreciable precision.

2 Experimental Data

The fluctuations of the dynamic viscosities with respect to temperature at different
concentrations are shown in Fig. 1 [9]. The decrement and increment of dynamic
viscosity values with respect to rise in temperature and Mxene dosing are clearly
observable from figure. At high temperature of nearly 50–55 °C, the increase in
Mxene dosing starts to have little to no effect. The helps in ascertaining the fact that
increase in nanoparticle dosing at elevated temperature does not have any notice-
able effect on dynamic viscosity and therefore does not necessitate arrangements for
enhanced pumping power.
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3 Support Vector Regression

Support vector regression (SVR) model is a type of support vector machine
(SVM) model. Support vector machines models are widely used for classification
analysis, whereas support vector regression models are used for regression analysis.
The basis of SVR is the statistical learning theory, and it was developed for this
purpose [10]. It works by mapping the input data into higher dimensions and then
using kernels to give output [11]. These kernels are of different types which include:
linear, polynomial, sigmoid, radial basis function (RBF) or Gaussian kernel.
Generally, when the relationship between the input variables and output variables is
not known, RBF kernel is used. Equation (1) shows the RBF kernel:

Kðxi; xjÞ ¼ exp �c xi � xj
�� ��2

� �
ð1Þ

In this study, epsilon (e)-insensitive type of SVR model was used. Equation (2)
shows the regression function that the SVR models have to obtain:

f ðxÞ ¼
X

ða�i � ajÞ � KðxixjÞþ h ð2Þ

where ai
*, ai are the lagrange multipliers, K(xi, xj) is the kernel function, and h is the

intercept term.
Developing an SVR model includes finding the optimum values of hyperpa-

rameters involved in it. These hyperparameters for epsilon insensitive models when
RBF kernel is used, are regularization parameter (C), epsilon (e), and gamma (c).

Fig. 1 Variation of viscosity with temperature for different concentrations [9]
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Regularization parameter is a trade-off between the training error and flatness of the
solution. Increasing the value of C will reduce the training error upto a certain point
and after that if the value of C is increased, the model will become more complex
and it will give poor performance on new data. Epsilon defines a range upto which
no penalty is given to errors. A high value of epsilon will introduce large errors in
the solution, whereas a very low value of epsilon will penalize more solution that
will result into an over fit model. Hyperparameter gamma is related to RBF kernel.
A high value of gamma will result into a model with high bias and low variance,
whereas a low value will result into a model with low bias and high variance. Both
these type of models are not acceptable. Hence, to develop an optimum model, it is
very important to carefully select these hyperparameters.

The entire data was first arbitrarily divided into two sections, respectively,
training data and validation data, in ways to construct the model. To create a model,
training data was used, while validation data was not fed into the model. This was
done to test the efficiency of the model on fresh results. 80% of the data was
categorized as training data, i.e., 240 data points, while the remainder of the data
was designated as validation data. Concentration and temperature were the input
parameters for the model, while dynamic viscosity was the model’s performance.
The next move was to normalize the information in order to improve the capacity of
the model to manage the data.

xnorm ¼ ðX � lÞ/s ð3Þ

where Xnorm represents the normalized value, l represents the mean of the variable
(s), and s represents the standard deviation of the variable(s).

Next, the optimum set of regularization factor (C), epsilon (e), and gamma (c)
was found through grid search technique. The grid search technique is widely used
to determine the most optimum values of hyperparameters [12]. The optimum
values of C, epsilon, and gamma obtained through grid search were 290, 0.0095,
and 0.71, respectively.

Performance of the model for training data and validation data was measured
using statistical parameters such as coefficient of determination (R2) and mean
absolute error (MAE), which has been presented in the results and discussion
section.

4 Results and Discussions

To develop an SVR model, input parameters fed were the concentration and tem-
perature, whereas dynamic viscosity was the output. The optimum values of C,
epsilon, and gamma were determined using grid search technique. The SVR model,
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when developed for these values of parameters, showed the best performance. The
values of coefficient of determination (R2) and mean absolute error (MAE) obtained
for training data and validation data were 0.99991 and 0.0070, and 0.999987
and 0.0079, respectively. From these values of the parameters, it can be said that
the SVR model is showing good performance on training data as well on validation
data.

Figure 2 illustrates the SVR model’s efficiency on the training results by com-
paring the experimental parameters with the expected values of the SVR model.
The figure shows a line of “equality” bent similarly to the axes of both. The values
that are near the line are more precise than the values that are a little further away
from the line. Figure 3 demonstrates the SVR model’s success on the validation
results. It can be shown from figure that the experimental values are very similar to
all the values expected by the SVR model. It also reveals that the SVR model’s
output on new data is almost as strong as on training data.

The performance of the SVR model has also been described in terms of devi-
ation between the experimentally determined values and SVR predicted values.
Equation (4) shows the equation using which deviation was calculated.

D ¼ ðYexp � YpredÞ/Yexp
� � � 100 ð4Þ

where Yexp represents the experimentally determined values, and Ypred represents
the SVR model predicted values.

Figure 4 shows the deviation between experimentally determined values and
SVR model predicted values. Maximum deviation between the experimentally
determined value and SVR model predicted value is −5.18% as depicted in Fig. 4.

Fig. 2 Performance of the SVR model on the training data
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It can also be observed that 99.33% of the deviations are in the range of ±4% and
maximum number of points are in the ±2% range.

From the values of statistical parameters shown by the SVR model, it can be said
that for predicting the thermophysical properties of nanofluids, SVR models can be
good choice in addition to artificial neural networks.

Fig. 3 Performance of the SVR model on the validation data

Fig. 4 Deviation between experimental values and SVR predictions
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5 Conclusions

The aim of the current study was to demonstrate the SVR models potential and
efficacy to estimate the thermophysical properties of nanofluids. Upon utilizing
experimentally measured MXene/palm oil nanofluid viscosity values, an SVR
model was constructed. Through the grid search technique, the optimum hyper-
parameter values were obtained. The correlation coefficient and mean average error
values for the test results were found to be 0.99999987 and 0.0079, respectively.
The maximum deviation was merely −5.18% between experimentally established
values and expected SVR values. 99.33% of deviation points too were found to be
in the range of ±4%. Based on the SVR model performance, it can be concluded
that SVR models can be a good alternative to artificial neural network in predicting
the thermophysical properties of nanofluids.
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Experimental and Computational
Investigation of Coefficient of Discharge
of Venturimeter

Omprakash Yadav, Abhay Dahiya, Vinod Kumar Yadav,
and Rahul Sharma

1 Introduction

Venturimeter, a mechanical device, is a short length of pipe with converging, throat
and diverging section. Although a number of flows measuring devices like orifice
plate, rota meter are available, but venturimeter are more accurate and precise. On
the other hand, design and fabrication of venturimeter are very critical. Converging
section of venturi is a short length of pipe in which cross sectional area decreases in
the direction of flow. Bansal [1] and Daugherty et al. [2] reported that 12° to 20° of
convergence angle is a better choice for the design of venturimeter. Throat of the
venturimeter is the section with minimum cross sectional area. Diverging section of
the venturimeter is larger compared to converging section in which the cross sec-
tional area increases in the direction of flow. Nithin et al. [3], Bansal [1] and
Daugherty et al. [2] reported that 4°–7° of convergence angle is a better choice for
the design of venturimeter. The divergence angle should be as small as possible
[1, 2]. Venturimeter works on the Bernoulli’s principle. According to this principle,
summation of pressure head, kinetic head and datum head remains same throughout
the pipe, if loss of head is zero. To find the theoretical discharge the venturimeter,
let us assume two piezometers are inserted at Section-1 and Section 2 to measure
the pressure head. Let pressure head difference between two sections is h meter of
flowing fluid. In the analysis, P is the pressure, V is the velocity, z is the datum
head, q is the density of flowing fluid and g is the acceleration due to gravity.
Theoretical discharge from the venturimeter can be found by combining Bernoulli
and continuity principle.
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Qtheoretical ¼ A1:A2:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gh

A2
1 � A2

2

� �

s

ð1Þ

Now if U-tube manometer is used, pressure head difference between two sec-
tions can be found as

h ¼ x:
qhg
q

� 1
� �

ð2Þ

By knowing the actual discharge from experimentation, coefficient of discharge
can be found by

Cd ¼ Qactual

Qtheoretical
ð3Þ

Based upon the literature survey, suitable value of throat diameter, convergence
angle, divergence angle and other dimension has been finalized for the inlet
diameter of 27 mm. The venturimeter is designed in three parts for the ease of
manufacturing. An optimized design of venturimeter by SolidWorks 2016 is shown
in Fig. 1.

2 Literature Survey

Literature reviews provide important information of the research which has been
done in past and current status of any research work.

Fig. 1 Design and dimension of venturimeter
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Nithin et al. [3] analyses the effect of divergence angle on coefficient of dis-
charge of venturimeter by computational fluid dynamics method. Conclusion of this
work is that small length of throat and smaller angle of divergence gave the min-
imum pressure loss for maximum difference of pressure. From the computational
analysis, it has been found that pressure drop is minimum at certain angle of
divergence for a given angle of convergence. Suryawanshi et al. [4] study deals
with the improvement in coefficient of discharge and minimizing the losses due to
friction in the venturi section. This research work presents the experimental and
computational analysis for various diameter ratios (d/D) and compares the exper-
imental result with computational results. Comparison has been done by plotting
various velocity streamlines, contours of pressure across the section and noting the
values at various sections, i.e., inlet, throat, etc. It was concluded that diameter ratio
(d/D) of 0.65 is best for maximizing the coefficient of discharge, considering the
size of the venturimeter and type of fluid as water. Better geometry improves the
flow property. The coefficient of discharge increases with increase in Reynolds
number. Sanghani et al. [5] has been investigated the effect of geometrical
parameters on pressure drop through the venturimeter section by computational
analysis for the flow of water. The study was conducted by varying one parameter
and keeping the other parameters constant at a time. The variation was made in
diameter ratio (d/D), convergent angle, divergent angle and throat length. The
velocity vector plot and pressure drop were used for result analysis. The results
showed that the increase in the convergent angle causes fluctuations in the pressure
drop. Increase in convergence angle, decreases the diameter ratio which increases
the pressure drop.

Jay Kumar et al. [6] has examined the effect of nozzle angle of venturi section on
pressure drop computational analysis on fluent. From this computational analysis, it
was found that the pressures at the throat of the venturi decrease with increase in
opening of the throttle plate due to more flow of air. Pressure at the venturi section
was analyzed for the discharge nozzle angle of 30°, 40° and 45° by computational
analysis. From this study, it was concluded that for venturi nozzle angle of 30°,
pressure variation through the carburetor section is very uniform, which ensures
better atomization and vaporization of the fuel inside the carburetor body. But for
other nozzle angle of 40° and 45°, pressure distribution is non-uniform inside the
venturi section. Arun et al. [7] analytically and computationally investigated the
coefficient of discharge of venturimeter at low Reynolds number. The venturimeter
was modeled as per dimensions specified. At the inlet, fully developed laminar
velocity profile was prescribed. From this study, it was observed, as Reynolds
number decreases, coefficient of discharge of venturimeter reduces very fast. This
was happening due to the viscous losses on account of low Reynolds number.
While using venturimeter at low flow rate, it is essential to use the modified value of
Cd. That is why use of venturimeter is restricted for low flow rate. Zhang et al. [8]
investigated the effect of the geometrical dimension on fluid flow variation and
pressure variation in the venturimeter. They also study effect of convergence angle,
divergence angle, throat length to diameter ratio and the differential pressure
between the two sections of venturimeter by fluent flow analysis solver. As the
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convergence angle increases, vacuum pressure and mass flow rate decrease. As the
divergence angle increases, vacuum pressure and mass flux decrease.

Yadav et al. [9] experimentally investigates the discharge through nozzle by
particle image velocimetry system which is an optical flow measuring device.
Seeding particles are mixed with fluid before experimental process. The density of
seeding particle should be approximately equal to density of fluid. These seeding
particles are illuminated by laser and at the same time image of the flow are taken.
The coefficient of discharge was found from PIV and U-tube both. This result was
also validated by measuring the flow rate by U-tube manometer. It was found that
coefficient of discharge is approximately 0.9873 from both the analysis. Tukimin
et al. [10] investigated the flow through venturi tube using SKE turbulence model,
and results are used to determine values of coefficient of discharge Cd from the
three tests performed. Pressure drop and discharge velocity are analyzed by com-
putational fluid dynamics. Values of Cd obtained are 0.97551, 0.98850 and 0.98902
with a percentage error of 0.937% in experimental and numerical results indicating
the agreement of SKE turbulence model with experimental data. Many researchers
[11–16] adopted experimental and computational techniques to validate their
observations.

3 Experimental Setup and Procedure

3.1 Experimental Setup

A converging-diverging type venturimeter with the experimental setup is shown in
Fig. 3. A 0.5hp self-priming hydraulic pump is used to pumps the water from inlet
tank to discharge measuring container through the venturimeter. The inlet of the
pump is connected to the inlet tank through a flexible pipe, and outlet of the pump is
connected to the white pvc pipe again by flexible pipe. A pump can be put on/off by
the switch on board. A ball type valve is connected just after the pump outlet to
control the flow rate through the venturimeter. Two pressure gauges: pressure
gauge-1 and pressure gauge-2 are connected just before and after the venturimeter
to measure the pressure at inlet and exit of venturimeter. A U-tube manometer, in
which mercury is manometric fluid, is used to measure difference of pressure
between two sections of venturimeter. By knowing the pressure difference between
Section-1 and Section-2, theoretical discharge through the pipe can be found. Exit
of the pipe is connected to discharge measuring container which has inbuilt scale.
By knowing the volume of water collected in measuring tank in certain time, actual
discharge can be found. Hence, coefficient of discharge, i.e., ratio of actual dis-
charge to theoretical discharge can be found. The experimental setup is shown in
Fig. 2. A U-tube manometer has been developed in the workshop and used in this
experimental setup to measure the pressure difference between the inlet and throat
section of venturimeter.
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3.2 Venturimeter

Venturimeter is made in three parts for the ease of manufacturing and then
assembled to each other (Fig. 3). It consists of converging section, throat section
and diverging section. The inlet diameter of the pipe is 27 mm, and hence, inlet
diameter of the venturimeter was also taken as 27 mm to avoid any kind of jump in
the flow. The throat diameter should be 1/3 to 1/4 of inlet diameter [1, 2]. Hence,

Fig. 2 Experimental setup

Fig. 3 Assembled sectional
view of venturimeter
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throat diameter was taken as 9 mm. The convergence angle and length of con-
vergence section are 180 and 27.7 mm, respectively. The divergence angle and
length of divergence section are 70 and 59.09 mm, respectively. The length of
throat section is 8 mm as shown in Fig. 1. Total length of venturimeter is 20.48 cm
out of which 14.48 cm is visible to the eye.

3.3 Discharge Measuring Container with Scale

A container of cross section 25 cm � 25 cm and height 35 cm was used as dis-
charge measuring container as shown in Fig. 4. At the bottom of the container, a
hole was made which has been connected to a transparent tube along with mea-
suring scale. The rise of water in the container can be seen from outside in certain
time. By knowing the volume of water in certain time, actual discharge can be
calculated.

4 Results and Discussion

The coefficient of discharge of venturimeter has been found by experimental and
computational analysis both and their results have been compared. Furthermore,
effect of flow rate on coefficient of discharge of the venturimeter was also studied.

Fig. 4 Discharge measuring container
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4.1 Experimental Results and Discussion

The inlet tank, i.e., sump has been filled with normal water at the room temperature
before starting the experiments. The pump is started and flow rate through the
venturimeter is controlled by ball type valve. After setting the certain mass flow rate
by ball type valve, deflection of mercury in U-tube, rise of water level in discharge
measuring container and time of water rise in the measuring container was noted.
This process has been repeated with incremental increase in flow rate for twelve
number of tests to show the effect of discharge on Cd and all the reading was noted,
which are presented in Table 1.

Theoretical discharge through the venturimeter is given by Eq. (1) as

Qtheoretical ¼ A1:A2:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gh

A2
1 � A2

2

� �

s

where h = head difference of water level between Section-1 and Section-2,
A1 = area of pipe at Section-1, A2 = throat area, g = acceleration due to gravity.
From the Fig. 1, dimension of the venturimeter is D1 = 27 mm = 0.027 m,
D2 = 9 mm = 0.009 m.

A1 ¼ pD2
1

4
¼ 5:73� 10�4m2; A2 ¼ pD2

2

4
¼ 6:36� 10�5m2

Hence, theoretical discharge in the term of h is given by

Qtheoretical ¼ 28:36967� 10�5
ffiffiffiffiffiffiffiffiffiffi
hðmÞ

p

From the Eq. (2), we have

h ¼ x:
qhg
q

� 1
� �

where x = deflection of mercury in U-tube.
Put density of mercury, qhg = 13.6 � 1000 kg/m3 and density of water,

q = 1000 kg/m3.

h ¼ 12:6x:

Hence, theoretical discharge in the term of deflection of mercury (x) is given by

Qtheoretical ¼ 100:7� 10�5
ffiffiffiffiffiffiffiffiffiffi
xðmÞ

p
; m3/s
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or

Qtheoretical ¼ 10:07� 10�5
ffiffiffiffiffiffiffiffiffiffiffiffi
xðcmÞ

p
; m3=s:

Volume of water collected in tank in time t, for rising of water level in tank
(htank) is given by

Vtank ¼ cross sectional area of tank � Rise of water level in the tank (htankÞ

Cross sectional area of tank = 0.25 � 0.25 m = 6.25 � 10–2 m2.

Vtank ¼ 6:25� 10�2 � htankðmÞ; m3 or Vtank ¼ 6:25� 10�4 � htankðcmÞ; m3

Hence, actual discharge in m3/s is given by,

Qactual ¼ Vtank

t

Figure 5 shows the variation of coefficient of discharge (Cd) with the discharge.
From this result, it was observed that coefficient of discharge (Cd) increases with
increase in discharge at the inlet. For the low discharge, Cd value is very small and
for high discharge Cd value is very high. Figure 6 shows the comparative values of
theoretical and actual discharge for 12 number of tests. From this result, it was
found that the theoretical discharge is more than the actual discharge.
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4.2 Computational Results and Discussion

Drafting and modeling are very essential for the computational analysis of flow
through venturimeter. SolidWorks 2016 was used for modeling and drafting the
venturimeter. The venturimeter 2-D sketch was made in SolidWorks and extruded
into 3-D model. SolidWorks flow simulation has been used for flow analysis
through venturimeter. Tetrahedral face meshing was used to produce the fine mesh.
For computational analysis, the parameters adopted for inlet condition of
the venturimeter is presented in Table 2. The results converged in 200 numbers of
iterations.

Experiments were conducted for 12 number of tests, and also, computational
analysis has been done for four number of tests to compare the results.
Computational results for the 4 number of tests, i.e., for 4 number of inlet condition
are given below.

Test Number-4, Velocity and Pressure Contour
For inlet condition, velocity V1 = 0.4363 m/s, pressure P1 = 113.79 kPa,

Q1 = 0.000250 m3/s is shown below.
Test Number-8, Velocity and Pressure Contour
For inlet condition, velocity V2 = 0.5549 m/s, pressure P2 = 127.58 kPa,

Q2 = 0.000318 m3/s is shown below.
Test Number-10, Velocity and Pressure Contour
For inlet condition, velocity V3 = 0.6108 m/s, pressure P3 = 141 kPa,

Q3 = 0.000350 m3/s is shown below.
Test Number-12, Velocity and Pressure Contour
For inlet condition, velocity V4 = 0.6561 m/s, pressure P4 = 155.17 kPa,

Q4 = 0.000376 m3/s are shown below.
From Figs. 7, 8, 9, 10, 11, 12, 13, 14, velocity and pressure contour has been

presented for four different inlet conditions, as discussed above, for the
selected venturimeter.

For the test number-4, from the velocity contour, the average velocity is found to
be 3.923 m/s. Hence, computational discharge can be calculated as

Table 2 Parameters for
numerical simulation

S.n Parameter Value

1. Atmospheric pressure 101,320 Pa

2. Atmospheric
temperature

300 K

3. Gravity 9.81 m/s2

4. Wall condition Adiabatic wall condition

5. Type of flow Laminar and turbulent
flow

66 O. Yadav et al.



Qcomp ¼ A2:V2 ¼ 6:36� 10�5 � 3:923 ¼ 0:000249 m3/s; Qactual ¼ 0:000243

The coefficient of discharge, from the computational analysis is

Cdð Þcomp¼ Qactual/ Qcomp ¼ 0:000243/0:000249 ¼ 0:9759

For the test number-12, from the velocity contour, the average velocity is found
to be 5.89 m/s. Hence, the computational discharge can be found as

Fig. 7 Velocity contour for test-4

Fig. 8 Pressure contour for test-4
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Qcomp ¼ A2:V2 ¼ 6:36� 10�5 � 5:89 ¼ 0:000375 m3/s; Qactual ¼ 0:000372

The coefficient of discharge, from the computational analysis, is

Cdð Þcomp¼ Qactual/ Qcomp ¼ 0:000372/0:000375 ¼ 0:9920

For the test number-4, i.e., for low discharge, (Table 1), the experimental value
of coefficient of discharge is found to be 0.9710, and from the computational
analysis, the coefficient of discharge is found to be 0.9759. Furthermore, for the test
number-12, i.e., for high discharge, the experimental value of coefficient of dis-
charge is found to be 0.9893. From the computational analysis, the coefficient of
discharge is found to be 0.9920. Hence, percentage change in coefficient of dis-
charge obtained from the numerical analysis and experimental results for low and

Fig. 9 Velocity contour for test-8

Fig. 10 Pressure contour for test-8
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high discharge, respectively, was found to be 0.50% and 0.28% which is less than
1%. This difference may be due to friction, surface roughness and sharp edges at the
joint.

Fig. 11 Velocity contour for test-10

Fig. 12 Pressure contour for test-10
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5 Conclusions

In the present work, experimental and computational analysis of coefficient of
discharge (Cd) of venturimeter is studied extensively. For computational analysis,
venturimeter is designed and simulated using SolidWorks software and for
experimental measurements, the venturimeter is fabricated as per proposed design.
The effect of flow rate on the coefficient of discharge was studied using experi-
mental analysis, and the results were validated computationally using SolidWorks
2016 software. The following conclusions are made:

Fig. 13 Velocity contour for test-12

Fig. 14 Pressure contour for test-12
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1. Experimental results revealed that the coefficient of discharge (Cd) increases
with increase in rate of flow, i.e., increase in Reynolds number.

2. For high flow rate, the coefficient of discharge was found as 0.9893 and com-
putational value of Cd was found as 0.992.

3. The coefficient of discharge computed experimentally and computationally,
varied by less than one percent. This indicates that the design parameters of the
venturimeter were correctly chosen to get accurate results.

The results presented in this paper provide a baseline to design the venturimeter
for measuring the flow rate in the devices where high flow rates are expected.
Furthermore, the optimum range of divergence angle of the diverging section of the
venturimeter can be set between 4° and 7°.
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Nomenclature

ASTM American standard test method
BTE Brake thermal efficiency
CO2 Carbon Dioxide
BP Brake Power
B5KOEE95 Diesel 95% + Kusum oil ethyl ester 5%
D100 Diesel 100%
JOME5 Jatropha oil methyl ester 5% + 95% diesel
JOEE5 Jatropha oil ethyl ester 10% + 90% diesel
ASTM American Standard Test Method
ƞ (Mech) Mechanical Efficiency
CRDI Common Rail Direct Injection
TDC Before Top Dead Centre
CN Cetane Number
PM Particulate Matters
RCCD Rotable central composite design
SME Sunflower methyl ester
KOH Potassium Hydroxide
CI Compression Ignition
NOX Oxides of Nitrogen
CO Carbon mono oxide
B10KOEE90 Diesel 90% + Kusum oil ethyl ester
B15KOEE95 Diesel 85% + Kusum oil ethyl ester 15%
B20KOEE80 Diesel 80% + Kusum oil ethyl ester 20%
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JOME10 Jatropha oil methyl ester 10% + 90% diesel
JOEE5 Jatropha oil ethyl ester 5% + 95% diesel
F/A ratio Fuel Air ratio
CME Canola methyl ester
NaOH Sodium Hydroxide
CV Calorific Value
BEMP Brake Effective Mean Pressure
RME Rapeseed methyl ester
LTC Low temperature combustion
BTE Beef tallow ester
DAG Diacylglycerols
FAME Free acid methyl ester
FIP Fuel Injection Pressure

1 Introduction

The energy request is expanding step-by-step and oil subsidiaries are contributing a
considerable amount of its expansion especially in the transportation division. The
quest for a substitute fuel has provoked various revelations, because of that a wide
variety of elective energizes are accessible for transportation, force, energy, and
rural purposes [1, 2]. Diesel engines are widely preferred to utilize fuel energy
because of its high-thermal efficiency comparatively. One of the principal issues
related to diesel engines is its harmful discharges, for example, carbon dioxide
(CO2), carbon monoxide (CO), particulate issue (PM), soot, and unburned hydro-
carbons (HC). These discharges pollute the atmosphere which is the basic problem
associated with human beings living. Particulate issues in the diesel engines fumes
are exceptionally risky as it influences the lungs and has potential impacts on heart,
though carbon monoxide joins with the hemoglobin in the blood, confines the
progression of oxygen subsequently prompting unexpected passing [3]. HC and
NOX discharge within the sight of daylight respond to shape photochemical smog
and acid rain which causes respiratory issues and eye bothering. The particulate
issue makes bothering the eyes, nose, throat, and lungs, bringing about cardio-
vascular diseases and potentially sudden passing [3].

With the fast exhaustion of petroleum product concern is developing on its
proceeded with accessibility and about its harmful side of emissions due to which
our planet polluted for humankind and henceforth adequately draw the attention
about an alternate with a substitute wellspring of energy which out and out
quickened the exploration on biodiesel [4]. Replacement of petroleum derivative
with fuel extracted through various types of plants seeds and fats of animals and
algae may be a better choice as the biodiesel has a great element, for example, fair
on execution, favorable emissions, tremendous accessibility, locally accessible and

74 S. Bhan et al.



its sustainable nature has additionally tuned the expanding center around biodiesel
[5]. Biodiesel has overpowering characters like biodegradability, better lubricity,
eco-cordiality, and non-harmfulness when utilized in diesel engines. Accordingly,
biodiesel may be a possible expected choice for diesel. Second era research paid
attention just too non-consumable oil in light of food necessity cost worry. In the
investigation of substitute fuel challenges around the world, numerous experiments
were performed with biofuel. It was found that biofuel may be alternative fuel [6].

Many researchers are serious to compensate for the energy crisis and reduce the
harmful emissions to produce a healthy atmosphere. So they are in search of
alternative fuel which may lessen the utilization of diesel furthermore for the
decrease of hurtful emissions. Biofuel may be proving the better alternative fuel.
Biofuel can be produced from a variety of vegetable oils, fats of the creature, and
algae. Vegetable oil can be obtained from rapeseed, soybean, palm; sunflower, etc.
researchers are using a wide range of technology to reduce emissions as catalysts of
diesel oxidation, particulate matter filters (PMF), and exhaust gas recirculation
(EGR). Many researchers study that biofuel blending with diesel reduces emissions
like CO, CO2, HC, particulate matter, but usually increases the NOX emissions. To
reduce the NOX, new combustion chamber technology has been using as LTC,
RCCI, etc. but using LTC, NOX reduced, but the efficiency of the engine decreased
which is a challenging part for the researcher.

NOX emissions in a diesel engine can be decreased by EGR [7, 8]. Instead of it,
many researchers used the two ways catalytic converter in the exhaust system of
diesel engine diminishes hydrocarbon and carbon monoxide emissions.

Still, NOX emissions reduction is challenging for the researchers because LTC
reduced the NOX emissions but on the other aspect, it decreased the BTE, Brake
power. EGR is not much efficient. Instead of it, researchers are in favor of a blend
of fuel such that changes in characteristics of fuel favorable in the reduction of CO,
CO2, HC, and NOX emissions. Biofuel blending usually increases the NOX, but
reduces emissions like CO, CO2, and HC, etc. [9, 10].

Methanol may be used as an alternative biofuel. Methanol has high-oxygen
content. It has higher oxygen and octane number compare to ethanol. These
properties help to produce better combustion characteristics. Researchers find the
performance and emission characteristics of methanol as a blended fuel. BTE
decreases with an increase in the concentration of methanol and in another aspect
BSFC increases with the increase in the concentration of methanol. The emission
characteristics like CO emissions increase in comparison to the pure gasoline, but
NOX and UHC emission characteristics decrease in the case of methanol blend
because of combustion of fuel occurred at a lower temperature [11].

It was seen by the researcher that BTE decreases at higher peak load by increases
the blend value of neem oil by more than 5% in diesel. This may be due to the
higher viscosity of fuel due to which improper atomization of fuel takes place inside
the combustion chamber. But it was also observed that DN 10 and DN 15 have the
higher BTE in comparison to the DN5 and DN 100 at part loads up to 60% load.
Airflow remains constant at higher load, but fuel injection rate increases. There is
very little time for fuel combustion therefore CO2 and UHC increased. BSFC
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increases with increases lend of neem oil. This may be due to the higher density and
lower calorific value of the fuel [12].

Brake thermal efficiency is defined as the ratio of brake power produced total
energy of fuel. I fort was seen by the researcher that BTE improve y increasing the
load up to 60%, but for pure Kusum oil, BTE decreases due to higher viscosity
resulting in improper atomization of fuel.io BTE improved by mixing of butanol.
Butanol is an oxygen-rich fuel and improved viscosity due to which proper com-
bustion of fuel takes place inside the combustion chamber. BSFC increases with
increases the load because it has a higher density and lower calorific value of the
fuel. A lower calorific value requires a more amount of fuel for the same power
production [13].

Biodiesel has higher viscosity due to which it cannot directly use in a diesel
engine. The transesterification process is used to reduce the viscosity of biofuel.
Due to higher viscosity, brake specific consumption, and availability of biofuel, it is
used with diesel. Nanoparticles may be used as a catalyst in biofuel because of it
has numerous benefits like superior density, improved combustion by increasing
evaporation rate of fuel and air mixing resulting in reduced ignition delay,
decreased emission like CO, CO2, HC, and NOX. Novel nano added substance is
eminent as a superior fuel catalyst material in these ongoing hundreds of years.
Oxidation and evaporation rate of biofuel increases when nanoparticle mixes in
biofuel because of nanoparticle has the bigger surface area to volume ratio [14]. It
was seen by the researcher addition of biofuel improves the properties of biofuel
like an advanced flash point, kinematic viscosity. These properties improve due to
the high surface to volume nature of nano particles [15].

To improve the engine performance and engine characteristics nanoparticles are
mixed in biodiesel as an additive. The nanoparticle has a high surface to volume
ratio due to which nanoparticle has the several advantages over without nanopar-
ticle biodiesel like as improves the atomization of the fuel, allows more fuel to react
with oxygen, reduces ignition delay, enhances rapid evaporation, provide better
air-fuel mixing, reduced cylinder pressure, and reduced heat release rate. It was seen
by the researchers that the addition of nanoparticles in biodiesel improved the brake
thermal efficiency, reduced BSFC, reduced NOX and improved other emission
characteristics like as the HC, CO, and CO2 due to following reasons:

• Nanopartcile addition in biofuel improves physio-chemical properties of fuel
which is shown in Table 1.

• Nanoparticles addition reduces viscosity of blend fuel which leads to fine
atomization, dispersion and mixing of fuel inside combustion chamber. So that
proper combustion takes place inside combustion chamber.

• Nanoparticle has high surface to volume ratio due to which they provide more
contact surface for chemical reactivity which in turn increases evaporation rate
thereby increasing heat transfer. Nanoparticle improves the thermo-chemical
properties of combustion of air-fuel mixture.

• Nanoparticle addition in biofuel increases calorific value of blend fuel ultimately
increases the BTE of compression ignition engine.
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• Nanopartcile accelerated the evaporation rate of air-fuel mixture and reduces the
pre mixed fraction of air-fuel mixture due to which ignition delay and com-
bustion temperature reduced. The presence of lower active radicals led to a
decrease in the potential of thermal NOX formation.

• Nanopartcile improve cetane value, calorifc value, reduced viscosity and
improve combustion of fuel due to which BSFC of biofuel reduced [16–20].

It was seen by researcher that nanoparticle blend in biofuel form agglomeration
of nanoparticles due to minute size of nanoparticle. Nanoparticle may create sed-
imentation problem. To maintain the stability and homogenous mixture ultrasoni-
cator are sed at high frequency. Surfactants (Cetyltrimethyl ammonium bromide)
may be used to control the sedimentation problem and avoid the agglomeration of
nanoparticles. To characterize the nanoparticle various technique are used such as

• X-ray diffraction (XRD): used to identify the crystalline phase and to deter-
mine the crystalline size of nanoparticles

• Scanning electron microscopy (SEM): used to measure the morphology and
average particle size of nanoparticles

• Energy dispersive spectrum (EDS): used to check of the composition of
nanoparticles [16–20].

Recently, nanoparticles are used as an additive with biofuel. Nanoparticles
improve the characteristics of the biodiesel and get better the diesel engine per-
formance. The nanoparticle may increase the thermal conductivity, diffusivity,
calorific value, density of the fuel resulting in better combustion take place inside
the combustion chamber. Nanoparticle reduces the ignition delay because
nanoparticle has a high surface to volume ratio which means more contact surface
area between fuel and oxidizer. Due to which nanoparticle increases the evaporation
rate between fuel-air mixing resulting accelerates deeply the combustion flame and
early combustion occurred comparatively. So as this type of ignition delay period
was reduced. On the other aspect, it increases the density of nanoparticle due to
which it increases the injection velocity of the fuel resolution to improve the
atomization of fuel. Nanoparticle addition with biodiesel improves the combustion
resulting in reducing emissions like CO, CO2, NOX, HC, and get better the overall
engine performance as BTE, BSFC, etc. [25].

It was seen by the researcher that 5–100 nm particle size is suitable as an
additive with biodiesel. Nanoparticles are formed by various chemical and physical
processes. Many metal and metal oxides are usually used as the nanoparticle ex
Aluminum, Titanium, Copper, Cerium, Boron, Iron, Zinc, etc., and their oxides.
There is much experimental work is carried out to improve the characteristics of
biodiesel and the emission and performance of the engine. In this review paper,
more experimental studies have been summarizing, and investigate gaps where
additional exploration is desirable.

There are many methods to optimize the different variables in biodiesel blend-
ing. The researcher used Taguchi approach to optimize the reaction variables for the
reduction of FFA. Temperature, catalyst amount, molar ratio, and reaction time
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variables studies to optimize the FFA because these variables affect the acid value
during the transesterification process. Researcher finds that maximum yield
obtained at molar ratio 5:1, 1% catalyst, 65 °C temperature of reaction, and
120 min reaction time by the average S/N ratio. At these parameters highest
yielding obtained and the lowest reduction of FFA [26].

2 Effect of Nanoparticles on Performance and Emission
Characteristics of a Diesel Engine

To improve the engine performance and engine characteristics nanoparticles are
mixed in biodiesel as an additive. The nanoparticle has a high surface to volume
ratio due to which nanoparticle has the several advantages over without nanopar-
ticle biodiesel like as improves the atomization of the fuel, allows more fuel to react
with oxygen, reduces ignition delay, enhances rapid evaporation, provide better
air-fuel mixing, reduced cylinder pressure, and reduced heat release rate.

It was seen by the researchers that the addition of nanoparticles in biodiesel
improved the brake thermal efficiency in comparison to 100% biofuel. It was
analyzed experimentally that there are more improvements in BTE for B20A30C30
and B100A30C30 test fuel in comparison to pure 100% biofuel. Advance com-
bustion takes place in the combustion chamber when nanoparticles are used as an
additive in biodiesel because the nanoparticle short the ignition delay.
Nanoparticles have a high surface and volume ratio due to which the evaporation
rate of fuel increased. Due to advanced combustion, it was seen that there are
low-combustion chamber pressure and heat release rate at full load conditions.
The NO discharge radically diminished for the B20A30C30 test fuel with a rate
decrease in 30%, when compared with B100 because of the consolidated impact of
Alumina and Cerium oxide nanoparticles. It was seen by the researcher that CO,
UBHC, and smoke opacity are reduced due to an improved oxidation-reduction
process when nanoparticles are mixed in biodiesel [27].

Magnalium and Cobalt Oxide are used as nanoparticles in Jatropha biodiesel fuel
to check diesel engine performance. It was found that the content of nanoparticles
brought about a compelling upgrading in the BTE and decrement in the BSFC by
2%. It was seen that the emanations were diminished viably as UHC was decreased
by 60%, CO by half, and the NOX by 45% [28] (Fig. 1).

Fig. 1 Dispersion effect of nanoparticle with biofuel blending [27]
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Researchers researched the effects of Cerium oxide used as an additive substance
in diesel furthermore; diesel-biodiesel-ethanol mixes to check the diesel engine
performance. It was seen by the researcher that there is a reduction in specific fuel
consumption and ignition delay after the addition of nanoparticles in biofuel. The
adding up of Cerium oxide likewise quickened before the commencement of
burning and caused an inferior heat discharge rate. It was seen that CO, UHC, and
NOX emissions effectively decreased. Researcher likewise revealed that the best
possible engine performance was accomplished at nanoparticles portion level of
35 ppm [29–31].

Researchers considered the effect of adding nano- and micro-sized aluminum
(Al) particle size, dispersant focus, and base fluid type to change its effect on the
combustion characteristics of n- decane and ethanol droplets. They found that the
engine power has been amazingly improved. They also detailed the effective
reduction of carbon dioxide and nitrogen dioxide [32].

The researcher observed the emission characteristics and engine performance of
diesel engines when ferric chloride (FeCl3) was used as a nanoparticle additive in
biodiesel. Due to the effect of nanoparticle blending BSFC decreased to 8.6% and
brake thermal efficiency increased to 6.30%. The researcher also found that cylinder
means effective pressure and hear radiate rate increased effectively and emission
characteristics like as NOX, CO, UHC, and smoke were reduced by 21.60% 52.6%,
27.0%, and 7.0%, respectively [33].

Aluminum oxide (Al2O3) and Copper oxide (CuO) used as nanoparticles addi-
tive to check the performance of diesel engine and emission characteristics.
Flashpoint and cetane number increased to 1% and 3.3% when Aluminum oxide
(Al2O3) and Copper oxide (CuO) nanoparticles were mixed with biodiesel. It was
seen by the researcher that engine emissions like NOX, CO, and UHC were fun-
damentally decreased by 11%, 13%, and 6%, separately [34].

When jajoba biofuel blended with the diesel the peak pressure decreased in
comparison to diesel fuel at 75% load at various speeds. This is due to the superior
viscosity of the biofuel which leads to improper atomization of the fuel resulting in
improper combustion take place inside the combustion chamber. It was also seen
that retardation in the peak value of pressure attributed to an increase in ignition
delay. Due to an increase in ignition delay, more amount of fuel accumulated for
burning which leads to improper combustion. By mixing of nanoparticle as Al2O3

into the JB20D mixture evaporation rate of the fuel droplet increases which
improve the combustion process because of Nanoparticles (Al2O3) has the higher
surface to volume ratio and higher thermal conductivity. Nanoparticle mixing
reduces the ignition delay because of combustion of fuel occurred early compara-
tively without nano fuel blending. It was seen that peak pressure also increased
inside the combustion chamber by mixing the nanoparticles [35].

The rate of pressure rise curve indicates the rate of heat released and the degree
of the combustion reaction. So to obtain the maximum rate of pressure rise of the
curve is an important research design parameter of the engine [36]. It was seen by
the researcher adding the nanoparticles peak pressure rise rate increases due to
better fuel mixing resulting in better evaporation rate of fuel.
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Ignition delay is a very important parameter that affects the performance of the
engine. Biofuel has an increased viscosity in comparison to diesel fuel. There are
some limitations due to the high viscosity of biofuel like fuel spray in larger
droplets form which leads to improper combustion inside the cylinder. On another
hand, carbon deposits formed in the nozzle of the injector and cylinder liner due to
the higher viscosity of the nozzle [37, 38].

At lower injection pressures denser or say larger fuel droplets do not mix uni-
formly with compressed air so that uneven combustion takes place inside the
combustion chamber. Due to which evaporation rate affected and ignition delay
period increases resulting in more fuel accumulated inside the combustion chamber
which leads to knocking. To avoid knocking, shorter ignition delay is required.

If injection pressure increased, fuel spray, dispersion, and mixing of fuel with air
properly take place because fuel split into very small droplets. Fuel spray travels
more distance comparatively when injection pressure of fuel in nozzle increased.
There is more distance covered by the fuel droplet by increasing injection pressure
parameters. When fuel droplets covered more distance, fuel droplets properly mix
with the high pressure and temperature compressed air. Properly mixing increases
the evaporation rate of fuel ultimately reduce the ignition delay time and CO
emissions and proper combustion take place inside the combustion chamber and
give a higher heat release rate and reduced emissions except for NOX. But it was
seen that to increase the injection pressure the BTE increased usually but BSFC
increased. So to decrease the oxides of nitrogen and BSFC nano particles may be
mixed with the biofuel with higher injection pressure [39].

Biofuel has a higher viscosity due to which proper atomization, penetration,
dispersion, and thermal mixing of air-fuel affected. These factors are sufficient to
increase the delay period. So the combustion of fluid is initiated later and maybe
continuous in expansion stroke which can reduce the work output of the engine. If
the injection pressure is increased, proper atomization of fuel takes place inside the
combustion chamber. The density of fuel decreased because of larger fuel droplet
breaks into smaller fuel droplets. Lower density fuel can easily penetrate and
properly thermal mixed with air and improve the combustion. But it was seen by the
researcher that BSFC decreased due to high injection pressure and NOX increased
due to more oxygen molecules into the biofuel structure. To improve combustion,
reduce ignition delay, reduce BSFC, and reduce NOX nanoparticle CeO2 mixed
with the biofuel at higher injection pressure. CeO2 has a higher thermal conduc-
tivity die to which that enhances the mean combustion pressure and heat transfer
rate between air and fuel. Therefore, this type of blending of nanoparticle in fuel
increases fuel evaporation and prepares fuel in advance for auto –ignition, thereby
reducing ignition delay. It was observed that for 240 bar IP with 80 ppm
nanoparticles, the delay time reduced in comparison to pure B 20 fuel without using
nanoparticles.

Nanoparticle CeO2 and higher injection pressure reduce the ignition delay and
improve the combustion characteristics due to which BTE increased and BSFC
decreased. It was seen by many researchers that by lending of biofuel NOX

increased because its molecular structure contains more oxygen resulting in fuel
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burns at the higher temperature. On the other aspect nanoparticle CeO2 mixing with
biodiesel blending reduce the NOX. Cerium oxide (Ce2O3) produced during the
decrease of hydrocarbons might be re-oxidized to CeO2 by the decrease of nitrogen
oxide, in this manner bringing down the development of oxides of nitrogen. Cerium
oxide works as an oxygen shock absorber, causing concurrent oxidation of
hydrocarbons just as the decrease in nitrous oxides. The reaction can be written as
follows [40]:

Ce2O3 þNO ! 2Ce2O2 þ 1=2N2 ð1Þ

Equation 1 Cerium oxide nanoparticle reaction with oxide of nitrogen.
When nanoparticle TiO2 is mixed with the biofuel mahua oil, there is a sig-

nificant reduction in the NOX, CO, HC, and smoke opacity emissions at all braking
power because nanoparticle TiO2 has higher thermal conductivity resulting in lower
ignition delay. On the other aspect, Nanoparticle has a high surface to volume ratio
due to fuel properly mix with air and increase the evaporation rate and reduce
ignition delay. By adding 200 ppm of TiO2 nanoparticles to BD100, NOX emis-
sions can be reduced by 6.6% at peak braking power. The NOX emissions of
BD100, BD100T100, BD100T200, and diesel at peak braking power are 13.3, 13,
12.8, and 11.8 g/kWh, respectively [41].

Nanoparticles addition in biofuel improves the brake specific fuel consumption.
It was seen by the researcher that when Al nanoparticles are blended in biofuel J20,
there was a decrement in specific fuel consumption (6.5%) in comparison to
standard diesel at 75% load conditions.

Nanoparticle blending improves fuel droplet propagation and fuel scattering
inside the combustion chamber. Nanoparticle reduces the viscosity of fuel due to
which fuel injected into fine particles comparatively and exposes the higher
effective area. Nanoparticle provides the high surface to volume ratio resulting in
proper mixing of fuel and air and works as oxygen donor resulting proper com-
bustion takes place inside the combustion chamber. Nanoparticle increases the
evaporation rate of the fuel and decreases the ignition delay and expansion of
nanoparticles prompts oxidize the carbon particle properly due to which less fuel
consumption takes place. Addition of nanoparticles provides the larger surface to
volume ratio due to which heat transfer air-fuel mixing increased. Lesser ignition
delay reduces the combustion duration of the fuel resulting in higher peak pressure
and increases heat release rate. Nanoparticle addition increases the density of fuel
due to which fuel injection velocity increases resulting also in fuel droplet propa-
gation and more injected fuel dispersion. Nanoparticles contain a high surface for
the chemical reaction due to which reactivity of the fuel is the main factor
responsible for the reduction in ignition delay. It was seen that when nanoparticle
mix with biofuel BTE increases. J20Al100 made the most extreme increment in
thermal efficiency up to 6.5% at 75% of engine load [42–45].

It was found that NOX emissions for the biodiesel mix are higher than that for
the perfect diesel. The diesel engine produces more NOX emissions for biofuel
compare to the standard diesel engine at a higher engine load. Adiabatic flame
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temperature of combustion and cylinder temperature increased at higher engine
load. At the higher temperature, more oxides of nitrogen are produced. Higher
burning temperatures, accessibility of oxygen, and lower ignition delay support in
producing the higher NOX. Biodiesel contains more oxygen molecules in molecular
structure due to which proper combustion occurred at higher temperature resulted in
more NOX produced. NOx and CO discharge decrease through the expansion in the
more quantity of nanoparticles because of the impact of oxygenated added sub-
stances and burning upgrade. Expansion of oxides of nano-metal prompts total
burning, as it goes about as an oxygen-impetus due to which CO also decreased.
The most extreme heat discharge rate furthermore, high peak pressure during the
ignition is normal in such a case. Premixing timing of air-fuel for burning, chamber
ignition temperature, and NOX discharge decrease by mixing of nanoparticle in
biofuel because of ignition delay period decreased. The expansion of the
nanoparticles to Jatropha biodiesel prompted a decline in NOX discharges in
comparison with the Jatropha biodiesel mix and diesel oil because of the catalyst
impact of the nanoparticles. Nanoparticles accelerated the proper combustion and
reduce the ignition delay. The greatest decrease in NOX and CO emissions up to
52% at 75% of engine load and 35% at 75% of engine load, respectively, for
J20C50 is experiential compared with all different fuel tested.

Nanoparticles get a better rate of fuel-air blending and identical burning is
prompting better combustions. Nanoparticle blending mixing decreases the vis-
cosity and gives better atomization of fuel resulting decrease in HC and co emis-
sions. Ignition rate and combustion period improved due to the presence of more
oxygen molecule in biodiesel.

Lower hydrocarbons emissions were likewise because of superior reactant
movement and higher surface to volume proportion (which prompts better ignition).
The adding up of nanoparticles brings down the combustion commencement
actuation hotness and improves the oxidation of fuel. The most extreme reduction in
hydrocarbons discharge for Jatropha biodiesel using nanoparticles (J20T25) was
concerning 22% at 75% of engine load compare and precise diesel oil [45].

Researchers study the brake power of three different types of fuel as Tree of
heaven, Evening primrose, Camelina biodiesel. It was found that the Tree of hea-
ven, evening primrose biofuel increase concentration of blending with diesel
decrease the brake power of the engine. It may due to the difference in the property
of biofuel because biofuel properties influence the fuel quality and deliver power.
The important properties are heating value, lubricity, and viscosity. Heating value
mostly influences the brake power. Many biofuels have a lower heating value than
diesel. But Camelina biodiesel has more brake power in comparison to diesel. It
may due to an increase in the concentration of biofuel resulting increase in com-
bustion pressure, increased combustion rate, and another factor that may increase
the oxygen molecule and proper combustion take place resulting in higher heating
value in comparison to other fuel. It was seen that Camelina biodiesel is better fuel
in regarding to brake power in comparison with other fuel. When graphene oxide
(GO) nanoparticles mix the biofuel. Brake power increases significantly. But
maximum power increase was seen in Camelina biofuel. It was found that BSFC
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also decreases by mixing GO nanoparticles. Maximum reduction was seen in the
Camelina biodiesel in comparison with the other two biodiesel blending with
nanoparticle GO. Besides, B20GO60 used for Camelina biodiesel has the lowest
BSFC. Generally, GO additives will reduce BSFC. This is due to GO nanoparticle
additives have a high surface to volume ratio resulting in better combustion
occurred inside the combustion chamber [46].

By mixing nanoparticle GO with biodiesel like Camelina, co emissions
decreased significantly. Nanoparticle GO provides a large surface area to volume
ratio which increases the chemical reactivity of air-fuel mixing resulting in decrease
ignition delay. Nanoparticle reduces the heat transfer time into air-fuel mixing and
flame propagation inside the air-fuel mixing resulting in ignition delay reduced. An
ignition delay period responsible for the proper combustion as these types of CO
emissions is reduced. On the other hand, the nanoparticle can convert CO into CO2

due to which CO emissions decreased but CO2 increases in comparison to biodiesel
fuel without nanoparticle [46–48].

The quantity depends upon the NOX generation depends on factors like oxygen
content inside the combustion chamber, combustion chamber temperature, ignition
delay, and compression ratio [35]. It was seen by the researcher that NOX emissions
increased by mixing the biofuel because biofuel contains more O2 molecule
comparatively than diesel. Compared with all dissimilar ratios of biodiesel in
diverse fuels, the biodiesel fuel formed by Evening primrose seeds at the ratio of
10% has inferior NOX emissions [41]. Also it biofuel improves the combustion due
to which combustion temperature and cylinder pressure increase resulting in NOX

emissions increases. By mixing GO nanoparticles improve the combustion and
increases the cylinder pressure and temperature resulting in NOX emission increases
significantly. It was found that B20 GO 60 for camelina blending has a lesser NOX

emission in comparison to other testing fuels [41, 49].

3 Conclusion

From the writing survey, it tends to be reasoned that because of increment in
surface ratio to volume proportion and the expansion in catalyst action of
nanoparticles, nanoparticle finds very effective to use as additive substances in
diesel in the type of metal and metal oxides. Nano liquids improve the burning
because of oxygen donor behavior, higher thermal conductivity, and higher reactive
rate. The significant purpose of the extensive survey study can be summed up as
follows:

(i) According to the investigation of the survey paper, it was discovered that the
expansion of nanoparticles improves the properties of biofuel like increment
the heating value, cetane number, viscosity, flash point, and fuel density e of
diesel and biodiesel fuel.
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(ii) It can be observed from the research paper that the nanofluid upgrades fuel
ignition because of the improvement of heat transfer rate, catalyst activity,
and air-fuel blending rate. Because of progress in the ignition, increments in
calorific value the brake specific consumption of fuel diminishes.

(iii) It is clear from the literature that the utilization of nanofluid added substances
increases brake thermal efficiency by promoting total combustion. The out-
come shows that expanding the quantitative expansion of nanofluid added
substances can improve the thermal efficiency of the brake.

(iv) It was seen from writing that the addition of nanoparticles generally
decreased the NOX because of a higher cetane number, and a decrease in HC
because of a higher evaporation rate and catalyst oxidation. Because of the
higher dissipation rate and decreased ignition delay, most researchers
observed lower flue gas emissions.

(v) It was seen by many authors that there is a decline in CO emissions because
of improved combustion after the addition of nanoparticle added substances.
At a higher concentration of nanofluid added substances, higher CO dis-
charges were observed. On another angle, it was seen that after the addition
of nanoparticles cylinder pressure and heat dissipation increases because of
proper combustion and higher evaporation rate of fuel in the burning
chamber.
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Experimental and Computational
Analysis of Household Cook Stoves:
A Review

Anoop Singh, Vinod Kumar Yadav, Amardeep,
Mahesh Kumar Maddheshiya, Sagar Sharma, Manav Jha,
and Prajjwal Singh

1 Introduction

In India, LPG connections that have been distributed among the people lying below
poverty line under the PMUY was around Eighty million in the year 2016 [1]. In
most of the developing nations, liquefied petroleum gas (LPG) is commonly used as
fuel in household cooking appliances. LPG cooking stoves contribute essentially to
indoor air pollution [1]. Developing country like India has consumed 24.9 million
tons LPG during 2018–2019. It is 6.9% [2] higher than previous year. The lower
thermal efficiency and emission of pollutant gases causes indoor air pollution. So,
there is energetic need to explore the approaches to improve the efficiency of LPG
cooking stoves. Berry et al. [3] worked on the design of gas burners and reported
about the advanced methods of testing and arrangement. They also studied about
the ports of the burners, injecting tube design, principles of rate of injection of air
into the burner and flow of gas through different orifices design. The rate of dis-
charge of gas orifices found to vary greatly with a variation of the approach angle
and length of channel or tube of the orifice. They applied various strategies for
testing the performance of the burner. Designing and optimization of various
injection tubes were studied by changing the position of orifice burner used to get
expected result. The position of orifice was also changed for getting good results.
Tamir et al. [4] found a new gas burner design generating a swirling flame. Figure 1
shows the Swirling flame type LPG gas burner. This burner is 10–30% more
efficient than the conventional burner. In Swirling effect, due to high-shear stress
developed due to rotating moment, the combustion intensity gets increased. They
explored the effect of the design parameters under different working conditions for
normal and synthetic gases.
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Pandey et al. [6] surveyed in the high-altitude areas (Nepal) to know the success
of smokeless ovens in dropping indoor air pollution. In twenty households, the
personal exposure levels and the harmful suspended particulates were monitored.
Gravimetric analysis with the filters in traditional stoves and dragger tube analyses
were conducted. In the survey they found that traditional stoves emit more smoke
compared to smoke stoves. Kandpal et al. [7] experimentally investigated the
indoor air contamination induced by local cooking appliances, that utilizes coal,
kerosene and LPG. They found that the main reason for indoor air pollution was
the use of unvented coal, kerosene and LPG which accumulate high concentration
of impurities in the indoor environment while cooking. It was reported that the
well-ventilated kitchens must be used to reduce the health impacts of the pollutants.
Weinberg [8] used premixing flame for pre-heating of incoming LPG mixture using
solid porous medium. PMC is physically and optically very active in heat transfer
property and hence used in various application like radiant burner [9], heat
exchanger [10], heating [11], gaseous turbine [12], hydrogen production [13] and
ignition compression engine [14]. Jugjai and Sanitjai [15] presented a new design
to enhance the mostly used conventional open-flame atmospheric burner. Efficiency
of the burner was improved using the porous medium technology by constructing
an internal heat recirculation system to capture and recirculate some of the enthalpy
of the exhaust gases. When a porous medium of an appropriate optical thickness is
used, the PM (porous medium) changes the enthalpy of the exhaust smokes to
thermal radiation which is fed back to burner inlet. Due to the internal heat recir-
culation, the efficiency of the PRRB is approximately 10% higher than the standard
burner (SB) and PRB. Jugjai and Rungsimuntuchat [16] used porous material
(PM) in LPG burner for improving the thermal efficiency of burners.
Experimental studies showed that using PM, thermal efficiency can be enhanced
approximately by 20% with an energy saving of 30%. D’Sa and Murthy [17]
showed the importance of LPG against biomass-based fuels in their article. They
reported that out of whole indian population, only 17.5% depends on LPG at
present. They analyzed the factor affecting current demand and future scenarios to
increase the household use of LPG. The problems regarding affordability, pricing
and reliable distribution are the main barriers. So, they suggested the policies by
recognizing the challenges to overcome the reported problems. Hou et al. [18]
studied and experimented the thermal efficiency and CO released using swirl and
radial type burner and explored effect of heat input, primary mixing of air and

Fig. 1 Design of Swirling flame type LPG gas burners [5]
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loading height. Pantangi et al. [19] suggested to work on porous medium com-
bustion instead of conventional burner by using different types of ball bearing
which yielded increase in efficiency about 73% with 10% cost saving. They per-
formed their experiment on three different combinations of porous media. By using
mild steel chips in the combustion zone and pebbles in preheating zone, the
maximum thermal efficiency was 73%. Tierney et al. [20] described the fluid and
solid porous medium cooperation. Porous medium helped in improving efficiency
to overcome pollutant emission. They also provide stability in operating power
range and can be operated within lower flammability limits. Validation of chemical
mechanism, used in numerical model is being confirmed by CHEMKIN ‘reaction
design 2006’. Validation is conducted using a CFD fluid temperature on a plug
flow as output keeping same inlet conditions. Panting et al. [21] worked on the
porous radiant burners (PRB) used for LPG cooking gas. They reported that by
using porous medium, which is made of two layers, that consists of Alumina and
Silica Carbide, the thermal efficiency is high. Bhatt et al. [22] altered the pan
support and conventional design of the burner of a domestic LPG to improve the
thermal efficiency. The old one was 13% less efficient against minimum thermal
efficiency (64%) by the BIS. By analyzing the key main factors of combustion and
heat transfer, they found that the thermal efficiency of LPG cook stoves can be
increased with the help of swirling flames, porous inserts, and low-thermal inertia
pan. Swirling flame burner cap and pan support is the best modification among all
the three options. They also found that with an optimum pan height, the thermal
efficiency gets boosted by 2%, which is sufficient to save gas worth of 361.677
crores as per the rate of 20 Rs./kg on consumption of 5.56 MT annually. Mishra
et al. [23] studied about the Porous Radiant Burners made of SiC. Different heat
inputs (5–10 kW) effects were studied. For LPG burner, the thermal efficiency
ranged from 30 to 40%, 350 to 1145 ppm CO, and 40 to 109 ppm NOx. It has a
maximum efficiency of 50%, which is more than the CS (conventional stoves). To
overcome difficulty in free flame combustion, porous medium combustion
(PMC) was developed. PMC has better power density, high power dynamic reach
and emit very less NO and CO emissions. Thermal efficiency of PRB is 40–50%.
By increasing power intensity, the efficiency of PRB gets decreased. PRB gives
maximum thermal efficiency at the load of 10 kW. Muthukumar et al. [24] pre-
sented new design of PRB (porous radiant burner) for LPG domestic cooking
application. Using water boiling test (BIS: 4346:2002), the thermal efficiency of
burner was found. To study the effect of porosity, the burners were tested at 80, 85
and 90% porosities at comparable ratios and wattages. The highest thermal effi-
ciency with reduced emissions was found 90% porosity. Khan and Saxena [25]
studied the effects of different designs of burner heads on performance on LPG
cook stoves and reported that the burners made up of brass were more effective than
the iron made burners. In addition, the burners having flat and flower face are more
effective than the regular burners, since the flat face brass burner has thermal
efficiency of 58%, while the regular burner reached up to 48% efficiency only. This
process of changing burner heads was very simple. Boggavarapu at el. [26] worked
experimentally and numerically on LPG and PNG and measured the thermal
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efficiency of a conventional burner. Three dimensional CFD (computational fluid
dynamic) modeling of the steady-state flow, ignition and heat flow to the pot is
reported. They modified the circular hole of burner and also worked on the loading
height. Khan et al. [27] concluded that the efficiency of the cooking system can be
increases by using best design burners, using pots with plane bottoms, working at
flow rates that deliver the maximum efficiency, and using a porous burner. Porous
media combustion provides a 3-d matrix mixing chamber to achieve a higher value
of thermal conductivity and emissivity. Aroonjarattham [28] worked with outer and
inner rings of the burner heads for number of holes and hole angles to calculate its
effect on thermal efficiency. Terracciano et al. [29] designed a bi-fuel heterogeneous
combustor containing silicon carbide ceramic media in the combustion chamber.
The combustor was operated for both lean and rich fuel-air mixtures. The flow loop
of combustor consists of 4 inter-connected devices. The flow loop combustor has
mixing chamber, heat exchanger, vaporization chamber for the injection of fuel and
the temperature was measured with the help of thermo couples at various locations.
It was observed that the capacity of combustor, while working with gaseous
methane and air, can be maintained even at a small equivalence ratio of 0.50.
Makmool et al. [30] developed a novel self-aspirating liquid fuel annular porous
medium burner (SLAPMB).

Laphirattanakul and Charoensuk [31] placed a needle inside the fuel nozzle and
achieved the refinement of air flow rate for the LPG premixed burner. The results
shows that with narrow design of the jet pattern, the degree of penetration will be
higher. The momentum decay rate was 48% at z/D = 30 for lower RSS (Reynolds
shearing stress) related to jet shape upstream. Near the exit plane, the main reason
for the flow of jet momentum through the CR (central region) of the jet was due to
the correlation with the vorticity range of the internal core. Firing rate between 1.8
and 4.4 kW obtained the best range for air entrainment at 25%. Mishra and Muthu
Kumar [32] worked on the design of a self-aspirating two-layer PRB for LPG
cooking stove. The performances of the LPG stove with PRB have been tested by
following the rules described in BIS (Bureau of Indian Standards) 4246:2002. In the
power range of 1–3 kW, the maximum thermal efficiency of the CB and PRB is
found as 65% and 75.1% respectively. The emission of NOx and CO ranges
between 0.2–3.5 ppm and 30–140 ppm respectively. The NOx and CO emissions
from domestic LPG cooking stoves (1–3 kW) ranges between 5–25 ppm and 220–
550 ppm respectively. Figure 2a, b shows that the newly designed PRB is
self-aspirated, so it works on the natural draft without any safety issues.

Bantu et al. [33] developed an efficient charcoal stove by applying high-density
rock and heat retaining methods. The objective was to reduce the heat losses by
retaining the heat. The gas stove design assimilated the interplay of physical and
thermal qualities of granite rocks with heat loss theory to give a thermal efficient
element. Through detailed literature survey, it was found that the granite rock
produces high-thermal storage characteristics. Fakinle et al. [34] calculated the
efficiencies of the different types of burners used in many countries. They analyzed
their results and compared the thermal efficiencies of the different versions of the
burners. They also compared the emissions coming out of different burners. Sener
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et al. [35] observed geometrical parameters in domestic burner with crescent flame
at optimal temperature distribution and thermal efficiency. In thier study, a burner
containing 24 channels is fixed vertically with crescent flame around the cooker.
They reported that by heating the surface, the crescent flame channels gets
homogeneously distributed.

CAD software is used to create the geometry of the burner. To analyze the
temperature distribution on the surface of the cooker and emission values, they
experimented over three different cookers with bottom wall distance from burner
head of 5, 10 and 15 cm with three different diameters (25, 30, 35 cm). Lowest
surface of the cooker and unburnt HC, CO and NO emissions were observed and
the thermal efficiency was calculated. They reported that by increasing the cooker
diameter and distance, the temperature on the surface and the emission values of

Fig. 2 a Schematic diagram of the newly developed PRB [47] and b location of thermocouple at
different axial
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unburnt CO, NO, HC decreases. Fedak et al. [36] experimented and investigated the
air pollution induced by the solid fuel used in the household that affect the human
health and environment. They performed a start-up process to understand the cook
stove emission and recorded the data of the type of fuel used to start the cook stove
globally. Wichangarm et al. [37] worked or the prediction of the thermal efficiency
of LPG burner using computational fluid dynamics data. They found a good
agreement between the computational and experimental data for flow veloci-
ties and the combustion temperature distribution. The correlated data which is
obtained from the both analysis is used for the calculation of the thermal efficiency.
Sutar et al. [38] reported about the common cooking procedures with the best
combination of pot size. They experimented for a 4-member family, based on the
survey of 80 households. They used three settings of the flame (High, medium and
low) and four types of pots for smaller burner of domestic LPG stove. Bakry et al.
[39] started at low powers and studied dormant problems that come across while
combustion in burners. They obserevd that correct combustion process could not
occur near the downstream surfaces. Two patterns of combustion were detected
based on air-ratio. For differentiating between the values which were above or
below the limit, they used suspended free flame and explosive flame plume,
respectively. The Sic—foam and two region PIM burners were used as supercritical
region to find out the variation of the temperature. This was done with LPG at low
pressure (0.576–2.535) and low powers (0.73–1.58). For a smooth and adequate
start, limiting power (depending on PIM configuration) was proposed. They con-
cluded that the developers should acknowledge these restrictions on power and
values for the PIM designed by them, prior to their implementation in real
appliances.

Kephart et al. [40] inspected the Peruvian Andes to distinguish concentrations
and personal exposures to NO2 under a randomized controlled trial.
They conducted trial of biomass with LPG intervention between 50 interference
members and 50 control members of high-temporal resolution homes and computed
the NO2 level in the kitchen area. Shen et al. [41] performed test on different type of
LPG gas burner, which are used in Japan and China market for calculating the
thermal efficiency and emissivity of the LPG gas. They also performed the test on
used old burner. They compared all data and calculated the average. Dhable et al.
[42] improved the efficiency of domestic LPG burner by changing the angle of fuel
holes by creating the swirl in the burner. The efficiency yield was 60%, which in
turn, is twice as compared to conventional burner. The experiments were conducted
to study the impinging flame shapes, temperature distribution and to improve the
heating efficiency of domestic LPG burner. Trimis and Durst [43] described the
combustion in porous media by designing combustor-heat exchanger. For experi-
mental work tubes, filled with PM and premixed fuel-air mixture, was used. From
result analysis, they found that the PM burner has excellent power dynamic range
(20:1). Availability of ceramic material and their heat transfer properties elaborated
the scope for improvement and excellent emission values of burners. Between a
wide range of gas properties and air-fuel ratios, a stable combustion was ensured. It
was observed that systems may be indifferent in varying the gas mixture properties.
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Laphirattanakul et al. [44] investigated the flames of modified premixed LPG
burner for ceramics industry with dissimilar density of porous media within the
range of 1–5 L/min. By maintaining cone shaped flames, which was necessary for
this application, ignition took place inside the porous domain and propagated
downstream. With the port density of 15 and 20 ppi, made of alumina porous
foams, were constructed in cylindrical geometry and replaced for an iron casted
conventional burner. It was observed that with this unique design, the secondary air
could be induced naturally. Flame visibility was observed in addition to the gas
mixture temperature profile at different fuel-air mixture ratio prior to combustion. It
was found that variation in pore density can significantly change the combustion
characteristic. Lucky et al. [45] Found that in Bangladesh two most commonly used
fuel are biomass and natural gas, out of which biomass is used widely. Eventually,
it will take time to shift towards the fuels like natural gas and LPG. In the cooking
system, the energy consumption which increases or decreases the efficiency,
depends upon the stove design, material and regulation of fuel. The natural gas
cook stoves, which is conventional type, is widely use in Bangladesh. Very less
modified burners have been developed and still few of them are available in
the market. Pan gives good efficiency at all power values in perforated head stoves
as well as conventional stoves. Perforated head cook stoves gave higher efficiencies
at different gas flows, when their shields were made up of sheet metal. At the time
of construction, smaller sides fixed together using pair of nut and bolt on any one
exit hole of the flue gases for achieving variation in circular shield diameter. For
determining optimum diameter of shield perforated head burners were used.
The maximum efficiency of pot and pan containing shields were 57.8% (without
shield is 51.5) and 62.2% (without shield is 59.1), respectively. Anozieaet al. [46]
surveyed in Nigeria and they studied different factors for cooking like energy costs,
efficiency, air pollution, energy utilization and the influence of the energy policy.
They carried out the survey to find the cooking energy, use pattern in the city and
village areas by water boiling and cooking experiment with the help of various
energy sources. They reported that wood is less expensive than LPG. For boiling
water, electric hot plate was reported as the highly efficient method. The pollutants
in air showed that fuel wood is the predominant source. They also observed that
the energy policy had made no effect in the cooking energy area. Recommendations
were applied for improving the energy supply to remove the obstructions that forbid
the implementation of the recommendation.

Thacker et al. [48] studied the ways to improve the technical capabilities (per-
formance efficiency and reduction of emissions) of the cookstoves. Their design of
pot skirt didn’t achieved the same level of performance as that of the advanced
cookstoves. Goldenberg et al. [49] reported that the developing countries effec-
tively manage climate issues and are also being supported politically. Biomass
cook smoke causes millions (2.2–3.6) of deaths yearly. Utilization of biomass cook
stove, produces CO2, CH4, NO, CO and various other harmful gases [51]. The way
of clean energy is the combined package of climate, health and energy. Therefore, it
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is important for all developing countries to balance all these parameters in parallel.
There is a need to create most effective solutions capable of eliminating all these
problems and create a path toward sustainability. LPG is a rare fuel having
matching qualities like clean combustion, effective burning and easy storage [50].

2 Review of Experimental Setup Used in Thermal
Efficiency Calculation

In this section, the ignition of LPG with constant mass, over a locally available
burner, is discussed. Duration of the gas was varied over a certain period of time to
allow and change the inlet pressure of the gas to the burner head [34]. There are
different authors who have used different formula for calculating the thermal effi-
ciency. Most of them use only two formulae Fakinle et al. [34] and Anozie et al.
[46] used Eq. 1 for calculating the burner’s thermal energy. Figure 3: Shows the
experimental set-up for efficiency calculation.

Thermal efficiency of the stove is given as follows:

gth ¼
Ww � Cwð Þ � T2� T1ð Þþ Me � Lð Þ

Wfð Þ � CV ð1Þ

where,

Ww = Weight of the water (in kg),
Me = Mass of the water evaporated (kg),
Cw = Specific heat of the water (kJ/kg-K),
Cv = Specific heat of the pot (kJ/kg-K),
Wf = Weight of the fuel burnt (kg),
CV = Calorific value of the test fuel (kJ/kg).

Fig. 3 Experimental set-up for efficiency calculation
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Pantangi et al. [19] and Khan et al. [27] used Eq. 2 for calculating the burner’s
thermal efficiency.

Thermal efficiency of the stove is given as follows:

gth
Ww � CwþWv � Cvð Þ � T2� T1ð Þ

Wfð Þ � CV ð2Þ

where,

Ww = Weight of the water (kg),
Wv = Weight of the pot (kg),
Cw = Specific heat of the water (kJ/kg-K),
Cv = Specific heat of the pot (kJ/kg-K),
Wf = Weight of the fuel burnt (kg),
CV = Calorific value of the test fuel (kJ/kg)

The literatures dealing with these calulations are presented in Table 1.

3 Conclusion

This paper summarized the outcomes of the studies conducted to estimate the
performance and efficiency of the stoves used in household applications.
Comparative performance using fuels like LPG, kerosene and biogas were also
studied. It has been observed that the performance of the burners can be enhanced
by changing in burner specification, design and material. Air preheating effect may
also play key role for the betterment of cooking stove burners. Many researchers
conducted experimental and numerical procedures and reported that the porous
burners are better than the conventional burners with enhanced efficiency and
reduced emissions. The burner material and design may also play a major role in
enhancing the the efficiency of cooking stoves as burners made up of brass were
more effective than those which are made up of iron. In addition, the burners
with flat face were more effective than the flower faced burners.

The major conclusion drawn from the detailed lietarure review are as follows:

1. The thermal efficiency of conventional burners lies in the range of 33.6–58%.
2. The thermal efficiency of porous radiant burner burners lies in the range of 70–

75.1%.
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Development of Heat Storage Device
Assisted with Heat Pipe

Virendra Kumar Yadav, Ambuj Kumar, and Ritesh Jaiswal

1 Introduction

In India, 57.3% of total electric power is generated by using coal, 7.2% by burning
of natural gas, 2.0% by nuclear reactor and 0.2% of electricity is generated by using
diesel. These non-renewable sources of energy generate a lot of pollution and affect
the environment. It is estimated that till 2035, 42 billion ton of CO2 will be emitted
to the atmosphere [1]. To control the pollution, we need to avoid the use of fossil
fuels for energy generation and use the renewable source of energy like solar, wind,
hydro power plant, etc. The solar energy is available in abundance and it is cheap
source of energy. It is a challenging task to store the solar energy in batteries since it
is economically costlier [2]. There are two methods to generate power from sun
energy (i) Photovoltaic system, (ii) Thermal energy storage (TES) system. The
thermal energy storage system uses phase change material (PCM) to store the solar
energy which can be used to drive the steam turbine for electricity generation. TES
system is attracting the researcher’s attention since phase change material can store
large amount of energy. Rathod et al. [3] performed experimental study of PCM
based thermal storage tank filled with CaCl2�6H2O (calcium chloride Hexa-hydrate)
and Sodium Carbonate Deca-hydrate (Na2CO3�10H2O). They found that heat
storing and releasing capacity of storage tank depends upon flow rate of heat
transfer fluid in the stream tube. Sarbu et al. [4] told that heat storing capacity of
tank can be improved by using phase change material inside it. Kenisarin et al. [5]
used salt hydrates as PCM. It was found that for temperature range of −50–120 °C,
salt hydrates act as a good energy storing material. Zhang et al. [6] worked on the
design of storage tank. They found that copper tube placement inside the storage
tank improve the uniform heat distribution which leads to store more amount of
energy. Shabgard et al. [7] investigated the response of TES system using latent
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heat phase change material associated heat exchanger. They concluded that tem-
perature drop across the tank is depends on the number of heat pipe installed into
the storage tank. Less number of heat pipe results in high temperature drop across
the storage tank and high number of heat pipe results in the lowest temperature drop
in the TES system.

1.1 Categories of Energy Storage Method

There are three methods available to store the energy which is as follows:

• Sensible heat based energy storage system: It is the simplest approach to store
energy by heating solid or liquid storage medium like sand, molten salt, rocks
and water. These medium are economically cheap and non-toxic in nature [3].

• Latent heat-based energy storage system: Latent heat energy storage material is
well-recognized as phase change material like paraffin. These material store and
release energy by changing their phase. These materials have very high-heat
storing capacity. The latent heat material should have high-energy storage
density, good thermal conductivity, and chemical stability, non-toxic, inflam-
mable and less hazardous to environment [3].

• Chemical heat-based energy storage system: These energy storage systems
include the batteries and which the potential is developed due to chemical
reaction of solution [8].

1.2 Phase Change Material

A phase change is material is a substance which absorb or release sufficient amount
of energy at phase transition to provide useful heating and cooling. The classifi-
cation of phase change material is shown in Fig. 1.

1.2.1 Paraffin

The most abundant organic phase change material present is paraffin. Their
chemical composition is generally n-alkanes. The paraffin PCM has good
thermo-physical properties, good nucleation rate and segregation on cooling [9].
These are non-corrosive and chemically stable. Some paraffin PCM generally used
is n-Triacontane, n-Eicosane (C20H42), Polyethylene, n-Pentadecane, etc.
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1.2.2 Non-paraffin

The non-paraffin PCM includes material like ester, glycols, alcohols and fatty acids.
These materials are not used at high temperature because it is flammable. The uses
of these materials are limited due to high corrosives, toxicity and instability at high
temperature [8].

1.2.3 Eutectics

A eutectic is an inorganic PCM which is a composition of two or more material. It
is achieved when the composition are solidified at a minimum freezing temperature.
Some common eutectic mixture used as PCM is shown in Table 1.

Fig. 1 Classification of phase change material

Table 1 Eutectic mixture used as PCM [10]

Material Latent heat (KJ/KgK) Melting point (°C)

27%LiNO3 + 68%NH4NO3 + 5%NH4Cl 108 81.6

66.6%NH2CONH2 + 33.4%NH4Br 151 76

50%CaCl2 + 50%MgCl2�6H2O 95 25

34%C14H28O2 + 66%C10H2O2 147.7 24

53%NH2CONH2 + 47%NH4NO3 95 46

45%CaCl2�6H2O + 55%CaBr2�6H2O 140 14.7
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1.2.4 Hydrate Salt

Hydrate salt is a mixture of water and salt. These material have high-thermal
conductivity (generally two times of paraffin), high heat of fusion per unit volume,
slightly toxic and non-corrosive [8]. Some common hydrate salt used as PCM are
Mg(NO3)2�6H2O, NaS2O3�5H2O, CaCl2�6H2O, KF�3H2O, etc.

2 Experimental Procedure

Heat energy storage tank is developed which consists of a cylindrical shell, heat
pipes and solar receiver disk. The material chosen for the cylindrical shell and heat
pipe were stainless steel grade 304 and copper, respectively. The specification of
the cylindrical shell and heat pipes are mentioned in Tables 2 and 3, respectively.
The heat pipes are connected to the solar receiver head and it is placed at the center
of the cylindrical shell. After heating of receiver head for 4 h, the mixture of
NaNO3 (60%) and KNO3 (40%) is completely melt in temperature range 220 °C.
This melted mixture is works as heat transfer fluid, and start flowing through central
heat pipe under pressure by capillary action. Central heat pipe is open at heater
head. When storage tank is combined with the stirling engine, charging of PCM and
energy supply to the Stirling engine takes place simultaneously. Extender tubes are
used to improve the heat transfer rate from heat transfer fluid (HTF) to PCM.
During charging process HTF flowing through the extender tube by capillary action
and transfer heat to storage material. The selection of above PCM is based on the
reason that it can work on both sensible and latent heat storage tank. The thermal
storage is kept in open atmosphere and solar radiation heated the receiver head of
the storage tank. The heat energy of sun is stored by the phase change material
which is then used to run the Stirling engine connected at the other end of the
storage tank. A k-type thermocouple is placed at the both end of the storage tank to
measure the temperature (Fig. 2).

Table 2 Specifications of
cylindrical shell [12]

Properties Specifications

Material Stainless steel 304 grade

Length of container 25 cm

Thickness 5 mm

Diameter 12 cm

Melting point 1450 °C

Thermal conductivity 16.2 W/mK

Thermal expansion coefficient 17.2 * 10−6/K
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2.1 Material Used

In this experiment, two types of phase change material are used, first one is works
as heat storage medium and second one is as heat transfer fluid which transfers heat
from the receiver head to the heat storage medium.

Table 3 Specification of heat pipe [7]

Properties Specifications

Material Copper

No of pipe 1 at center and 8 outside the central pipe

Diameter of central pipe 2.5 cm

Length of central pipe 25.5 cm

Diameter of external pipe 1 cm

Length of external pipe 24 cm

Thickness 1 mm

Thermal conductivity 350 W/mK

Melting point 1083 °C

Specific heat 381 kJ/KgK

Fig. 2 a Heat pipes, b heat pipes placed into the cylindrical shell, c storage tank filled with PCM
and d thermal energy storage tank with insulation
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2.1.1 Heat Storage Material

Eutectic mixture of NaCl–NaF is used as heat storage material for storing the heat
energy. The eutectic blend is used in composition of 73% NaCl and 27% NaF on
mass basis. The reason behind the use of eutectic blend of NaCl–NaF is that it can
work as sensible and latent heat storage both. Due to this the size of storage tank
gets reduce for storing same amount of heat using other PCMs. The properties of
heat storage material are shown in Table 4.

2.1.2 Heat Transfer Fluid

Eutectic mixture of NaNO3 (60%) and KNO3 (40%) is used as heat transfer fluid
(HTF). The properties of HTF are mentioned in Table 5.

3 Simulation Model

Ansys simulation is performed on the heat energy storage tank to analyze the
temperature distribution within the tank. A number of assumptions were considered
for the study is as follows:

• All the thermo-physical properties of the tank material are constant with respect
to temperature.

• The effect of environmental condition is negligible.
• Constant heat flux is given to the receiver head.
• Temperature dependent properties of PCM are assumed as constant.

Since continuous heat is received by the receiver head so the eutectic mixture
starts melting and molten material behaves like heat transfer fluid. The fluid flow in
heat pipe is considered as laminar flow and its thermo-physical properties are
considered linear and constant. The heat transfer in the heat pipe is modeled
assuming finite thermal resistance offered by stainless steel. Inside the storage tank
heat transfer is due to both conduction and convection. To minimize the heat loss
the storage tank is insulated. The volumetric expansion of PCM inside the tank is
neglected. The governing equations used for the above analysis are written as [7]:

Table 4 Properties of storage material [11]

Storage material Eutectic mixture of NaCl–NaF

% composition 73% NaCl and 27% NaF (on mass basis)

Melting temperature 680 °C

Enthalpy 702 kJ/Kg
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Continuity equation:

@q
@t

þrqV ¼ 0 ð1Þ
Momentum equation:

@qV
@t

þrqv� v ¼ �rpþrs ð2Þ

Energy equation:

@qCpðTÞT
@t

þrqCpðTÞTv ¼ �ðkðTÞrTÞ ð3Þ

The simulation modeling is performed on Ansys workbench R19.2 consists of
geometry design, meshing and applying boundary conditions. The geometry of
different part of storage tank is shown in Fig. 3. The accuracy of the simulation
result largely depends upon mesh size irrespective of higher mesh size increased the
processing time. A tetrahedral shaped mesh is used in this simulation. The meshing
of the storage tank is shown in Fig. 4. The total number of nodes and elements of
meshing are 385395 and 81356, respectively. For the better result of simulation
finer mesh is employed.

Table 5 properties of heat transfer fluid [12]

Material Eutectic mixture of 60% NaNO3 and 40% KNO3. (on
mass basis)

Melting temperature 220 °C

Boiling temperature 565 °C

Enthalpy 108.679 kJ/kg

Specific Heat capacity Cp 1.520 kJ/kg-K

Thermal conductivity of heat
transfer fluid

0.53 W/mK

Density of heat transfer fluid 1804 kg/m3

Fig. 3 Geometry of a cylindrical tank (Receiver side), b heater head side and c heat pipe
arrangements
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4 Result and Discussion

The heat storage tank was heated with the solar radiation, concentrating the solar
beam on the storage tank using Freshnel lens. It was seen that after heating the
storage tank for 4 h, the eutectic mixture of phase change material (NaNO3 and
KNO3) started melting at 220 °C and flow within the heat pipe carrying heat with
itself. The k-type thermocouple is placed at the receiver head and heater head to
measure the temperature of the receiver and heater head, respectively. The tem-
perature measured was found to increase with the time as shown in Fig. 5.

The Ansys simulation result suggests that the temperature of heat storage tank
increases uniformly, measured at an interval of 2 h which is shown in Figs. 6 and 7.
The temperature of tank slowly increases and attains maximum value at 10 h. The
uniform distribution of heat is achieved by the inclusion of heat pipes inside the
storage tank. The molten phase change material flow through the heat pipe

Fig. 4 Meshing of a tank and heat pipe b storage tank filled with PCM
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distributing uniform heat in the tank. The objective of the current simulation work is to
validate the experimental result collected during the heat transfer by the PCM in the
storage tank. The three-dimensional model was validated by comparing the tem-
perature of experimental and simulated work. The result showed that bulk tempera-
ture of experimental and simulated work deviates with maximum temperature of
135 °C.

Fig. 6 Temperature distribution in the storage tank a after 2 h b after 4 h

Fig. 7 Temperature distribution in the storage tank a after 6 h b after 8 h c after 10 h
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5 Conclusion

This prototype thermal energy storage system shows temperature above 390 °C on
its heater side which is capable to operate 1 KW gamma type Stirling engine for
power generation. In this work, eutectic mixture of NaCl–NaF is used as heat
storage media and eutectic mixture of NaNO3–KNO3 as a HTF. The charging
scenario was investigated, after 10 h of heating; it is found that the temperature on
heater side is 390 °C. Ansys simulation shows that temperature variation within the
storage tank at an interval of every 2 h and it can be seen that the temperature
distribution is uniform due to the installation of heat pipes. As the number of heat
pipes increases heat transfer increases in the storage tank and charging process
becomes smooth. The prototype is still need to improve the concept of design used
in this system, so that the heat pipes are capable for maintaining the lowest possible
temperature slope between PCM at top of storage tank and PCM at bottom of
storage tank.
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Free Convective Heat Transfer
with Boundary Slip Flow in a Nanofluid
Along a Stretching Cylinder

Padam Singh , Vineet Kumar Sharma, and Manoj Kumar

1 Introduction

A study of heat transfer flow over an isothermal longitudinal circular cylinder moving
in an incompressible and viscous fluid at rest has been done by Pop et al. [1]. It has
been found that fluid suction/injection can affect the flow and heat transfer charac-
teristics considerable. Later, the radial heat conduction along with heat generation in a
vertical cylinder analyzed by Jilani et al. [2]. It was found that the radial temperature
distribution in the boundary layer as well as the cylinder were remarkable significant
especially with the inclusion of internal heat generation in the cylinder. Rani and Kim
[3] analyzed the influence of temperature-dependent viscosity and Prandtl number on
unsteady laminar free convection flow over a vertical cylinder. The heat transfer
characteristics against the viscosity-variation parameter were analyzed with the help
of average skin friction and Nusselt number and shown graphically. Bachok and
Ishak [4] investigated the steady laminar flow caused by a stretching cylinder
immersed in an incompressible viscous fluid with prescribed surface heat flux. It has
been observed that the surface shear stress and the heat transfer rate at the surface
increase as the curvature parameter increases. Steady laminar magnetohydrodynamic
forced convective heat and mass transfer about a horizontal slender cylinder studied
by Kaya [5]. It has been determined that the local skin friction coefficient, the local
heat transfer coefficient, and the local mass transfer coefficient increase with an
increase in the magnetic parameter and transverse curvature parameter. Kabeir [6]
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studied the diffusion-thermo and thermal diffusion effects on heat and mass transfer
by boundary layer flow over a stretching cylinder embedded in a porous medium in
the presence of chemical reaction effect. It was found that the local Nusselt number
decreased, whereas Sherwood increased due to increases in either the Reynolds
number or Darcy number. Also, increases in the values of Soret number produced
increases in the local Nusselt number and decreases in the local Sherwood number.
Chamaka [7] studied steady, laminar, incompressible, hydromagnetic boundary layer
flow, and heat and mass heat transfer over a permeable cylinder moving or stretched
with a linear velocity in the presence of heat generation/absorption, chemical reaction,
suction/injection effects, and uniform transverse magnetic field. It was found that the
skin friction coefficient was positive for velocity ratios greater than unity and negative
for velocity ratios less than unity. When the velocity ratio is less than unity, the skin
friction coefficient increased as either of velocity ratio or the curvature parameter
increased while it decreased as the Hartmann number or the suction/injection coef-
ficient increased. Elbashbeshy et al. [8] analyzed effect of magnetic field on flow and
heat transfer of an incompressible viscous fluid over a stretching horizontal cylinder
in the presence of heat source or sink with suction/injection. It was found that the skin
friction can be minimized by decreasing the magnetic field intensity and increasing
the radius of the stretching cylinder and the suction/injection velocity. The effects of
thermo-physical properties on the axisymmetric flow of a viscous fluid induced by a
stretching cylinder in the presence of internal heat generation/absorption studied by
Vajravelu et al. [9]. The flow and heat transfer characteristics reveal many interesting
behaviors that warrant further study on the axisymmetric flow phenomena.

Keeping the above curious findings, the present work analyzes the influence of
slip parameter and local free convection parameter on heat transfer flow in alumina
water nanofluid along a stretching cylinder.

2 Mathematical Description

The physical model is drawn here along with flow configuration and coordinate
system. Assuming that the fluid is infinite in extent of positive x-direction.
Temperature and concentration are denoted by T and C with suffix ‘w’, ‘1’ for
cylinder surface and free stream, respectively, and u and v denotes velocity com-
ponents in the direction of x and r, respectively. The governing equations take the
following form (Fig. 1):

@

@x
qnf ru
� �þ @

@r
qnf rv
� � ¼ 0 ð1Þ

u
@u
@x

þ v
@u
@r

¼ tnf
r

@

@r
r
@u
@r

� �
þ g bTð Þnf T � T1ð Þ ð2Þ
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u
@T
@x

þ v
@T
@r

¼ knf
rqnf Cp

� �
nf

@

@r
r
@T
@r

� �
ð3Þ

With the boundary conditions:

u ¼ U0
x
L
þB0tnf

@u
@r

; v ¼ 0; T ¼ Tw at r ¼ R and u ! u1; T ! T1 as r ! 1
ð4Þ

where Tw ¼ T1 þ T0 x
L

� �n is surface temperature, U0 and T0 denotes the reference
velocity and temperature, respectively, bTð Þnf is thermal expansion coeficient of the
nanofluid, g is gravitational acceleration, n is temperature exponent (Table 1).

Suffix ‘f’ and ‘s’ denotes the pure water and solid alumina, respectively, and / is
volume fraction of the nanofluid (Table 2).

Fig. 1 Flow configuration
with coordinate system

Table 1 Nanofluid properties

Dynamic viscosity [10] lnf ¼ lf = 1� /ð Þ2:5
Density [11] qnf ¼ 1� /ð Þqf þ/qs
Specific heat capacity [12] Cp

� �
nf¼ 1� /ð Þ Cp

� �
f þ/ Cp

� �
s

Kinematic viscosity [13] tnf ¼ lnf =qnf
Thermal diffusivity anf ¼ knf =qnf Cp

� �
nf

Thermal conductivity [14] ðks=kf Þþ 2� / 1� ks=kf
� �� �

knf
¼ kf ðks=kf Þþ 2� 2/ 1� ks=kf

� �� �
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3 Problem Solution

Converting the governing Eqs. (1)–(3) with boundary conditions (4) into
non-dimensional form by introducing the following similarity transformation:

g ¼ r2 � R2

2R
U
xtnf

� �1=2

;w ¼ Rf gð Þ xtnf U
� �1=2

;

T � T1
Tw � T1

¼ h gð Þ; u ¼ 1
r
@w
@r

and v ¼ � 1
r
@w
@x

ð5Þ

After using above transformation, Eqs. (1)–(3) reduced to the nonlinear differ-
ential equations as follows:

2Kgþ 1ð Þf 000 gð Þþ f gð Þþ 2Kð Þf 00 gð Þ � f 02 þ gth gð Þ ¼ 0 ð6Þ

2Kgþ 1ð Þh00 gð Þþ 2Kh0 þ Pr f h0 � nf 0hð Þ ¼ 0 ð7Þ

and the boundary conditions (4) reduced as follows:

f 0ð Þ ¼ 0; f 0 0ð Þ ¼ 1þ c f 00 0ð Þ; h 0ð Þ ¼ 1 and f 0 1ð Þ ¼ 0; h 1ð Þ ¼ 0 ð8Þ

Here K ¼ 1
R

ffiffiffiffiffiffiffiffi
Ltnf
U0R2

q
is the curvature parameter, gt ¼ gðbT Þnf Tw�T1ð Þ

Retnf
is local free

convection parameter, Pr ¼ tnf qnf Cpð Þnf
knf

is the Prandtl number, c ¼ B0

ffiffiffiffiffiffiffiffi
tnf U0

L

q
is slip

parameter with reference value B0, Re ¼ U2
0x
tnf

is local reynolds number.

To solve the nonlinear differential Eqs. (6)–(7) subject to the boundary condi-
tions (8), adaptive Runge-Kutta method with shooting technique has been applied.
The domain of the problem is discretized, and the boundary conditions for g ¼ 1
are replaced by gmax ¼ 10 a sufficiently large value of g at which the boundary
conditions (8) are satisfied. We first convert the nonlinear Eqs. (6)–(7) into first
order ordinary linear differential equations. There are three conditions on the
boundary g ¼ 0 and two conditions at g ! 1. To get the solution of the problem,
two more initial conditions have been found by shooting technique. The value of
unknowns f 00 0ð Þ, and h0 0ð Þ at which solution agrees with the boundary conditions
(8) has been given in Table 4. Adaptive Runge-Kutta method estimates the trun-
cation error at each integration step and automatically adjusts the step size to keep
the error within limit of tolerance. The formula used to measure the actual

Table 2 Physical properties of alumina and water at 20 °C are given below

Density (Kg/m3) Thermal conductivity (W/m/K) Specific heat (J/Kg/K)

Alumina 3970 36 769

Water 1000.52 0.597 4181.8
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conservative error is defined by e hð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
5

P5
i¼1

E2
i hð Þ

s
here Ei hð Þ is the measure of

error in the dependent variable yi. Per-step error control is achieved by adjusting the

increment h by hiþ 1 ¼ 0:9hi e=e hið Þð Þ1=5; i ¼ 1; 2; 3; 4; 5. so that it is approxi-
mately equal to the desired tolerance e ¼ 10�6. The assumed initial step size is
h ¼ 0:01.

4 Results and Discussion

The computations have been made for velocity, shear stress, temperature, and
temperature gradient profiles corresponding to various values of slip parameter (c)
and free convection parameter ðgtÞ. The physical and thermal properties of alumina
water nanofluid corresponding to different volume fraction have also been given in
Table 3. The values of f 00 0ð Þ and h0 0ð Þ obtained by shooting have been tabulated in
Table 4. The present study deals with alumina water nanofluid of Pr ¼ 6:6556406
corresponds to 0.05 volume fraction (/) at 20 °C.

For the verification of accuracy of the numerical scheme, a comparison has been
made corresponding to the heat transfer coefficient [�h0 0ð Þ] for several values of
temperature exponent (n) at K = 0 (i.e., for a flat plate) and c ¼ 0 (i.e., in case of no
boundary layer slip) with the previous published results of Ali [15], Ishak and
Nazar [16], Mukhopadhyay and Gorla [17] which has been found in good agree-
ment as given in Table 5.

Figures 2, 3, 4 exhibit the velocity, shear stress, temperature, and temperature
gradient profiles, respectively, for various values of slip parameter (i.e.,c ¼
0; 0:5; 1:0; 1:5). It is noticed that in Fig. 2, the rate of transport decreases with

Table 3 Physical parameters for Al2O3 nanofluid at 20 °C

Vol.
Fr. /

Thermal
conductivity
Knf

Dynamic
viscosity
µnf

Prandtal
number Pr

Thermal
diffusivity
anf

Kinematic
viscosity
#nf

Density
qnf

Heat
capacity
Cpnf

0.00 0.5970000 1.0020000 7.0186994 0.1426872 1.0014792 1000.5200 4181.800

0.01 0.6142114 1.0274950 6.9385106 0.1437426 0.9973600 1030.2148 4147.672

0.02 0.6317568 1.0539075 6.8622847 0.1448988 0.9943372 1059.9096 4113.544

0.03 0.6496460 1.0812805 6.7898403 0.1461537 0.9923606 1089.6044 4079.416

0.04 0.6678893 1.1096592 6.7210103 0.1475057 0.9913875 1119.2992 4045.288

0.05 0.6864972 1.1390917 6.6556406 0.1489536 0.9913818 1148.9940 4011.160

0.06 0.7054809 1.1696288 6.5935894 0.1504967 0.9923135 1178.6888 3977.032

0.07 0.7248517 1.2013245 6.5347257 0.1521346 0.9941582 1208.3836 3942.904

0.08 0.7446217 1.2342358 6.4789292 0.1538674 0.9968963 1238.0784 3908.776

0.09 0.7648033 1.2684233 6.4260890 0.1556954 1.0014792 1000.5200 4181.800

0.10 0.7854095 1.3039515 6.3761029 0.1576193 0.9973600 1030.2148 4147.672
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increasing distance (g), and the velocity vanishes at some maximum distance
(gmax ¼ 10). The velocity decreases with increasing value of slip parameter. Shear
stress is larger at the surface of stretching cylinder for a larger value of slip
parameter. Shear stress increases with an increase in the slip parameter which
produces a larger skin friction coefficient as shown in Fig. 3. Temperature gradient
increases up to g ¼ 0:7786 and then decreases asymptotically with an increase in

Table 4 Values of f 00 0ð Þ and �h0 0ð Þ for K ¼ 0:2, n ¼ 1 and Pr ¼ 6:6556406 at / ¼ 0:05

Slip parameter (c) Free convection parameter (gt) f 0 0ð Þ −h0 0ð Þ
0 0.2 −0.47090 1.3767

0.5 0.2 −0.34990 1.2549

1.0 0.2 −0.28150 1.1749

1.5 0.2 −0.23660 1.1159

0.2 0 −0.43009 1.3148

0.2 0.5 −0.38647 1.3291

0.2 1.0 −0.34412 1.3434

0.2 2.0 −0.26290 1.3697

Table 5 Values of �h0 0ð Þ for several values of temperature exponent (n) in case of flat plate (i.e.,
K = 0) and without slip (i.e., B = 0)

n Ali [15] Ishak and Nazar [16] Mukhopadhyay and Gorla [17] Present results

0 0.5801 0.5820 0.5821 0.5820

1 0.9961 1.0000 1.0000 1.0000

2 1.3269 1.3333 1.3332 1.3334
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Fig. 2 Effect of slip
parameter on velocity profile
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the slip parameter, as depicted in Fig. 4. The temperature gradient is maximum at
the surface for larger value of slip parameter which produces a maximum heat
transfer rate at the surface and larger value of Nusselt number(Nux) since
NuxRe1n2x ¼ �h0 0ð Þ.

In Fig. 5, the temperature is found to increase with increasing value of slip
parameter. Effect of free convection parameter gtð Þ on velocity is depicted in Fig. 6,
and it is noticed that the velocity increases with increasing value of free convection

0 2 4 6 8 10
-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0, 0.5,1.0,1.5γ =

0.2, 0.2, 1, Pr 6.6556406tK g n= = = =

η

''( )f η

Fig. 3 Effect of slip
parameter on shear stress
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Fig. 4 Effect of slip
parameter on temperature
gradient
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parameter. Figure 7 shows the effect of free convection parameter on shear stress. It
has been observed that the shear stress decreases up to g ¼ 0:6888 from the
cylinder surface and then decreases asymptotically. It has been observed that the

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0

0.2

0.4

0.6

0.8

1.0

0, 0.5, 1.0, 1.5γ =

0.2, 0.2, 1, Pr 6.6556406tK g n= = = =

η

( )θ η

Fig. 5 Effect of slip parameter on temperature
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Fig. 6 Effect of free convection parameter on velocity
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temperature decreases with increasing free convection parameter as shown in
Fig. 8. In Fig. 9, temperature gradient decreases up to g ¼ 0:7893 and then
increases with an increase in free convection parameter.
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Fig. 7 Effect of free
convection parameter shear
stress
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5 Conclusion

Heat transfer in an electrically conducting and viscous alumina water nanofluid
over a stretching cylinder under slip conditions is considered. The governing
nonlinear partial differential equations have been transformed into a system of
ordinary differential equations by using similarity transformation and then solved
numerically using the fifth order Runge–Kutta method along with the shooting
technique. From the numerical computation of effect of slip parameter and free
convection parameter, it is concluded that.

• The comparison made corresponding to the heat transfer coefficient for several
values of temperature exponent with the previous published work found in good
agreement.

• The velocity decreases with increasing value of slip parameter, and the shear
stress is larger at the surface of stretching cylinder for a larger value of slip
parameter. However, shear stress increases with an increase in the slip parameter
which produces a larger skin friction coefficient.

• Temperature gradient increases up to a fixed range and then decreases asymp-
totically with an increase in the slip parameter. The temperature gradient is
higher at the surface for larger value of slip parameter which produces a max-
imum heat transfer rate at the surface and larger value of Nusselt number. The
velocity increases with increasing value of free convection parameter and the
temperature decreases with increasing free convection parameter.
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Cooling Methods for Solar Photovoltaic
Modules Using Phase Change Materials:
A Review

Amit Kumar and Lalta Prasad

1 Introduction

The hazardous effects of power generation on environment can be mitigated by
reducing our dependence on fossil fuels. Power generation using renewable sources
is gaining a lot of attention recently owing to fast depleting fossil fuel reserves and
growing focus towards clean energy and sustainability. It is the need of time to
exploit more and more renewable energy sources and reduce our dependence on
fossil fuels for power generation to meet the future electricity demand while causing
minimal damage to our environment [1]. Global renewable power generation was
increased by 6.1% in 2018 as compared to 2017 [2]. In 2019, share of renewables in
global electricity generation reached 10.4%, surpassing nuclear power for the first
time [3].

Among all the renewable means of power generation such as solar, wind power,
geothermal, biomass, and small-hydro, solar energy has been observed as a viable
alternative for power generation with a large potential to achieve future goals of
clean energy production [4]. According to an estimate, Earth receives a huge
amount of energy as sunlight in one hour which is sufficient for the world for an
entire year [5]. Hence, the potential of solar energy is infinite, and the only limit is
our ability to convert solar radiation into more usable form. Figure 1 provides
renewable power breakup in India which shows that nearly 40% of installed
renewable power in India comes from solar energy conversion.

Employing solar photovoltaic panels for power generation presents several
advantages over solar thermal method as they are silent, static, and directly provide
high grade of energy. However, large initial cost and low efficiency of solar panels
remain big barriers in widespread deployment of this technology. Table 1 shows

A. Kumar (&) � L. Prasad
Department of Mechanical Engineering, National Institute of Technology, Srinagar
(Garhwal), Uttarakhand 246174, India
e-mail: amitsharma.phd19@nituk.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
L. M. Das et al. (eds.), Recent Trends in Thermal Engineering,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-3428-4_11

125

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3428-4_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3428-4_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3428-4_11&amp;domain=pdf
mailto:amitsharma.phd19@nituk.ac.in
https://doi.org/10.1007/978-981-16-3428-4_11


efficiency of various types of PV cells at standard test conditions. While the effi-
ciency of solar thermal power systems may go beyond 35% [8], the maximum
conversion efficiency of most popular silicon solar panels is still restricted to 26% at
standard test conditions [9]. The actual conversion efficiency achieved by solar PV
panels is even lesser than the value attained at standard test conditions.

1.1 Effect of High Temperature on PV Modules

The efficiency of a solar photovoltaic module depends on several factors such as
cell material and technology, radiation intensity, ambient temperature, sun tracking,
shading, soiling of module, and equipment efficiency. Module surface temperature
is a major factor which reduces the conversion efficiency especially at high solar
intensity. At STC, the module is kept at 25 °C [9] while in actual practice, module
temperature may go well beyond 50 °C during peak hours of solar insolation. PV
module efficiency declines significantly with the rise in module temperature.
Generally, a 0.5% decline in conversion efficiency occurs with 1 °C increase in

Fig. 1 a Renewable power breakup July 2020 [6] b Growth of PV installed capacity in India till
March 31, 2020 [7]

Table 1 Efficiencies of various types of solar PV cells [10]

Sr. No PV cell technology Conversion efficiency at lab scale (%)

1 Carbon nano-tube (CNT) 10–12

2 Thin film 14–22

3 Crystalline Si 21–25

4 Multi-Junction cells 31–38

5 Perovskite solar cells 22

6 Dye-sensitized solar cells 11

7 Organic solar cells 10
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module temperature [11, 12]. It has also been observed that PV modules working at
relatively low temperature works for longer period. So, for high conversion effi-
ciency and longer life, PV module temperature should be kept low during opera-
tion. So, a thermal management system for PV modules is essential to ensure high
performance and longer life. Figure 2 represents various factors which affect the PV
module efficiency and the effect of module temperature on electrical characteristics
of a typical Si module.

Several researchers have conducted experiments to quantify and predict the
degradation of module performance due to high module temperature. Table 2
summarizes a few of those studies.

1.2 Types of PV Cooling Methods

Various methods of PV module cooling have been developed and implemented by
several researchers. These methods can be broadly categorized as active methods
and passive methods as represented in Fig. 3. Active cooling methods require
external power for their operation because they generally use a coolant circulation
over front and/or back side of modules to carry away the heat. They are generally
termed as photovoltaic thermal (PV/T) systems. Several PV/T configurations with
forced-air cooling, water cooling, water spray, and nanofluids circulation have been
extensively reported in the literature. Passive cooling methods do not require
external power. These include natural convection cooling, cooling fins, thermo-
electric modules (TEM), phase change material (PCM) cooling, spectral beam
splitting, etc. Passive cooling methods are less costly but also less effective when
compared to active cooling.

Fig. 2 a Effect of temperature on Si solar cell performance [13] b Factors affecting PV module
efficiency
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Selection of a cooling method for PV modules depends on several factors such
as ambient conditions, available resources, system durability, and cost to benefit
ratio. No clear standards have been reported for cooling of PV modules.

The present work attempts to review and summarize recent research articles
focused on phase change materials based cooling systems for PV modules.
Research articles on the use of more than one PCM, composite PCM, and PCM
with active water cooling have been discussed. Moreover, various methods to
enhance thermal conductivity of PCMs such as construction of internal fins, porous
metal structures, and use of nanoparticles have also been discussed. Finally, few
suggestions for future work on PV module cooling have been included .

Table 2 Studies on degradation of PV modules due to high temperature

Study type Short description Effect of module
temperature

References

Experimental
and numerical

PV module’s output was
estimated based on the
relationship between
environmental factors and
basic meteorological data of
local area

Operating temperature was
found to be the major factor
for performance degradation
in PV modules

[14]

Review Studied several
mathematical correlations
between temperature of a
PV module and its
conversion efficiency

Keeping the module
temperature within
permissible limit would
ensure high conversion
efficiency

[15]

Experimental Studied the degradation of
module performance due to
various environmental
factors, viz., solar intensity,
ambient temperature,
relative humidity, and
soiling of PV module
surface

Significant reduction in
electrical output of PV
module was observed due to
high ambient temperature in
single day of operation

[16]

Experimental Studied the drop in PV
module output and
efficiency with rise in its
temperature at various
irradiance levels ranging
from 400 W/m2 to 1000 W/
m2

At 1000 W/m2 irradiance
level, the PV module was
able to attain maximum
temperature of 56 °C
resulting in 3.13% reduction
in its efficiency

[17]

Experimental Investigated the effect of PV
module surface temperature
on its conversion efficiency

Module efficiency was
reduced from 12.07% to
10.7% when module
temperature rose from
14.9 °C to 51.3 °C

[18]
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2 Studies on Pure PCM Used with PV Modules

Phase change materials (PCMs) are most suitable for reducing the temperature of
PV modules as they can be easily placed on the rear side of a module by con-
structing a suitable container. A general schematic of such a system has been
shown in Fig. 4. Several designs of containers with different phase change mate-
rials have been developed by researchers for PV-PCM modules. Some noteworthy
studies are summarized in Table 3.

Rajvikram et al. tried to augment PV module efficiency by placing a container on
backside of the module filled with PCM-HS29 having melting point of 29 °C [32].
The container was further attached to an aluminum heat sink to dissipate the heat
stored in PCM to the atmosphere. Mahamudul et al. [33] conducted numerical
simulation on PV modules integrated with PCM for its thermal regulation for
Malaysian weather conditions. Paraffin RT35 with 2 cm layer thickness was placed
on rear side of the PV module. Simulation results were validated by comparing
them with the experimental data. Maximum temperature reduction of 10 °C was
obtained for 6 h of module operation.

The PV-PCM system was found to be effective in keeping low module tem-
perature thus ensuring high output. Maximum efficiency of nearly 17% was
achieved by employing the PV-PCM cooling system with aluminum heat sink.
Hasan et al. developed a PV-PCM module for extremely hot climate of UAE [34]. It
was built by placing a paraffin container on the module back. Melting temperature
range of PCM was 38–43 °C which was optimum according to ambient conditions
of the location. Tests were conducted for yearlong period in order to evaluate
performance and economic feasibility of PV-PCM module. PV-PCM system
showed variable performance during different months of the year. It was especially
least effective in months of extreme weather owing to its partial melting and
solidification. Maximum drop of 13 °C and average drop of 10 °C in module
temperature were achieved resulting in 5.9% increase in annual power output.

Fig. 3 Various cooling methods for solar PV modules [19]
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Fig. 4 Schematic representation of PCM container in PV-PCM systems

Table 3 Summary of noteworthy research articles on PCM based cooling systems for Solar PV
modules

Author Cooling method and PCM used Major findings

Al-Waeli
et al. [20]

Paraffin wax 6.5% improvement in electrical
efficiency

Indartono
et al. [21]

Petroleum jelly Average increase of 7.3% and 6% in
electrical output and conversion
efficiency, respectively

Choubineh
et al. [22]

Salt hydrate (PCM 32/280) with
forced-air cooling

9% increase in PV electrical efficiency

Bayrak
et al. [19]

CaCl2.6H2O with fins and TEM 7.7% improvement in module electrical
output

Waqas
et al. [23]

Macro-encapsulated organic PCM 9 °C reduction in peak module
temperature and 2% improvement in
conversion efficiency

Hasan et al.
[24]

RT 42 with water cooling 9 °C reduction in peak temperature and
1.3% improvement in conversion
efficiency

Hossain
et al. [25]

Lauric acid with water cooling 1.2% increase in PV module conversion
efficiency

Sarafraz
et al. [26]

Paraffin with multiwalled CNT 0.2% (by weight) carbon nanotube
suspension in PCM showed maximum
improvement in performance of
PV-PCM module

Abdollahi
and Rahimi
[27]

Coconut oil and sunflower oil
Boehmite nanoparticles

48.23% increase in module output

Al-Waeli
et al. [28]

Paraffin wax and SiC nanoparticles PV efficiency was improved when SiC
nanoparticles were used as coolant

Eisapour
et al. [29]

Ag/water nanofluid and
microencapsulated nano-PCM slurry

8.58% and 0.6% increase in thermal
efficiency and electrical efficiency,
respectively, compared with simple
water cooling

Sharma
et al. [30]

CuO nanoparticles with RT 42 PCM
in micro-finned heat sink
CaCl2H12O6 with Al2O3

18.5% reduction in PV module
temperature

Salem et al
[31]

Nanoparticle and/or water cooling Water cooled PV module which utilized
1% mixture of nanoparticles in PCM
showed the highest performance
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Kawtharani et al. [35] experimentally investigated capric acid as PCM to regulate
its temperature in indoor test conditions. The organic fatty acid-based PCM had
melting point ranging from 27 to 32 °C. It was found to be effective for keeping
module temperature within permissible limit. Further, a numerical simulation model
was also developed and validated to theoretically predict the temperature variation
of PV module and its electrical characteristics. The PV-PCM module was able to
save 16% energy as compared to the conventional PV module. Hendricks and Van
Sark [36] conducted tests on several PCMs in order to investigate the possibility of
using them to limit the PV module temperature. A simple heat balance model was
applied to PV-PCM modules to analyze net energy gain for different runs of cooling
system. Several numerical simulations were run on PCMs namely: Rubitherm
RT-27, RT-42 BASF micronal DS5001, and Thermusol HD35. Rubitherm PCMs
were found to be effective in keeping relatively low module temperature. However,
economic feasibility was not reached for a practical scenario. Integration of PCMs
in BIPV systems for inside climate control of the building was suggested as future
scope for further research. Hasan et al. designed and developed PV-PCM systems
with two different PCMs and conducted experimental investigations on these sys-
tems in cold as well as hot climatic conditions [37]. PCM stores the excessive heat
generated by the module for sufficiently long duration. While the PV-PCM systems
were found to be effective in keeping low module temperature, they were not found
economically feasible in cold climatic conditions. So, mass production of such
systems was not suggested for cold climates. However, in hot climates PV-PCM
systems can be economically viable over a considerable operating period. Stropnik
and Stritih [38] conducted simulation as well as experimental investigations on
PV-PCM module using paraffinic organic PCM RT28HC. A 250 W solar PV
module was modified to contain PCM on the back side. Simulations were carried
out on TRNSYS software and a comparison of experimental and simulation data
was also conducted. Annual increment of 7.3% in electrical output and 0.8%
increment in conversion efficiency were reported for climatic conditions of
Ljubljana, Slovenia.

Zhao et al. [39] conducted simulation study on PV-PCM system for varied PCM
layer thickness. One dimensional thermal resistance model was used for perfor-
mance analysis of PV-PCM system while RT35HC was used as PCM. A maximum
temperature drop of 24.9 °C was achieved in one day of operation with PCM layer
thickness of 30 mm (Fig. 5). Sharma et al. [40] conducted experimental study to
investigate feasibility of using PCM for thermal management of low concentration
building integrated concentrated photovoltaic system (BICPV). A PCM container
filled with paraffin wax RT42 was integrated to the BICPV system for an indoor
experimental setup. BICPV-PCM system achieved an average temperature reduc-
tion of 3.8 °C and 7.7% enhancement in electrical efficiency when compared to
naturally ventilated BICPV system. Klugmann-radziemska and Wcisło-kucharek
[41] conducted several experiments in laboratory conditions on PV-PCM systems
in order to analyze the effectiveness of various PCMs for temperature control.
Module temperature reduction of 7 °C was achieved without using active water
cooling. Paraffin RT 42–44 were recommended as PCMs for PV module thermal
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management as they were able to maintain low module temperature for most of
high-intensity solar radiation period.

3 Studies on Heat Transfer Enhancement in PV-PCM
Modules

Various techniques have been used by researchers in past few years to enhance the
heat transfer rate of PCM to improve the performance of PV-PCM modules.
Rajvikram et al. [42] conducted experimental investigation on a 5 W PV-PCM
module, placing an aluminum plate at the module back as thermal conductivity
enhancer. Paraffinic organic PCM OM-29 with a thickness of 30 mm was placed at
the module back. The aluminum plate was found to enhance the thermal dissipation
capacity of PCM. An average temperature reduction of 10.35 °C was observed
during experiments with 2% improvement in overall efficiency of PV module. In
order to develop an effective passive cooling system for PV modules, Bayrak et al.
[19] conducted various experiments on PV-PCM modules using two different
PCMs with several fin configurations (Fig. 6). Biphenyl and calcium chloride
hexahydrate (CaCl2.6H2O) were used with thermoelectric modules and a number of
aluminum fins on the module back. Calcium chloride hexahydrate was found to

Fig. 6 Different configurations of PCM with fins and TEM

Fig. 5 a PV Module temperature with and without PCM system (30 mm PCM) b Electrical
output of PV-PCM module with increasing PCM layer thickness (10, 20, 30, 40 mm) [39]
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improve the PV module performance. Moreover, increasing the number of fins
resulted in high-cooling performance. Highest improvement of 7.72% in PV
module output was observed when CaCl2.6H2O was used with fins and thermo-
electric module .

In order to enhance thermal conductivity of paraffin wax PCM, Shastry and
Arunachala [43] utilized aluminum matrix in PV/T-PCM system. Aluminum
matrix, with honeycomb structure filled with paraffin wax PCM, was placed on the
back side of PV module to store the heat generated by the PV module. Figure 7
shows the matrix placed in PCM container to enhance its thermal conductivity.
Maximum improvement of 8.6% in module output was reported as compared to
conventional PV-PCM system. Wongwuttanasatian et al. [44] utilized low-cost
palm wax as PCM in three different designs of PCM container placed on PV
module back. Palm wax has a melting temperature ranging from 50 to 55 °C which
makes it suitable for PV module cooling. Three designs were basically three dif-
ferent fin configurations with provision of active water cooling. The module with
finned PCM container was able to reduce the module surface temperature by 6 °C
which resulted in 5.3% improvement in conversion efficiency when compared to a
non-cooled PV module. Atkin and Farid [45] conducted experimental and simu-
lation studies to investigate viability of PCM infused graphite along with
external-finned heat sink for thermal management of PV modules. PV-PCM con-
figuration which used 92% (by weight) PCM infused in graphite block and external
Aluminum fins was reported to be most effective with 12.97% increase in overall
efficiency of PV module.

In order to enhance thermal characteristics of PCM used in PV cooling systems,
Numan [46] utilized aluminum matrix foam to modify a 67.5 W PV module into
the PV-PCM module. Paraffin wax was embedded in pores of foam to store excess
heat. Optimum thickness of PCM layer was found to be 3 cm at which maximum
reduction in peak module temperature was achieved. Khanna et al. [47] constructed
a PCM container of paraffin RT 25 HC with internal finned structure. They con-
ducted simulation study on finned PV-PCM system to optimize several fin
parameters such as fin thickness, fin length, fin spacing, and depth of PCM layer.
Maiti et al. [48] used paraffin wax PCM with PV panel to limit the temperature
while taking benefit of high solar intensity. Paraffin wax with melting temperature
of 58 °C was incorporated at the back side of the PV collector. An attempt was
made to enhance thermal conductivity of paraffin wax by spreading metal turnings

Fig. 7 PCM embedded in Al metal matrix [43]
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(shown in Fig. 8) in the PCM container. PCM was able to keep relatively low
module temperature during indoor as well as outdoor testing of the module.

In order to test the effectiveness of activated alumina (Zeolite) as a heat storage
medium, Ragab et al. [49] conducted experimental study on different configurations
of PV modules. Tests were conducted in indoor conditions with four different
zeolite layer thickness on back of the PV module. Metal fin structures, metal mesh
and metal particles were used inside the zeolite container to further enhance the
effectiveness of the system. Significant drop of 15 °C and 9 °C in module surface
temperature with 10% and 7% improvement in efficiency was reported at radiation
intensities of 600 W/m2 and 1000 W/m2, respectively. Singh et al. [50] designed a
number of small aluminum containers for PCM in order to augment its thermal
conductivity.

4 Studies on Composite PCMs/Nano-Enhanced PCMs

Composite PCMs which are mixture of two or more PCMs sometimes provide
better thermal characteristics than a single PCM. Zhang and Zhang [51] conducted
indoor experiments on composite PCM of CaCl2.6H2O and MgCl2.6H2O for
thermal management of PV modules. Composite PCM was made by physical
mixing of the two PCMs with expanded graphite as the carrier. The composite PCM
showed excellent thermal characteristics and performed better than a single. The
composite PCM was able to maintain PV module temperature less than 40 °C for
most of the operational time which resulted in nearly 8% more electrical power
output. Luo et al. [52] used a form-stable paraffin (RT28)/expanded graphite
composite, to develop a PV-PCM system and conducted experiments as well as
CFD simulations in order to control the temperature of PV module.
Composite PCM was able to keep the temperature of module below 50 °C
throughout the experiment. Figure 9 presents the findings of this study.

Siahkamari et al. [53] conducted experimental study on sheep fat utilized as
PCM in water cooled PV/T system. Copper microchannels were placed on the back

Fig. 8 a PCM embedded with metal turnings b Maximum temperature of PV module [48]
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of module through which cooling water flows. In order to improve the effectiveness
of sheep fat as PCM, CuO nanoparticles were added. The nano-enhanced PV-PCM
module reported 26% increment in power output when compared to PV module
without cooling. Ho et al. [54] conducted numerical simulations to investigate the
effect of micro-encapsulated PCM (MEPCM) layer on the surface temperature of
PV module. A PV-PCM configuration was designed in which MEPCM layer was
attached to the back of the module and whole system floats in water (Fig. 10). So a
combined cooling effect of MEPCM and water cooling was analyzed through
numerical method. Maximum reduction of 18 °C was achieved in module tem-
perature with 5 mm thick MEPCM layer.

Tanuwijava et al. [55] conducted CFD simulation study on the use of MEPCM
for temperature reduction of PV modules. A valid CFD model was developed to
simulate PV module integrated with MEPCM layer on the back of the module.

Fig. 9 a Temperature of conventional PV module and PV-PCM system b Power output
comparison [52]

Fig. 10 a MEPCM layer used with floating PV module b Average PV module temperature with
increasing MEPCM layer thickness (3 cm and 5 cm) [54]
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Sharma et al. [30] used RT 42 as phase change material and enhanced its properties
by adding nanoparticles and employing micro fins.

5 PCMs Used with Active Cooling

In order to enhance the rate of heat transfer from the module back, several
researchers have used phase change materials with active cooling. Figure 11 rep-
resents a typical configuration of PV-PCM module with active cooling. Water is
commonly used as coolant in case of active cooling but some authors have even
used nanofluids as cooling medium. Preet et al. [56] conducted experimental studies
on three different PV/T systems. First one was conventional water cooled PV/T
system, second one with double absorber, and third was water cooled PV/T system
with paraffin PCM. Thermal and electrical performance of all the three configura-
tions were observed and compared with varying flow rate of water.

The PCM-based cooling system was found to be very effective in bringing down
the module operating temperature and enhancing the efficiency of PV/T system.
A reduction of 53% in peak module temperature was achieved with PV/T-PCM
cooling system. Abood and Shahad [57] constructed aluminum pockets on the rear
side of PV module with provision of coolant circulation. SiC/water nanofluid was
used to remove excess heat from the module back. System was tested under outdoor
conditions with different flow rates of nanofluid coolant in order to optimize the
system parameters. Performance of nanofluid-cooled PV module was compared
with that of conventional module under same operating conditions. Nanofluid
coolant with 0.5% SiC nanoparticles at a flow rate of 2 LPM provided maximum
improvement of nearly 33% in PV efficiency. Aberoumand et al. [58] developed a
PV/T system in which nanofluids were circulated through several channels on
module back in order to remove the excess heat. Significant improvements in
thermal characteristics were observed when Ag nanoparticles were mixed in water.

Fig. 11 Active cooling of PV modules
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Increasing the concentration of Ag nanoparticles in water was found to have further
improved the effectiveness of cooling system. An improvement of nearly 14% in
electrical efficiency of PV module was reported with nanofluid circulation having
4% concentration of Ag nanoparticles. Nasef et al. [59] developed and modeled an
integrative system for concentrated PV module thermal regulation which utilizes
PCM and active water cooling. PCM RT35HC was used with different configu-
rations of cooling fluid circulation on rear side of the module. In order to improve
the overall efficiency of cooling system, CuO nanofluid with 4% concentration in
water was also circulated as heat transfer fluid. CPV efficiency was increased by
2.7% with a 4 °C reduction in maximum PV temperature. Abdulmunem et al. [60]
developed a passive cooling method for PV modules by employing PCM within the
copper foam matrix. Phase change material was also enhanced by mixing 0.2%
multi–walled carbon nanotubes. Three different configurations of PV-PCM module
were developed and compared experimentally with conventional PV module. First
one consisted of only a PCM on PV module back. In second design, PCM was
embedded in copper foam matrix which augmented its thermal characteristics.
Finally, third configuration consisted of nano-enhanced PCM embedded in copper
foam matrix which was placed on module back. Improvement in conversion effi-
ciency of PV module over that of conventional PV module in three cases were
found to be 4.5%, 1.97%, and 5.68%, respectively. It was reported that copper foam
matrix and carbon nanotubes are effective in improving the performance of PV
modules, but their economic feasibility still remains to be explored. In order to take
advantage of active and passive cooling methods at the same time, Rajaee et al. [61]
integrated six different cooling methods and constructed one novel cooling system
for PV modules. The novel system utilized a thermoelectric generator on module
back with provision of nanofluid cooling. Paraffin wax enhanced with alumina
powder was also incorporated in the integrated cooling system. The combined unit
was found to be very effective in utilizing the incident solar radiation. The cooling
system which utilizes nano-enhanced PCM with 1% Co3O4/water nanofluid as
coolant improved the overall efficiency by 12.28% when compared to PV/T water
system. Use of TEG further improves the effectiveness of integrated cooling system
for PV modules.

6 Conclusion

Following conclusions can be drawn as per the literature survey on PCM-based
cooling systems for PV modules:

• There is no single universally accepted cooling method for PV modules which
can be commercialized for large PV installations. Active cooling methods are
more effective than passive cooling methods, but their economic feasibility
needs to be explored before employing these in practical situation.
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• Phase change materials are suitable and effective in improving the efficiency of
PV panels as they do not require external power input and sophisticated
equipment for their operation. However, their economic feasibility could only be
justified for hot climatic conditions.

• Several cooling systems employ PCMs with an active cooling system. These
methods utilize benefits of active cooling as well as passive methods.

• Use of phase change materials provide many advantages but their low thermal
conductivity remains a big issue. Several methods such as fins, metal matrix,
and nanomaterials can be used to improve their thermal conductivity.

• Use of nanoparticles in PCM improves its thermal performance significantly, but
the economic feasibility was not achieved in most of the cases.

• Mass production of PV-PCM modules is justified only for hot climatic condi-
tions as the payback period of these systems was found to be relatively low
when employed in tropical regions.

7 Future Scope

• Long-term experiments need to be conducted to evaluate the economic feasi-
bility and durability of PV-PCM systems with seasonal variations.

• Low-cost innovative methods can be developed to address the general problem
of low thermal conductivity in almost all the types of phase change materials.

• There is a need for a simple, low cost, and durable cooling system for PV panels
to maintain its operating temperature within the desirable limit especially during
the peak hours of solar radiation. An integration of passive and active cooling
methods can be useful to achieve this.

• Various simulation studies can be conducted to establish set of standards for
selection of PCM as per ambient conditions and PV cell material.

• Standard methods for performance evaluation of PV-PCM modules can be
developed so that the effectiveness of a cooling system can be easily analyzed.
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Thermal Comfort and Energy Efficient
Design of a Central Air Conditioning
System of an Educational Institute

Rahul Sharma , Roshan Raman, Omprakash Yadav,
Mohammad Shahbaz Khan, and Vinod Kumar Yadav

1 Introduction

Today most of the world in country is experiencing global warming and the effect
of this result in the form of increasing temperature year by year in the summer
period. And as a result, the energy required fulfilling the demand of air conditioning
also increases yearly [1]. It has a big and challenging task to provide technologies
which is energy efficient [1] to fulfill the growing demand with minimum impact on
environment. Efficiency [1] is very important in central air conditioning system as it
determines the amount of energy that is being consumed for heating and cooling.
The central air conditioning system considers [2] the most modern AC systems and
efficient energy usage. Central AC system has some advantage over other condi-
tioning system; some of them are consumption of less energy with better life, and
another most favorable advantage is it fulfill the cooling requirement in all the space
of the building at the same time [2]. Therefore, it becomes the need of commercial
building like educational institution building. Central air conditioning system
requires lower power than other AC system serves multiple spaces from one base
location. The central air conditioning system [3] is working on the same principle as
in the normal unit of air conditioning system. It works on the basic refrigeration
cycle, i.e., vapor compression refrigeration cycle.
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2 Research Methodology

The following research design methodology has been utilized for the central air
conditioning design of the building:

A. Effective Zoning System
The idea of a zoning system [1] is very effective which allow each zone or room
has its independent control. Each zone has its own thermostat for controlling
temperature and motorized damper in the duct to regulate and redirect cooled
air to specific areas of the space. Zoning system has multiple benefits like save
money, comfort, longer system life, etc. Here, the complete space of the
building was specified in two zones, and each zone was operated with multiple
air handling unit (AHU) and fan coil unit (FCU) as shown in Fig. 2.

B. Waste-Heat Recovery
Waste-heat recovery is very important for the conservation of energy. Heat
recovery devices used to recover thermal energy from exhaust air and transfer it
to the incoming fresh-air supply. This gives the reduction in the energy that is
normally required to heat or cool air of the system. A good heat recovery device
saves approx. 10% of the running cost of the HVAC system.

3 Experimental Investigation

This section determines the total heat load estimation for determining actual ton-
nage or amount of heat generated in the building space. This section also describes
about proper equipment selection like chiller, FCU, AHU, and some air distribution
and control product like diffuser and damper. It also includes major part of the
central AC system, i.e., chilled water pipe sizing, duct sizing, and drafting.

3.1 Heat Load Estimation

Heat load estimation includes building survey, psychrometric analysis, and load
calculation.

3.1.1 Building Survey of the Building

There are some necessary details [6] to design the central air conditioning system
like building orientation, building spacing, physical dimensions of the space,
ceiling height, floor-to-floor height, space above the false ceiling, etc. It includes all
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the details that required proceeding for load calculation. The dimension of the
building is given below as shown in Table 1.

Orientations of the building are north-east, north-west, south-east, and
south-west.

3.1.2 Design Condition

This analysis gives the idea of as which psychometric process needs to be done as
outside condition and inside requirement of the building as shown in Table 2.

3.1.3 Load Calculation

The objective of cooling load calculation is to find the right selection of air con-
ditioning equipment to achieve comfort operation and good air distribution in the
air-conditioned zone. Major components of loads in the building are:

Heat Transfer Through Building Structure

There [2] are various way of heat transfer in the building which to be considered in
the air conditioning of building, i.e., heat transfer through walls, roofs, ceiling,
floor, window, etc.

There are two methods to calculate the heat transfer through walls and the roof,
but equivalent temperature differential method is commonly used by HVAC design

Table 1 Dimensions of the
building

1. Total floor 10

2. Total area of the building 104,837 sq ft

3. Ceiling height 10 ft

4. Space above the false ceiling 2 ft

5. Exterior wall of the building 499 mm

6. Interior wall of the building 256 mm

7. Thickness of roof 165 mm

Table 2 Design conditions
of the building

Inside condition Outside condition

DBT (°F) 75 110

WBT (°F) 62.5 75

RH% 50 20

DPT (°F) 56 60

HR 65 78
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engineers, as it is applicable to sunlight walls and roofs. According to this method,
the heat transfer is given by:

Q ¼ U � A� T2 � T1ð Þ

where Q ¼ heat flow rate KJ
Sec

� �

U = transmission rate.
A = Area of surface (Square meter).
(T2 − T1) = Equivalent temperature difference.
With the help of ASHRAE, data note 2005 [10] can calculate equivalent tem-

perature difference.

Transmission Heat Gain Through Glass

This is heat gain that is obtained due to the temperature difference (Dry bulb
temperature) in outside and inside conditions of the building structure. Here area of
all glasses exposed to the sun taken into consideration.

Occupancy Load

Heat is produced within the human body by oxidation called metabolic rate. The
amount of heat dissipated by the human body by radiation and convection is
determined by the temperature difference between the body surface and its sur-
rounding. The metabolic rate is 85% for the male, and for children, it is about 75%.

Lighting

Light [2] produces heat, and the heat is dissipated by radiation to the surrounding
surfaces, by conduction into the adjacent materials and by convection to the sur-
rounding air.

Formulae to be used to calculate the lighting load is

Total lighting load ¼ LPD � floor area� FOS

Whereas
LPD = lighting power density (1.24).
FOS = Factor of safety = 1.25.
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Appliances

Most applications are responsible for sensible as well as latent heat to a space.
Electric appliances contribute latent heat only by drying, cooking, etc., whereas gas
burning appliances contribute additional moisture as a product of combustion.

Heat load calculation method

Generally, heat load can be calculated by two methods one is manual calculation
through E-20 sheet and other one is software calculation, i.e., calculation by hourly
analysis program (HAP) software. Here E-20 sheet for the heat load calculation.
Sample of E-20 sheet is given in Fig. 1.

Heat load of the Building

From the entire floor of the building, the total heat load obtained 650 TR and
234,743 dehumidified CFM.

3.2 Equipment Selection

The selection of machine, i.e., chiller, AHU, FCU, diffuser, grill, and dampers is
very important for an efficient central air conditioning system.

3.2.1 Chillers

All buildings [4] need air conditioning, and there is need to remove heat to maintain
the comfort temperature inside the building. Centralized systems use chillers which
produce chilled water which is used to provide air conditioning in buildings. The
idea behind using chiller in large building is cost effective.

Performance rating of a chiller

I. COP (coefficient of performance) = cooling capacity required (kW)/Total
power input (kW)

Total power input

Air cooled chiller ¼ compressor power inputþ condenser fan

Water cooled chiller ¼ compressor power input
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Fig. 1 Sample of E-20 sheet
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II. Input KW/TR (IKW/TR)

IKW=TR ¼ Total power input kWð Þ=cooling capacity TRð Þ

III. Integrated Part Load Value or Non-Standard Part Load Value

IPLV or NPLV ¼ 0:01Aþ 0:42Bþ 0:45Cþ 0:12D

A = COPR OR EER AT 100% load.
B = COPR OR EER AT 75% load.
C = COPR OR EER AT 50% load.
D = COPR OR EER AT 25%. load.
IPLV used for standard condition, whereas NPLV used for site condition.
Best chiller machine in terms of performance—COP will be higher, IKW/TR

will be lower, and IPLV, NPLV will be higher. Chiller selection is done on the basis
of heat load calculation, performance rating of chiller and availability of resource.
Capacity of 650 TR water cooled centrifugal chiller is selected. The refrigerant used
in the chiller is R-1233zd (E). The total cost installation of chiller system is $300
per ton.

3.2.2 AHU (Air Handling Unit)

AHU selection is very important in the execution stage. Parameters which are the
selection criteria with some recommended factor of safety as per application.

1. Heat load calculation
2. Air flow CFM
3. Total external static pressure
4. Kind of zoning system (single/multi zone)

Proper selection of fan, filter, cooling coil, and dehumidifier increases the per-
formance rating, efficiency which results in the lower cost cycle for an application.
There are two AHUS used at each floor of the building. AHU used for the class
rooms, laboratories, workshop rooms, computer labs, design center rooms, seminar
halls, corridor, and for entrance lobbies. Selection of AHU of following specifi-
cations, i.e., a ceiling suspended having capacity range of 200 CFM to 50,000
CFM, and the body material is aluminum.

3.2.3 FCU (Fan Coil Unit)

FCU is selected only for faculty room, HOD office, and clerk office. A ceiling
suspended FCU, having capacity range of 1–3.5 ton and 400–1400 CFM, is
selected for the smooth operation of air conditioning. The static pressure of FCU is
10–15 mmwc and material is GI (white color).
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3.2.4 Air Distribution Product

Air distribution product is used to maintain proper combination of temperature,
humidity, and air motion in the occupied zone which is normally at 1.8 m above the
floor level. Diffuser [5] is installed where there is grid ceiling, and difference
between one diffuser to another diffuser is 1800 to 2400 mm. If there is grid ceiling
irrespective of dehumidified air quantity, there will be use of 24″ � 24″ grid size
diffuser. Avoid supply diffuser near door and window.

3.2.5 Air Control Product

For proper air distribution, air control product like different types of damper is used.
Dampers are used to control air because it offers low cost and low maintenance.
These dampers are installed in between the duct or at inlet or outlet of collar. Some
of the dampers are discussed below.

Volume Control Damper (VCD)

It is installed to control the flow of air. Size of volume control damper is equal to
the size of duct. It is placed where there is network distribution.

Fire Damper

Fire dampers are used to prevent the spread of fire inside the duct. A fire damper
works when the normal temperature of a room to rise to about 165 °F. It is installed
in supply and return of AHU mouth. Motorized fire damper (actuator based) is used
nowadays.

3.3 Design of Chilled Water Piping

Design of chilled water piping [9] is very important for central air conditioning
system because it can affect the cooling of the system. Chilled water piping is that
piping which joins AHU with chiller. Chiller uses the refrigeration process to chill
water in a chiller barrel. This water is pumped throughout the building. Welded
black steel pipe (low carbon steel) is used for the sizing of chilled water, and the
medium duty grade pipe or schedule 40 is used.
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3.3.1 Methods of Chilled Water Pipe Designing

Velocity and friction method is used for sizing of chilled water pipe. The condition
for this method is.

1. Velocity method
If diameter � 2, velocity V � 4 FPS.

2. Friction method
If diameter > 2, friction F � 4 ft/100 ft.

3.3.2 Parameter Required for Chilled Water Pipe Designing

Following are the parameter which required in calculating pipe sizing.

1. Flow rate in GPM (lit/sec, m3/sec)

1Gallon ¼ 3:78 liter

If DT ¼ chilled supply water temp� chilled return water tempð Þ

DT ¼ 55 �F� 45 �F ¼ 10 �F

a. 1 TR = 2.4 GPM
b. Chilled water pipe layout
c. Velocity in FPS
d. Friction (ft/100 ft or pipe length)
e. Standard chart for manual calculation
f. Pipe sizer for software calculation

3.3.3 Chilled Water Pipe Sizing of Ground Floor

Here it is impossible to present calculation of all floor of the building. So, we have
presented only calculation of ground floor as a sample to understand the calculation
of chilled water piping as shown in Table 3.

3.4 Duct Design of Building

Duct design [10] is very important in central air conditioning system because a good
duct design increases the efficiency level at a higher stage. Ducts have improper
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designed result in human discomfort, higher energy cost, bad air quality, and
increased noise level. Duct should be considered first when new building is design.

3.4.1 Velocity of Air in Duct

Low velocity is used for commercial purpose, whereas high velocity is used for
industrial purpose. Table 4 represents the range of velocity in main duct, branch
duct, and return duct.

3.4.2 Pressure of Air in Duct

This pressure is total pressure including the losses through the air handling appa-
ratus, ductwork, and the air terminal in the space.

1. Medium pressure used for primary air ductwork (fan connections, risers, and
main distribution ducts).

2. Low-pressure used for secondary air ductwork (run-outs/branches from main to
terminal boxes and distribution devices).

Table 3 Chilled water pipe data for ground floor

Section Flow rate (GPM) Velocity (FPS) Head loss (ft/100 ft) Dia (inch)

A-B 1440 9.24 3.158 8

B-1 117.48 5.1 3.299 3

1–2 2.592 1.56 1.985 0.75

1–3 114.888 4.99 3.164 3

3–8 55.2 3.7 2.376 2.5

8–9 1.512 1.6 2.983 0.5

8–10 53.688 3.6 2.257 2.5

3–4 57.6 3.86 2.57 2.5

4–7 3.6 1.34 1.105 1

4–5 54 3.62 2.281 2.5

Table 4 Recommended duct
velocity for low and high
velocity system (FPM)

Low velocity High velocity

Main duct 1000–2400 Main duct 2500–4500

Branch duct 600–1600 Branch duct 2000–4000

Return duct 1500–1800 Return duct 1800–2200
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3.4.3 Duct Shape and Material

Rectangular duct is used because rectangular shape duct fit better to building
structure as fit above ceilings and also easy to install between studs and joints. An
aspect ratio close to 1 is the most efficient rectangular duct shape. The ideal aspect
ratio for saving of duct cost of material and fan energy is 2 to 3. Galvanized steel is
used for fabrication of ductwork. It saves the money and provides comfort level at
higher stage. The specifications for galvanized steel sheet are ASTM A653, coating
G90.

3.4.4 Methods of Duct Design

The equal friction method is used for duct design. In equal friction method, for
entire system, the pressure loss per foot is same. It is not used for higher pressure
system. Basically, it is used for lower pressure supply air, return air, and exhaust air
duct systems. It reduces the air velocity in the direction of airflow in the supply air
duct system which reduces the possibility of generating noise. This method reduced
complexity of calculation and reduced time consumption.

Important formulae and point related to equal friction method

1. The friction loss will vary from 0.06″ WATER/100 FT TO 0.08″ WATER/
100 FEET.

2. The main and branch ducts (DPf/L) have same frictional loss per foot.

Important consideration for the duct design

1. There should be least number of bents.
2. Air should be delivering directly as possible to economize on power, material,

and space.
3. There should be permissible limits of air velocity in the duct to minimize noise.
4. Dampers should be provided in all branch outlet of the duct.
5. Remove duct obstructions.
6. Rectangular ducts should be made as square shape as possible. It ensures

minimum duct surface and hence cost for the same air carrying capacity.
7. To minimize the pressure loss, there should be use of turning vanes for bends.
8. An aspect ratio of 4:1 should be conserving in the duct.

3.4.5 Duct Sizing Calculation

Tables 5 and 6 represent the duct sizing calculation of ground floor. This calculation
is done by using McQuay duct sizer software.
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Table 5 Duct sizing of
ground floor

Section CFM Velocity (FPM) Friction (In wc/wft)

P1-P2 9572 1385 0.065

P2-P3 2845 1033 0.065

P2-P4 6406 1260 0.065

P4-P6 1602 899.3 0.065

P4-P8 1602 899.3 0.065

P4-P5 3202 1065.2 0.065

P5-P7 1601 899.2 0.065

P5-P9 1601 899.2 0.065

S1-S2 8309 1339.4 0.065

S2-S9 2082 957.1 0.065

S2-S3 5473 1211 0.065

S3-S6 1557 891.2 0.065

S3-S4 3916 1116.6 0.065

S4-S8 1846 929.3 0.065

S4-S5 2070 955.7 0.065

Table 6 Required dimension
of rectangular duct

Rectangular duct

Length Width (inch) Height (inch) Aspect ratio

6.394 57 20 2.85

15.095 31 14 2.07

7.120 49 17 2.88

8.015 29 10 2.9

8.015 29 10 2.9

6.536 38 13 2.92

8.015 29 10 2.9

8.015 29 10 2.9

10.245 53 19 2.78

8.865 29 12 2.41

2.467 46 16 2.87

8.263 29 10 2.9

5.839 41 14 2.92

8.263 29 11 2.63

9.725 32 11 2.90
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Static pressure

Static pressure [8] is calculated for AHU selection. Internal static pressure is pro-
duced inside equipment (filter, mixing chamber, cooling coil). External static
pressure is produced outside the equipment, i.e., in straight duct and in standard
equipment (fittings and damper).

Internal static pressure

Total internal static pressures inside the equipment are given below

Pre fine filter ¼ 5� 7 mm of WC water columnð Þ

Fine filter ¼ 10 � 15mm of WC

Hepa filter ¼ 35 � 40mm of WC

Cooling coil = 2 rows deep = 2–4 mm of WC, 4 rows deep = 4–6 mm of WC
and 6 rows deep = 7–10 mm of WC.

External static pressure (ESP)

External static pressure is very important for designing of duct.

1. For static pressure calculation in standard equipment such as fittings

DP ¼ C0 � V � 4005ð Þ^2

Table 7 Static pressure in straight duct

Section Dehumidified
(CFM)

Velocity
(FPM)

Friction (In
wc/wft)

Length of
duct (ft)

Static pressure
(F*L/100)

P1-P2 9572 1385 0.065 20.97 0.013

P2-P4 6406 1260 0.065 23.35 0.015

P4-P5 3202 1065.2 0.065 21.43 0.013

P5-P7 1601 899.2 0.065 26.28 0.017

S1-S2 8309 1339.4 0.065 33.60 0.021

S2-S3 5473 1211 0.065 8.091 0.0052

S3-S4 3916 1116.6 0.065 19.15 0.012

S4-S5 2070 955.7 0.065 31.898 0.020

Total ESP in straight duct = 0.1162 inch of wc
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where C0 = coefficient of friction.
V = face velocity in fpm.

DP = static pressure in inches of WC.
For static pressure calculation in straight duct, consider largest path. Table 7

represents the static pressure in straight duct.

4 Drafting

HVAC drafting [2] is the engineering design which prepares using AutoCAD
software. As deal with the HVAC service, it is called as the HVAC drafting. It
includes the following details given below.

1. Machine layout (chillers, AHU, FCU)
2. Air terminal layout (diffuser, grills)
3. Ducting layout
4. Chilled water pipe layout
5. Refrigerant pipe layout
6. Insulation layout

Fig. 2 HVAC layout of the building
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7. Installation detail drawing

Figure 2 given below represents the HVAC layout of the ground floor of the
building of educational institute. In this paper, we are unable to show layout of each
floor. Since building has typical drawing layout, probably each floor has same
dimension and size. So probably each floor will be the same HVAC layout.

5 Energy Conservation Strategy

Energy conservation [7] and saving are very important for HVAC system. HVAC
strategy plays important role in energy efficient technology, while improving the
safety of the building.

I. Properly insulate the cooled space.
II. Minimize the use of appliances and lighting.
III. For better efficiency, proper maintenance should be done at suitable time.
IV. Replace incandescent and CFL light with LEDs.
V. Use smart thermostat for saving energy.
VI. Use heat blocking curtains that stop the sun heat.
VII. Reduce hot water energy waste in the building.
VIII. Seal and insulate cooling or heating ducts increase the efficiency of cooling

& heating system.

6 Energy Saving from the Building

VRF system is used for the top floor of the building where solar panel is established
as power source for running the VRF system. Due to use of solar power, there is an
energy saving which results in saving in annual cost- electrical consumption of 60
Ton VRV air conditioning contain = 40 KW.

Actual unit of electricity consumed per day = 80% of 8 h * 40 KW = 384 units
electricity rate per unit in Greater Noida = Rs 7.

Electricity consumed per day in price = (7 * 384) = Rs 2688.
Electricity consumed per year in price = (2688 * 365) = Rs 98,112.

7 Discussion of Design

1. The given building with multi floors is designed in such a way that the ground
floor to the 8th floor of the building operates with water cooled centrifugal
central plant. Plant has been located on the back side of the building.
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2. The top floor, i.e., 9th floor of the building is operated with the VRF system.
The power source is obtained from the solar panel. The solar panel has been
located on the roof of the building. This system has benefits in the form of
energy savings.

3. Floor is divided into four zones, and each zone have air handling and fan coil
unit as per the requirement.

4. Chiller plant has used primary and secondary pumping system for better func-
tioning and operation and also save the energy.

5. Secondary pumps are inbuilt with pump logic control panel with variable fre-
quency drive to run the pumps based on demand.

6. In pipe design, the concept of riser and floor piping has been used. Riser is for
floor-to-floor piping, and floor piping is directly connected with FCU and AHU.

7. System is economically designed, easy in maintenance, and user friendly in
operation.

8 Conclusions

Surely HVAC system has become a necessity for human; this paper elaborates the
design of a centralized chilled water air conditioning system for the educational
institute building as per the standard of ASHRAE and ISHRAE.

1. For proposed educational institute building, a central AC system used R-1233zd
(E) refrigerant.

2. The total approximate load requires for educational building is 650 TR, and
actual load is 633 TR.

3. Chillers have capacity of 600 TR designed for the central air conditioning
system. There are two chillers required for the proposed system one is working
chiller and other is stand-by chiller. Water cooled centrifugal chiller has been
used for the better efficiency and easy operation.

4. The cost of the whole project is divided into two parts. First for chilled water
system, the total cost for chilled water system is about 100 k to 110 k per ton.
Second for VRV systems which have total cost is about 55 k to 60 k per ton.
Hence, the total cost of the project will be Rs 6–7 crore approx.

Recommendation

1. There is a recommendation for ensuring energy saving use air curtains and air
locks at the doors, windows to block the heating from the sun. Insulate the walls
with insulating material pads.

2. Another recommendation is to use additive liquid naphthenic oil base contains
two anti-wears, anti-oxidation systems which added to the refrigerants, and it
results in about 5–20% reduction in the energy consumption.
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Competency of Alcoholic Fuels as Diesel
Blends

Payal Sharma, Nathi Ram Chauhan, and Manish Saraswat

1 Introduction

Diesel engines overpower transportation sector on account of better thermal effi-
ciency and robustness. On the contrary, they also majorly contribute to the air
pollution as they emit unburnt hydrocarbons, carbon monoxide, oxides of nitrogen,
soot, and smoke which are reported to be more hazardous than those from petrol
engines. To fulfill the energy demands on economic grounds without harming the
environment, we need promising alternative fuel with enhanced fuel properties [1].
Biodiesel transesterified from vegetable oils have been found favorable because of
better quality exhaust emissions and analogous engine performance without any
modification in diesel engines. Competency of alcoholic fuels has also been pri-
oritized by many researchers as diesel blends for their substantial reduction in the
exhaust emissions [2]. Alcoholic fuels are also found compatible with gasoline and
blends [3]. Methanol and ethanol are the most promising alternatives for spark
ignition engines since their combustion properties bear resemblance to gasoline [4].
Octane number of alcoholic fuels is higher than other conventional fossil fuels;
concurrently they have low cetane number [5, 6]. Gasoline fuels can benefit from it
as they enhance their octane rating, but for their usage in diesel engines, cetane
enhancers like peroxides, nitrate, esters, azides, and ethers have to be employed [7].
Alcoholic fuels probe some struggle during ignition of air–fuel mixture in diesel
engines and found to have longer ignition delay periods [8]. For this reason, the
blending of alcoholic fuels with diesel needs careful consideration and various
methods are employed for that like emulsion, dual injection, fumigation, etc.
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As conceived from the literature, alcohol–diesel blends tend to have long igni-
tion delay periods, and this period increases as the dosage of alcohol is increased in
the blend [9]. Conventional oxygenated fuels such as tert-Amyl methyl ether and
methyl tert-butyl ether were not fit with diesel although alcoholic fuels also found to
have some miscibility issues. Phase separation is observed in ethanol–diesel blends
at low temperatures, but ethanol in diesel helps minimize CO, NOX emissions, and
particulate matter. Similarly homogeneity of methanol–diesel blends is also trou-
blesome, but it keeps seeking the attention of researchers because of its low cost
and high oxygen fraction [10, 11]. Butanol on the other hand dominates over
ethanol and methanol as diesel blend as it forms a better blend when mixed in diesel
with no phase separation [12, 13]. Also cetane number of butanol is high which
makes it a favorable additive for diesel blends. Cetane number is an important
specification indicating the self-ignitability of the fuel. Ignition delay period can be
reduced on addition of cetane enhancers. Literature studies have revealed the
impact of cetane number of oxygenated fuels on engine emissions [14]. With
increase in cetane number, nitrogen oxide, carbon monoxide, and sulfur dioxide
emissions have seen to be reduced with a little increase in soot. Alcoholic additives
play along with cetane enhancers to boost the ignition characteristics and operation
of diesel engine [15].

2 Comparing Different Alcoholic Fuels as Additives

If miscibility is to be discussed, methanol and ethanol have limited solubility in
diesel fuel, but stable blends can be formulated by adding certain additives. Higher
alcohols do not face such problems because of better solubility with diesel, even
they form stable blends at low temperature. Methanol and ethanol possess low flash
point than diesel fuel, and butanol having the long carbon chain than primary
alcohols has high flash point because of which it is safe to handle and less corrosive
than primary alcohols [16]. Dogan (2011) reported the impact of n-butanol blends
in diesel at different volume percentages varying from 5 to 20%. With increase of
volume percentage of n-butanol in diesel, NOX, CO emissions, and smoke were
reported to be reduced but with increase in unburnt hydrocarbon. An increase was
found in the BSFC and in BTE accompanied by decrease in exhaust gas temper-
ature with increase in n-butanol dosage in diesel [17].

Karabektas and Hosoz (2009) explored isobutanol–diesel blends with varying
volume percentage of isobutanol from 5 to 20% and compared with neat diesel.
Reduction in CO and NOX emissions was observed with increment in isobutanol
content in diesel again with corresponding increase of HC emissions. BSFC
increased proportional to increase in isobutanol percentage in diesel. As for BTE,
neat diesel was observed having the largest BTE, but the blend containing 10%
isobutanol showed a little enhancement in BTE at high level speeds [18].
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Many researchers have also focused on the approach considering multicompo-
nent fuel blends. Biodiesel which is also an encouraging substitute for diesel
engines can also be used as an emulsifier to advance the solubility of ethanol with
diesel. Chang et al. (2013) integrated diesel blend with acetone–butanol–ethanol
(ABE) solution by 20% and 0.5% volume of water and found an improvement in
BTE from regular diesel and also found reduction in NOX emissions, PM, and
unburnt HCs. The blended fuel also passed the stability test and was stable even
with water concentration of 0.5–1% [19].

Bilgin et al. (2002) experimentally evaluated ethanol–diesel blends for 2, 4, and
6% of ethanol in diesel on variable compression ratio engine to determine the
optimal compression ratio for best performance and efficiency of this blend. Better
results were obtained for 4% ethanol in diesel blend as brake force, brake power,
and BTE was increased alongside decrease in BSFC in contrast to when operated
on diesel alone. At compression ratio of 21, great efficiency is said to be reported
[20]. Rakopoulus et al. (2008) experimentally investigated ethanol blending with
diesel in 5 and 10% by volume with engine at two speeds and three loads. CO and
NOX emissions were little minimized at higher percentage of ethanol in blend with
an increase in unburnt hydrocarbons at higher percentages of ethanol in diesel blend
as compared to regular diesel. With raise in percentage of ethanol in blend, BSFC
was noticed to increase with slight increase in BTE [21].

As we discussed, miscibility of ethanol with diesel is troublesome at low tem-
peratures. Biodiesel improves the solubility of ethanol in diesel, but again because
of its poor cold flow characteristics, biodiesel possesses some problems with diesel
in much cold weathers. Mofijur et al. (2015) reviewed ethanol–biodiesel–diesel
blends and summarized that the observed trends show remarkable reduction in
NOX, PM, HC, and smoke emissions with little increase in BSFC [22]. However,
many researchers suggested emulsifiers other than biodiesel for ethanol and diesel
blends. Shi et al. (2005) prepared ethanol–methyl soyate blends and added to diesel
at 15 and 20% volume percentage. Another blend of diesel and 20% methyl soyate
was also prepared to compare. Methyl soyate contains less oxygen content than
ethanol. Reduced PM emissions were observed with increasing oxygen content in
fuel. So 20% ethanol–methyl soyate blend in diesel produced less PM emission but
highest NOX among all samples. Diesel with 20% methyl soyate produced less HC
emission as compared to regular diesel, whereas HC emissions were higher for
ethanol–methyl soyate–diesel blends [23].

Huang et al. (2009) suggested n-butanol as an additive for ethanol–diesel blends.
They conducted experimental investigation on ethanol–diesel blends with 10, 20,
25, and 30% of ethanol in diesel without any supplement and found the blends
separating in two different layers after some time. To solve the miscibility and
stability issues, they added 5% n-butanol as supplement to all the prepared samples
of ethanol–diesel blends, which kept the blends stable for not less than 11 days.
However, percentage of n-butanol can be optimized, but the study revealed
n-butanol to be good emulsifier to mix ethanol with diesel. With increasing
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percentage of ethanol, fuel consumption showed an increasing trend [24]. Xingcai
et al. (2004) experimentally evaluated ethanol with diesel blends at 10 and 15%
ethanol blended with diesel for emission and combustion characteristics and made
comparison with base diesel fuel. Cetane enhancers were also used to test their
effect on emissions. BSFC increased with increasing ethanol content at overall
operating conditions. For 10% and 15% ethanol–diesel blend, BTE increased by
1–2.3%. CO, NOX emissions, and smoke minimized with increase in HC emissions
on increase in ethanol content. Cetane enhancer positively impacted CO and NOX

emissions but was not favorable for HC emissions [25].
As discussed, poor cold flow characteristics, high viscosity, and low volatility

makes biodiesel unsuitable with diesel in cold weather conditions. Methanol is
added to biodiesel–diesel blends to upgrade the characteristics at low temperature
and also increases the oxygen content which can notably minimize PM emissions.
Qi et al. (2010) investigated methanol as additive to biodiesel–diesel blends in
volume percentage of 5 and 10% added (BDM5 and BDM10, respectively) to blend
of 50% biodiesel–50% diesel (BD50). At low engine loads, a delay in combustion
was observed for BDM5 and BDM10 in contrast to BD50. At low speeds, CO
emissions for BDM5 and BDM10 were lower than BD50, whereas HC and NOX

emissions were very much similar [26]. MatYasin et al. (2014) also used methanol
to enhance the viscidity and density of biodiesel and diesel blend. Performance was
tested for 5% by volume of methanol in 20% biodiesel–diesel blend (B20M5) and
B20 at different engine speeds and compared with base diesel. With rise in engine
speed, BSFC for base diesel decreases, whereas BSFC for B20 and B20M5
increased. CO emissions significantly reduced for B20 and B20M5, but NOX was
high as compared to base diesel [27].

Now another issue of blending methanol to biodiesel–diesel blend is reduction in
cetane number of blend which would affect the self-ignitability of fuel. Li et al.
(2014) investigated and suggested some cetane enhancers for methanol in biodie-
sel–diesel blends to enhance the combustion properties of fuel. Results revealed few
cetane enhancers significantly reducing emissions especially cyclohexyl nitrate
which was claimed to minimize ignition delay period, hence improving the ignition
characteristics [28].

Isopropanol having high cetane number and better miscibility in diesel makes it
better option as compared to methanol and ethanol. Alptekin (2017) compared
ethanol and isopropanol blends in diesel and concluded with moreover similar
results, except there were no solubility issues with isopropanol–diesel blends at
room temperature [29]. However, solubility issues of ethanol–diesel blends can be
resolved by some emulsifiers as discussed previously in this paper. Atmanli (2016)
made comparative research investigation on diesel–waste oil with 20% alcohol
(n-butanol, propanol, and 1-pentanol) one by one taken as three samples. It was
concluded that higher alcohols are more powerful in NOx reduction and claimed to
enhance the cloud point [30] (Table 1).
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Table 1 Effect of addition of alcoholic additives to diesel

Addition
of
alcoholic
fuels to
diesel

Cetane
number
of blend

Emissions Properties Barriers

1.
Methanol
(CH3OH)

Decreases Notable reduction in
smoke and CO
emission, reduction in
NOx emissions with
increase in CO and HC
emissions as content of
methanol in blended
fuel is increased

Immiscible in diesel
fuel, higher oxygen
fraction, low sulfur
content

Low flash point is a
drawback for safety,
low ignitability

2. Ethanol
(C2H5OH)

Decreases Substantial reductions
in particulate matter
(PM), significantly
reducing SO2

emissions, NOx and
CO2 emissions of
blends are minimized
somewhat; even total
HC emissions are less
than that of diesel fuel

Viscosity and lubricity
of blend decreases,
limited miscibility in
diesel fuel

Poor fuel economy,
low ignitability, causes
ignition delay, low
calorific value,
extremely low cetane
number

3.
Propanol
(C3H7OH)

Decreases Decreased NOx at low
load but minutely
increased at high load,
increase in BSFC
because of low heating
value of propanol as
compared to diesel,
smoke opacity
minimized

Better solubility in
diesel fuel, better
miscibility, highest
heating value and
highest cetane number
among primary
alcohols

–

4. n-
Butanol
(C4H9OH)

Decreases Considerable drop in
soot, smoke density,
reduced CO, NOx, and
PM emissions, rise in
BSFC and BTE and
reduced exhaust gas
temperature with rise
in n-butanol dose in
fuel blends with
respect to that of
reference diesel fuel

Can be mixed with
diesel without phase
partition, greater
miscibility than
ethanol

–

5.
Isobutanol
(C4H9OH)

Decreases Reduction in CO and
NOx emissions,
increase in HC
emission lead to
reduced BTE
proportional to
isobutanol dosage,
increase in BSFC

Stability with diesel
fuel for long duration
with no phase
partition, specific
gravity, and latent heat
of vaporization of
isobutanol are almost
adjacent to the
properties of diesel

Low cetane number of
isobutanol can worsen
auto ignition capability
of injected fuel
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3 Future Scope

Proper blended ratio of alcohol and diesel can be used as a base fuel for addition of
other additives so as to cover up the anomalies of primary alcohols and to achieve
better fuel properties. The ideal percentage for blending ratio of alcohols with diesel
is the point to probe to achieve desired reduction in emission, increase in thermal
efficiency, and for other factors like ignition delay, peak cylinder temperature, etc.
[31]. Between the ranges of these alcohol series, selection of suitable alcoholic
additive is important along with optimal blending ratio [32].

4 Conclusion

As conceived from the literature, primary alcohols possesses troublesome behavior
and require cetane enhancers and certain additives to solve miscibility and stability
issues. Although, cetane enhancers are always required while mixing alcoholic
additives with diesel because of their low cetane numbers. Methanol and ethanol
having the lowest cetane number amongst other alcoholic fuels have miscibility
issues and find difficulty in forming a stable mixture. Many researches are focused
and can be further probed to search additives and emulsifiers for stable mixtures of
diesel with primary alcohols. Butanol on the other hand has some superior
properties among other alcoholic fuels and can be further probed to find proper
blends to reduce the hydrocarbon emission which is still increasing in
butanol-diesel blends.
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1 Introduction

The diesel-fueled engine is generally used worldwide. The consumption of petro-
leum fuel resources and atmospheric air pollution is the major issue in today’s
world. This problem can be solved by alternative energy resources and biofuel
looks promising as an alternative energy resource. It is utilized in diesel engine as
an elective fuel by making its mixes with diesel. Many types of biofuels have been
tested on diesel engines, including sunflower oil, Pistacia lentiscus, safflower oil,
macroalgae, jatropha, pongamia, linseed, pine oil, and many others that gives the
close BTE as of diesel and the emission got reduced in considerable amount. In the
ongoing decade, the primary goal is to produce biodiesel from edible oils such as
cottonseed oil, sunflower oil, and coconut oil. Biodiesel made from edible oils can
have a detrimental effect on farming due to a lack of food crops, so non-consumable
oils are used for biodiesel production. The primary advantages of using biodiesel
are its transportability, availability, improved burning efficiency, lower sulfur
content, and higher cetane number, better lubricity property, increased biodegrad-
ability, domestic origin, increased lubrication, and higher flash point. They contain
unalienable oxygen, which degrades hydrocarbon and sulfur content in the same
way as gases do. Engine experts have observed that by utilizing biodiesel, (NOx)
emission rate intensifies while carbon monoxide (CO), hydrocarbon (HC), and
particulate matter (PM) decline in contrast with diesel fuel [1, 2]. In this paper, we
have reviewed some biofuel research papers in the related to performance and
emissions. This paper gives a generalized idea about the performance and ema-
nation variation using biofuel with respect to diesel.

1.1 Preparation of Biofuels

The biofuels or cycle stage are gathered into three ages. The biofuels that are
procured from the, beats or food crops, juice of sugar sticks are ethanol and bio-
diesel. Bioethanol and biodiesel are made from food that is unfit for human use.
However, land inadequacy has become a problem with second-generation
non-edible yields for food improvement. Furthermore, third-generation biofuels
are made from cyanobacteria, microalgae, and other microorganisms, which may be
the most reassuring way to treat and control the industry which in future may gratify
the overall energy requirement (Fig. 1).

Bioethanol from grain and cellulosic, biofeed for CHP turbines and gas turbines,
torrefaction of biomass, biopyrolysis, and biodiesel are the recent developments on
biofuels with their genuine variables. Biodiesel production is now in the growing
stage, according to a lifecycle development assessment, and other advancements are
in the rising stage as well. However, transesterification of plant vegetable oils,
animal fats, and waste cooking oil yields this fuel. Moreover, various tests on diesel
engines using crude vegetable oil were conducted prior to the development of
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biodiesel. It was expansion in emanations as vegetable oil having high consistency,
low instability besides, their polyunsaturated character. Through the transesterifi-
cation cycle kinematic consistency augmented and its calorific worth was
diminished.

2 Biofuel as an Alternative Fuel in Diesel Engine

The performance and emission parameters of biodiesel-fueled diesel engines were
investigated by Puneet Verma et al. He discovered that the main challenge with
using vegetable-based biofuel in diesel engines was higher viscosity, which can be
overcome by the transesterification process. However, the majority of biodiesel
contributes to improved brake power and reduced BSFC. The results of exhalations
showed that NOx is increased most of the time, while HC, CO, and PM deposits are
reduced at substantial level. The perfect biodiesel-to-diesel mixture for the engine
was discovered to be a B20 blend. Hence, biodiesel is a suggested to be utilized as
alternative fuel in conventional diesel engines with environmental benefits [1].

Fig. 1 Development stages of biofuel
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According to Dhinesh et al., because of the accessibility of oxygen atoms in the
biofuel, CFB and its blends caused lower brake thermal performance and increased
BSFC, as well as lower HC, CO, and smoke emissions when compared to diesel
fuel, though they caused higher rates of NOx and CO2 [2]. Mofijur et al. stated that
owing to the higher oxygen content in biofuels, both biodiesels–diesel and ethanol–
biodiesel–diesel blending play a significant role in reducing exhaust gas emissions,
such as CO, HC, and PM. However, because of the higher cetane number, higher
oxygen content, injection timing, and other characteristics of biodiesel and ethanol,
ethanol–biodiesel–diesel and biodiesel–diesel blends emit more NOx [3]. Rajesh
Kumar and colleagues investigated the effect of dimethyl carbonate (DMC) in a
diesel engine at partially premixed low temperature condition. It was observed that
DMC15 performed better with least smoke and NOx levels while the infusion
timing was changed from 21° to 25° CA bTDC. By and by DMC15 infused at 21°
CA bTDC under 30% EGR experienced longest start delay and most minimal tops
in weight and Heat release rate (HRR) to accomplish a greatest concurrent decrease
of NOx outflows (46.1%) and smoke haziness (64.7%). Both hydrocarbons
(THC) and carbon monoxide (CO) outflows expanded at increasing value of EGR
rates [4]. According to Khiari et al. analysis Pistacia lentiscus (PL) biodiesel has a
3% higher thermal efficiency than diesel fuel [5]. Raju, Balasubramanian, and
colleagues investigated the performance and emission characteristics of a diesel
engine using low reactivity fuel and biodiesel-blended nanoparticles. Different
blend proportions were used: B20-80, B20A25, and B20A50. The findings suggest
that in-cylinder pressure peaks have a significant impact on engine performance.
Moreover, when using proper mixture, NOx and smoke emissions are significantly
reduced, with a small increase in HC and CO, but when using nanoparticles,
exhaust emissions are further reduced [6]. Vara Prasad and colleagues investigated
the performance of a four-stroke diesel engine using coconut oil as a biofuel. The
results of the engine tests show that using diesel coconut oil blends reduces fuel
consumption significantly. Furthermore, the thermal efficiency of the engine is
improved significantly when biodiesel blends are used [7]. Leite, Santos, and
colleagues investigated how soybean, linseed, and crambe biodiesel affected the
performance and emission parameters of a diesel engine. The fuels were tested in a
5-kVA generator engine with a power range of 750–3000 W [8] (Table 1).

3 Summary

Based on the findings of the above-mentioned literature survey, it can be concluded
that biofuel, in the form of biodiesel blends, can be easily used in diesel engines
without requiring any engine modifications. The parameters of engines performance
and emissions in generalized form can be summarized in the following points
[1–44]:
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1. There is a long ignition delay period observed during biodiesel blend usage as
compared to diesel fuel. Biofuels typically have a low cetane number, which
lowers power output and lengthens the ignition delay time.

2. Cylinder pressure is more in case of biofuel blends as compared to fossil diesel
fuel. Cylinder pressure depends on fuel injection timing, advanced timing
means high pressure. Huge amounts of fuel ignition during the premixed
burning stage prompt an expansion in peak in-chamber pressure.

3. In the case of biodiesel blends, there is a higher HRR. However, HRR basically
depends on cetane number, viscosity, the calorific value of the fuel.

4. BSFC is higher in case of biodiesel blends with respect to diesel fuel. It declines
with the increase in engine speed and brake power. Lower heating value and
higher density incremented BSFC.

5. BTE in some cases is higher and in some cases is lower eventually that depends
on the biofuel used. The essential driver of lower BTE is higher viscosity,
density than diesel.

6. HC, CO, CO2, and smoke emanations are lower in case of biodiesel blends as
compared to diesel fuel.

7. NOx emanations in some cases are higher and, in some cases, lower as com-
pared to petroleum diesel fuel. The common cause for the formation of NOx

emanations is mainly the higher in-cylinder temperature. When EGT goes
higher, more NOx produces.

8. When compared to diesel fuel, biodiesel blends produce less particulate matter
and soot emissions. In comparison to diesel, the presence of oxygen in biodiesel
mixes increased ignition efficiency and reduced soot formation.

9. Smoke opacity and SO2 emissions are lower for biodiesel blends as compared
to diesel fuel.

10. Addition of nanoparticles in the biofuel blends always improves the BTE,
reduces the BSFC and emissions but NOx increases due to better combustion
and higher EGT.

11. In biofuel blends, water emulsion increases BTE thus lowering BSFC. On the
other hand, a small rise in CO and CO2 emissions is also observed while all
other emissions decrease. A water emulsion is a blend that has a minimal
volume of water applied to it. Surfactants may be used to improve the quality.

12. NOx emissions can be reduced by employing EGR. EGR is a technique in
which a small part of exhaust gas is recirculated to intake manifold. A small
engine modification is required in this technique. But it badly affects the engine
performance and emissions, so optimum fraction of exhaust gas should be used
for EGR. Emulsified fuel technique is better than EGR technique.
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4 Conclusion

The use of biofuel in diesel engines requires several factors to be considered. The
following are some of the findings that can be taken from this present literature
review:

1. On utilization of biofuel mix, there is a slight punishment on performance as
well as for BTE and BSFC.

2. HC, CO, CO2 emission reduces up to a certain limit.
3. Particulate matter, soot emissions, and smoke opacity are reduced when biofuel

blends are used.
4. Biofuel can be used in the diesel engine in the form of biodiesel blends without

any major engine hardware changes.

The problem of lower performance and higher NOx emission with biofuel can be
addressed by nanoparticle addition and water emulsion technique.
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Comparative Assessment
of the Combustion Property
of a Cavity-Based Scramjet Combustor
with Strut and Wall Injection Technique

Ravi Kumar Samadhiya and Devendra Singh

1 Introduction

The core technique is supersonic combustion for hypersonic sustainable flights.
Usually, the combustion thrust is 1 m long in the generators, the mixture length in
milliseconds [1, 2]. The problems of burning chamber arise from high supersonic
speeds, reagent mixing, flame anchoring, and stability and combustion success
during low combustion duration. The flow field in combustion of the scramjet is
very complex [3]. When the flight speed is low, the kinetic energy in the air must
not be used for optimum compression. To obtain a better efficiency, additional
device in a compact form is required. The turbojet, for example, uses an extra
compressor engine. If the flight speed reaches a certain level, after maximum
compression, the air flow into the combustion tank is supersonic [4]. With extra
compression, the engine performance will decrease (i.e., deceleration). Combustion
should also occur in the supersonic flow. The so-called ‘supersonic ramjet com-
bustion jet’ is an air breathing motor that acts under hypersonic flight conditions,
where the term ‘supersonic combustion’ refers to combustion in the case of
supersonic flux [5].

Scramjet is an air respiration vehicle that is most promising and can be used
under supersonic and hypersonic conditions [6, 7]. Because of the ram effect, the
zero flight speed is no thrust. It is therefore advantageous to run the engine with
fixed geometry both in scramjet and in ramjet modes [8]. A numerical analysis was
conducted on mixing and combustion improvement [9] for Mach 2. The excep-
tionally short duration of air residency in supersonic fuels prevents efficient com-
bustion of fuel and air (quick and with limited losses in overall pressure). The effect
of chemical simulation on supersonic predictions of hydrogen combustion is being
investigated in the prototype commutator. In single-stage chemical studies,
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“multi-stage chemical ventures are expected to provide a higher and broader spread
of heat”. Furthermore, the ignition distance and induction distance are examples of
multitasking chemical engineering that foresee dynamic aspects of the combustion
phase.

The collected supersonic combustion data is suitable for powerful, low-status
scramjet motors. The methods used to ignite the fuel and to preserve combustion
are given consideration. This is especially evident in supersonic combustion
experiments, and some examples are seen in tests at far higher inlets than in flight
temperatures. The explanation is good: it is impossible to maintain a low temper-
ature supersonic flow of hydrogen or hydrocarbon. A correctly built combustor that
can be used to run a less effective combustor merely increases the static temperature
to spontaneous ignition makes this possible. The low input/basic temperature is
ideal because of the intake and nozzle constraints.

A Lagrangian high speed turbulent combustion model is used, combined with a
popular RANS-AMA method, to model non-reactive, non-reactive, turbulent
supersonic co-flow jets. C has been tested experimentally for hydrocarbon super-
sonic combustion. Mach 2.15—The air from the scramjet combuster model has
burned kerosene continuously. The fuel is injected into the pylon in the supersonic
airflow. In the kerosene process the liquid fuel jet is dispersed and a small amount
of hydrogen is added. This additional jet dispersion of supersonic combustible is
not needed until the fuel is usually pumped into crossflows. The aerial flow tem-
perature must be lowered under Tmin’s combustion ignition stage before the fuel is
encoded. The time/residence rate below T reaches its volatility again and the fire
dies. The fire is not exposed anymore. Figure 1 diagram representing schematic
view of scramjet engine.

Fig. 1 Diagram representing
schematic view of scramjet
engine [12]
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2 Approach to the Problem

The supersonic combustion system based on a cavity is shown in Fig. 2. In the
experiment results of Micka et al. [12–14], all dimensions and boundary conditions
have been adopted. The supersonic combustible comprised of an insulator and
combustion device with a cavity flame holder of 52.6 mm and 13.4 mm in length
and depth. The height and length of an insulator at the cavity edge are 28.8 and
410 mm at a different angle of 45.

The strut is positioned on the center line of the combustor, at a distance
of x 360 mm and y 13.6 mm. For both walls and strut injection systems, fuel was
injected at x 363 mm. Takes the strut dimensions as shown in Fig. 3.

Fig. 2 Schematic diagram: a scramjet combustion cavity-based [17–19], b scramjet combustor
with a strut and cavity

Fig. 3 DLR-based combustor schematic diagram
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2.1 Boundary Conditions

The boundary conditions of Neumann and Dirichlet for the factors in outlet and
inlet constraints are used in this research. No-slip limits on fixed walls are never-
theless used. Table 1 shows the limits of free flow air and H2 jet.

3 Analytical and Experimental Formulations

The section investigates the combustion process in a cavity-based scramjet com-
bustion process for stretches and walls [15]. The fluctuation is regarded as
two-dimensional and stable. The following regulatory numerically solved trans-
portation equations with fluent software from ANSYS 16.0. For volumetrically
responses, the implicit density-based solver and finite dissipation model are used.
Mass, momentum, and energy conservation equations were expressed in the
numerical solution of the dimensional forms of the governing équations.

3.1 Governing Equations

In addition to inquiries in a wide variety of flying conditions and geometries, it is
also possible to reliably determine the advantages of the whole Navier-stock
equation as regards the direction of shock. Below are the three-dimensional shapes
of the equations of Navier-Stokes. Note that only in the coordination direction, the
two-dimensional forms are generalized of the three-dimensional equations, due to
lack of factor variables. The three-dimensional Navier-Stokes equations have been
derived as a neglect of the nature of body forces and volumetric heating [16].

@p
@t

þ puð Þ
dx

þ pvð Þ
@y

þ pwð Þ
@z

¼ 0 ð1Þ

Table 1 Parametric
considerations for this
research

S.No. Parameter Air Hydrogen

1 Ma 3.0 1.0

2 T 0 (K) 1310 290

3 P0 (kPa) 610 150

4 XO2 0.21 0

5 XN2 0.58 0

6 XH2O 0.21 0

7 XH2 0 1
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If the Newtonian liquid is assumed, the normal strain lxx′′ ± y′ and Śzz can be
used as a pressure p combination with the normal lxx′l ± Yy′ and ljzz stress
components, while the rest are viscous stress components which are tangential
elements sxy = syx, sxz = szz= and syz′, = szy′ Specific energy E is resolved for the
energy efficiency of supersonic flows instead of the usual one. The true energy can
be expressed as E mentioned below in the formulae

eþ u2þ v2þw2ð Þ ð6Þ

Because of the high velocities that currents can achieve when Ma > 1, it is clear
that the principle of kinetic energy plays a significant role in energy conservation.
Equations (1)–(6) denote the form of regulatory equations that are used in the case
of compressible flows.

The scramjet fundamental principle is that of the Jet engine, where the major
organizational structures are exhaust, compression, combustion, and exhaust. Yet a
ramjet has no moving components, no moving pieces and no moving parts. The air
stream is distorted by the compression effect of the ram. The subsonic intake air
velocity decelerates the subsonic velocity [17, 18]. Tanks are needed subsonic to
the combustion phase. A mechanical shock or a short throat is available for the
exhaust materials. However, if the flow is a scramjet, it never decreases subsonic
speeds. This involves burning at supersonic speeds. The entire propulsion system
consists of five in the scramjet. Main components of engine and two components of
trucks, the engine consists of internal inlet, insulator, combustion engine, and
internal inlet, subsystem of fuel supply and compressor, forebody and afterbody two
vehicle components, and if the scramjet is of technically simple appearance, several
issues persist waiting for acceptable solutions involving conceptual shift simulation
of wave encounters, turbulent mixing, two-stage flow, flow shielding, burning of
strongly reactive species, real gas aerodynamics, and components [19–22].
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4 Result and Discussions

The numerical simulation with 691,261 elements, 300,125 elements, and 564,221
nodes was performed. For each combustor geometry, three different mesh sizes
have been considered.

The static pressure distribution is described in Table 2 along the downstream
combustion length. The x- and y-direction mesh distribution along with the strut
location are shown in Fig. 4. It is found that, even with the growth of the number of
elements from 300,125 to 498,225, the static pressure distribution is nearly iden-
tical. Therefore, for the strut injection system 271,542 elements are required.

Figure 5 shows a viewpoint image of the responding flow and a qualitative
comparison of H2 injections (1.50 g/s) and combustion experimental and numerical
shadow graphic photos. The expansion fans at the upper and lower ends of the edge
are effectively vanishing with H2 injection and combustion. The re-compression
shocks are smaller than inert H2 injection situations. The recirculation zone is
longer and wider with combustion and is used as flame retardant to recover H2
diffusion fires, LES peak velocity reverse (recirculation area), and an increase in the
basis pressure in relation to the experiment-supportive injection case of H2[30].
A transition zone characterized the broad and consistent flow structure, convective
mix, air induction, and exothermic induction, and a turbulent combustion zone can
be divided into roughly three regions with large-scale consistent structures and
combustion: the flow zone where mixing and progression of burning are determined
by the turbulence. The wide structures arise from the shear layers which roll up and
gradually twist downstream due to a downturn in the vortex, which happens mostly
due to the dilation induced by the effluvium and the exothermic effect of the
combustion. The shocks interact with exothermic architecture increases the shear
thickness and affects subsequent shocks and reflection of the chamber pressure. The
broad structures trigger dynamic exchange by the mixture of cool, high energy air
with H2 heat or substance wake flow, enabling the transition from the sound wake
flow to supersonic and free flow. We see just the right agreement on the agreement
between the foretold and experimental shadow graphics.

Table 2 Test static pressure on the bottom wall of the combustion system at various sizes of grid
with wall and strut injection system

Wall injection Strut injection

No. of
elements

Static pressure
(kPa)

%
error

No. of
elements

Static pressure
(kPa)

%
error

61,921 150 4.2 56,258 220 4.6

300,125 160 0.0 271,542 230 0.0

564,221 160 0.0 498,225 230 0.0
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4.1 Modeling of Combustion

Finite rate eddy dissipation model was used in this paper in comparison to the eddy
dissipation template for more precise results in the calculation of the reaction flow
field. To minimize computational time, the CFL number was set to 0.6 and a
single-step chemical reaction was selected. The single-step reaction can also be
written in the following form. Figure 6 shows that the fuel efficiency is the ratio of
the hydrogen mass flow rate in one section to the injector mass flow rate

2H2 þO2 ! 2H2O

The fuel efficiency is the ratio of the hydrogen mass flow rate in one section to
the injector mass flow rate and can be stated as follow.

Fig. 4 a Details of non-uniform grid data used, b prolonged view at the strut

Fig. 5 Reaction case: a view of axial momentum contours of the back plane and of the two
planes, temperature contours, flame surface isolation and H2 mass fraction iso-surface, and b the
numerical shadow map (essentially r2q)
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4.2 Grid Independence Test (GIT)

The numerical simulation with 691,261 elements, 300,125 elements, and 564,221
nodes was performed. For each combustor geometry, three different mesh sizes
have been considered (Fig. 7).

The illustration above represents initial shadow graph of unreacted event, a get
about defined as a broad and coherent flow system, a convective mixture, air
induction, and exothermic induction as well as a turbulent combustion zone can be
described into three regions with a big, uniform structure, and combustion: liquid,
flow, and non-turbulent combustion zone: The shocks interfere with an exothermic
architecture, increase shear thickness, and influence the subsequent shocks and
reflexes in the chamber. Broad structure dynamic exchange of cold, potent air, and
H2 heat or wake-flow materials to convey sound through supersonic and
free-flowing materials dynamic exchange. We will see that the graphics predicted
and experimented have the right agreement. Measured images here as well as in the
wake Volumetric development Right off the wedge due to reactions in the transi-
tional zone. But it cannot be clarified entirely why: I have poor mixing of sub-grid
models; (ii) typical use of a two-step, too quick solution; (iii) great gas thermal
model, not thermally perfect gas model; and (iv) misusing the shadow images of
r2q. The reasons for this cannot be fully explained. The Oh-LIF dispersion
observations, on the other hand, were checked with proven LES results if the
volumetric expansion effect was much less pronounced than the experimental
shadow. The researchers do not know if the results of the sample are very unclear.

Fig. 6 Fuel efficiency is the ratio of the hydrogen mass flow rate in one section to the injector
mass flow rate
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4.3 CFD Analysis

The shock wave chart and its temperature contour are shown in Fig. 8. The fluids
acceleration behaviors behind the strut were seen when the strut was applied.
Diamond obligate shock waves start at the front end of the strut that passes through
the burning chamber.

The resulting diamond-shaped flow injector is shown in Fig. 8. The lower and
top part of the combustion walls, which hits the wake where a large amount of fuel
jet mixes with supersonic air, are reflected off on the border wall of the combustion
chamber shock waves. For diamond-shaped injectors, the optimum temperature is
3186.35 K, and this is a very high combustion temperature.

The injector port controls the wall injection system by the bow shock wave, and
the bow shock waves type V can be detected in the combuster section. In case the
fluid flow disruption was apparent in the case of a strut injection system to help
create more edges and vortices, this will probably be mixed more often because of

Fig. 7 a For a cavity-based
combustor, static mean wall
pressure distributions, b a
strut-based DLR combustor’s
static pressure distribution
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the edges and vortex. Figure 8 starts in a near-wall region and causes wall damage
with high temperatures, pressures, and shock waves. The combustion system also
starts with a combustion system that allows the fuel efficiency in relation to the wall
injector to be mixed and refined.

5 Conclusion

• Primary focus is the strength of the local thermal escape, specifying the methods
of inflammation and gas stabilization, as well as the geometry of the pipeline
and the injection techniques and the accuracy of the fuel mixture to the oxidizer.

• Some regions to be further concentrated, including the total ambient energy
losses for combust, are planned to allow different supreme currents and dynamic
viscosity to be controlled. Using a CFD method to use a range of fuel and
combustion chamber results, pressure and optimal activity isolation. These
devices are identical to systems that do not have H2 injection.

Fig. 8 Starts in a near-wall region and causes wall damage with high temperatures, pressures, and
shock waves
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• This gives the region a typical shock wave pattern downstream from the bottom
of the bow, next to the gently bent expansion fan. This local improvements
include thickening of the edge layer, increased fluctuations.

• Discrete boundary layers are on the top of the coin and a shear sheet on the
foundation. This shear layer is of course volatile and can therefore be broken
into Kelvin-Helmholtz structures (KH). The wake loaded with the H2 is
downstream rather than the lowest shock when it pushes a single side tube from
one direction.

• Not only are geometry influenced by the combustion phenomenon and wave
structure, but the flight Mach and combustion trajectory also affect. Since the
time of mixing fuel/air is about a millisecond, it is critical to create better
injection systems that improve fuel/air mixing. The regional combustion regions
with a high heat capacity in combustible systems are formed due to the
shockwave, thereby improving the combustion phenomenon.

• The main focus is on the low intensity of heat, the control of flame starter and
equilibrium methods, fuel injection processes, air supplied quantity, fuel-to-air
mixing, and gas-dynamic stream framework, along with duct geometry.
A number of variables depend on the required combustion residence time. The
hypothetical quantity of the combustion chamber is based on the flow rate of the
propulsion systems, the minimum combustion product density, and the dura-
bility of the combustion process.
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Study of Eco-friendly Combined System
for Refrigeration and Power Generation

Ranjeet Kumar Singh, Tarun Kumar Gupta, Vinod Kumar Yadav,
Prabhat Ranjan, Pankaj Kumar Chauhan, and Akash Deep

1 Introduction

Heat liberated during the chemical reaction or fuel combustion process is known as
waste heat. This liberated heat is discarded into the atmosphere despite the fact that
it could be used again for beneficial and cost effective purposes. Here important
matter of fact is not the amount of heat liberated rather the quality of heat in form of
its “value.” Waste heat is liberated throughout a plant during the manufacturing
process of different industries. Hot air of heating systems like gasses (at high
temperature) coming out from burners during the process heating; waste heat of flue
and exhaust gasses; gasses (at lower temperature) coming out from furnaces during
heat treatment process, heaters, and dryers; and heat of cooling liquids, heat
exchangers, and gasses are the prime sources of waste heat. However, waste heat of
exhaust gases is acknowledged readily, but waste heat in liquids like hot wash
water, cooling tower and blow down water, and heat in solids like finished hot
products after completion of manufacturing process or after completion of reac-
tions, heated by-products during combustion of solid materials or after processing
can also be source of waste heat.

In spite of it, other sources of waste heat as steam-leaks, hot surfaces, and boiler
blow down water are not apparent.

Waste heat gases outlet temperature and economics involved are the two main
factors to decide the approach of how to recover this heat. By recovering this waste
heat, a significant amount of fuel can be saved on primarily basis. Although, waste
heat energy cannot be entirely recovered, yet considerable amount of heat could be
recovered by adopting different available methods, and losses could be minimized.
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Based on the process, waste heat discharge can be at different temperature levels
in chilled cooling towers to a high temperature levels in industrial furnaces.
Generally, higher the exhaust gases temperature and higher the waste heat quality
ensure the effectiveness of recovered heat in terms of cost. During the waste heat
recovery analysis, recovered heat utilization is absolutely necessary.

Various waste heat recovery (WHR) devices like recuperator, regenerator, heat
wheel, heat pipe, economizer, heat pump, etc., are known and available for uses.
Durability, silence, scalability, and small size are some desirable characteristics of
thermoelectric generator (TEG) waste heat recovery system, when it is compared to
other similar technologies. TEG waste heat recovery system neither has chemical
reaction nor the moving parts; hence, requirement of maintenance is low due to no
wear and corrosion. However, TEG waste heat recovery system has low efficiency
relative to a Rankine cycle waste heat recovery system; but due to the fact of no
cost associated with waste heat, efficiency is not the only and most important factor.
All the mechanical parts of thermoelectric refrigeration system are eliminated and
replaced by thermoelectric module. Nakhate et al. [1] conducted various experi-
mental work on eco-friendly refrigerator using Peltier device. During his experi-
mental work and investigation, the 12 V power supply was provided through a
switch mode power supply(SMPS) Peltier plate and heat sink fan module, and they
did not utilize sun-oriented energy for an inventory unit of the task consequently an
appropriate temperature range for transitory food stockpiling is 3–5 °C (37–41 °F),
with the utilization of microcontroller planned a criticism unit for a unit where the
holder is cooled to required temperature by then inventory naturally turn off.
Nandini [2] have analyzed Peltier-based cabinet cooling framework utilizing a heat
pipe and fluid-based warmth sink as well as heat pipe. The hot side of both the
Peltier device is appended to a similar fluid-based warmth sink, and the virus side is
joined to the warmth pipe-based warmth sink. The framework has ten blades on the
top and base side of the cover plate. The cover plate was planned and created
utilizing aluminum material. Dhumal et al. [3] have work on thermoelectric
refrigeration system based on solar energy. A mathematical model has been
developed to verify experimental result. The capacity of refrigerator is 0.5 l.
Observation reveals that 24 °C is decreasing in cold space after 7 min of running.
Pushkarny et al. [4] have studied and analyzed solar cell that develops 17 V and
1.16 A current at 20 W power supply. The cooling space of refrigerator is 7.8 L
which has required 60 W power supply to maintains their temperature. Gandhewar
et al. [5] used thermoelectric module and fabricated a solar operated heating and
cooling system using the same module. It avoids any unnecessary electrical hazards
and proves to be environment friendly.

This paper is based on the principal of Seebeck effect. In this paper, the waste
heat is converted from a Peltier refrigerator. The waste heat is used to generate the
electricity. TEG and TEC are used as a main component and heat sink, cooling fan,
and insulation materials also. This work is totally dependent on the difference of
temperature. As the temperature difference increases, the electricity generation will
increase. Normally in refrigerator and air conditioner, there is an excess amount of
heat get rejected which has no use. This heat or waste heat can be used for
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generation of electricity after sufficient temperature rise or the significant difference
between the atmospheric temperature and rejected heat temp. Here with the help of
TEG, the temperature difference converts into useful electricity.

2 Materials for Eco-Friendly Refrigerator

The following is the list of material required for manufacturing the refrigerator:

A Solar panel
Solar panel can generate electricity by two means. One is by using thermal
method and other is by using photovoltaic effect. In this work, the photovoltaic
effect has been used for direct conversion of solar energy into electricity, i.e.,
the conversion of light or other electromagnetic radiation into electricity
without any other conversion. Heat can be converted directly into electrical
energy by solar cell, more generally a photovoltaic cell. The solar panel use in
this fabrication provides up to 10 W of clean, free, and renewable power.

B Charge controller
To prevent over charge from wind generators and solar panels, the charge
controller is used. It is efficient and simple in design. It provides outputs drive
current of intensity 1.0 A.

C Battery
To convert chemical energy into high grade energy, i.e., electrical energy,
batteries are used. In the present investigation, a 12 V lead acid battery is used.

D Thermoelectric module
Selected thermoelectric module has two substrates of ceramic that works as a
base and non-electrical conducting material for N-type and P-type dice that are
jointed electrically and thermally in series and parallel, respectively, between
the ceramics. Further, ceramics also work as insulation between the modules
and heat sink. A thermoelectric generator (TEG) and thermoelectric chip
(TEC) are also used in this work.

E Heat sink
The heat sink shown in Fig. 1, made by aluminum, is in contact with the hot
side of a thermoelectric module. Dimensions of heat sink are shown in
Table 1. When the positive and negative module leads are connected to the
respective positive and negative terminals of a direct current (D.C) power
source, heat will be rejected by the modules hot side, and the warmth sink
expedites the removal of warmth. Heat sink typically intermediates stages
within the heat removal process, whereby heat flows into a conductor and
then is transferred to an external medium. Common heat sinks include free
convection, forced convection, and fluid cooled. Please note that the first
paragraph of a section or subsection is not indented. The first paragraphs that
follow a table, figure, equation, etc., does not have an indent, either.

Study of Eco-friendly Combined System … 203



F Step up power booster module
To supply stable power supply system, a power unit (Power booster module)
is used. Specification of this unit is as follows.

Weight---13 g Convert---DC 0:9V toDC 5V

G Exhaust fan
Two fans are used, first one heating fan of diameter 100 mm, and other one is
cooling fan of diameter 55 mm

H Wooden cooling cabinet
The primary calculations were considered for the device as a rectangular shape
because of having a few focal points like its simplicity to construct and
insulate. An entryway is appended to one of the sides. At last, any protection,
thermoelectric modules, or warmth sinks are effortlessly secured to the sides.
CAD model of fabricated cabinet as shown in Figs. 2 and 3 shows prototype
of cabinet. A wooden cabinet was used for this purpose having specifications
shown in Table 2.

Fig. 1 Heat Sink

Table 1 Specifications of
heat sink

Heat sink dimensions Dimensions in (mm)

Length 138

Breadth 100

Height 18
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Thickness of polystyreneð Þ---1:2 cm
Thickness of plywood ---5mm

Cooling space ¼ 17:8 � 20:2 � 23:7cm3 ¼ 8:52 l:

Fig. 2 CAD model of
cabinet

Fig. 3 Prototype of cabinet
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3 Result and Discussion

The refrigeration unit can cool itself in seven hours, and the temperature came
down in two hours is up to 14 °C. The cooling unit is satisfactorily productive to
stay up the temperature through feedback network framework. Temperature sensors
help in observing the temperature inside the cooling unit. Planned and built up a
thermoelectric cooling framework with a refrigeration space of 8.52-l capacity
encased within the box of medium thickness fiber sheet and guarded by poly-
styrene sheet. Three thermoelectric modules are having been utilized to decrease the
temperature of the cold unit. Each thermoelectric module is in touch with partic-
ular conductor fans subsequently helping the recent side of the Peltier plate to
scatter a greater amount of warmth within the atmosphere.

In 30 min of operation, the significant temperature difference between hot side
and atmospheric temperature was obtained as shown in Table 3. Because of this
temperature difference across the surface of TEG, it causes the seebeck voltage
across the terminals of TEG. Voltage generated by the power booster is up to 5 V,
and by this, voltage is sufficient to charge the cell phone.

4 Conclusion

Present work concludes that where ever the heat is being directly released in
atmosphere can be converted into useful electricity. It is very useful in reducing the
adverse effect of global warming and thermal pollution. Further, enough voltage
difference has been generated through 40 °C temperature difference, which is
capable to charge a mobile phone. This refrigerator is portable and occupies very
less space and can be operated at all places where the heat is wasted. The TEG and
TEC can be fabricating according to environment needs and working condition.

Table 3 Experimental
observations

S.No. Tatm (°C) Thot (°C) Vobtained (mV)

1 32.3 60.8 453

2 31.5 65.2 486

3 34.2 75.6 565

4 34.7 88 641

Table 2 Specifications of
wooden cabinet

Outside dimensions Inside dimensions

Length- 18.8cm Length- 17.8cm

Breadth- 21.2cm Breadth- 20.2cm

Depth- 24.7cm Depth- 23.7cm
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Thermodynamic Investigation of Effect
of Variation in Thermo-Physical
Properties of Gas Turbine Working
Fluid on Cycle Performance

Wasim Akram, Sanjay Sanjay, M. A. Hassan,
and Souvik Singh Rathore

Nomenclature

a Coolant mass flow rate/gas flow rate
a0, a1, a2, a3, a4, a5 Constant
cp Specific heat at constant pressure (kJ/kg K)
CH4 Methane
C2H6 Ethane
CO2 Carbon dioxide
Fsa Correction factor to account actual blade surface
ΔGr Gibbs free energy function (43,890 kJ/kg)
ΔHr Lower heating value (kJ/kg)
h Specific enthalpy (kJ/kg)
ln Natural logarithm
_m Mass flow rate (kg/s)
O2 Oxygen
p Pressure (bar)
Q Heat input (kJ/kg)
rp Pressure ratio
R Gas constant (kJ/kg K)
Rc Cooling factor
s Specific entropy (kJ/kg K)
St Average Stanton number
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sfc Specific fuel consumption (kg/kWh)
Tb Maximum allowable blade surface temperature (K)
T Temperature (K)
TIT Turbine inlet temperature (K)
w Specific work (kJ/kg)
X Mole fraction

Subscripts

a Air
Ar Argon
b Blade
c Compressor/coolant
comb Combustion/combustor
CO2 Carbon dioxide
D Destruction
e Exit
f Fuel
g Gas
gt Gas turbine
H2O Water
i Inlet
m Mechanical
net Difference
N2 Nitrogen
O2 Oxygen
Pt Polytropic
Pl Plant
rat Rational
t Turbine

Greek Symbols

/ Thermodynamic property function
x Availability per unit mass of gas (kJ/kg)
X Exergy (kJ/kg)
a Gas flow discharge angle (degree)
e Effectiveness (%)
η Efficiency (%)

Acronym

AFC Air film cooling
FG Flue gas
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GT Gas turbine
NG Natural gas
DLN Dry low Nox

1 Introduction

Electrical power and energy have been the essence of increase in the quality of life
of mankind. With the maturity of fracking in extraction of natural gas, the avail-
ability of natural gas has increased significantly. Natural gas is known to be a
cleaner fuel as compared to coal, which is primarily used in the production of
electrical power utilizing Rankine cycle in India. The increased availability of
natural gas has also led to a general decline in its price. Gas turbines are known to
deliver highest efficiency while running on natural gas. Data from IEA [1] reveal
that power sector presently has an expected market of 290 GW, which is projected
to increase to 1100 GW by 2040. With this expected growth in power sector, it is
clear that gas turbine is bound to play a major role in providing electrical power to
humanity till sustainable energy conversion systems have evolved significantly in
terms of maturity of technology, leading to high electrical efficiency and cost per
unit of electrical power generator.

Constituents of natural gas includes various combustible and non-combustible
gases, i.e., methane, ethane being the combustible components and nitrogen, carbon
dioxide, argon being non-combustible gases. The composition of these gases is
dependent upon the geographical region from where natural gas is extracted. The
composition of natural gas may even vary from one gas well to another. The com-
position of natural gas is bound to affect the thermodynamic gas turbine cycle effi-
ciency as molar composition of working fluid is flue gas (FG) varies after combustion
in combustor, which in turn affects thermo-physical properties of working fluid,
hence the need to evaluate the effect of combustible composition of natural gas on
thermo-physical properties of working fluid circulating in the gas turbine. Table 1
shows the standard composition of natural gas as well as the composition range of
individual components of natural gas extracted from a gas field.

The effects of natural gas composition on cycle performance are primarily due
to:

Table 1 Composition of
natural gas in particular gas
field

Composition of natural gas Weight percentage (%)

Methane (CH4) 86.21

Ethane (C2H6) 7.20

Nitrogen (N2) 5.56

Carbon dioxide (CO2) 1.03
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• Increase or decrease in heating value of natural gas due to variation in com-
position of CH4 and C2H6.

• Effect of molar fraction of combustor flue gases (FG) on thermo-physical
properties of flue gases mixture.

Survey of literature reveals reasonable work in the area of determination of
thermo-physical properties of air and gas mixture. Spencer et al. [2] have provided
empirical heat capacity equations of various gases for a temperature range of 298.1–
1500 K. It supplies the values of thermodynamic functions of twenty-three sub-
stances at hypothetical ideal gaseous state. Cox et al. [3] have established
thermo-physical properties of key chemical substances at 298.15 K. Lemmon et al.
[4] have developed a model for the prediction of thermodynamic properties of gas
mixtures. Annaratone [5] has provided a function for thermodynamic properties that
have a good accuracy for 273 < T < 1673 K with a percent error less than 1%, but
error increases as the temperature increases above 1673 K. NASA has provided an
equilibrium code for the determination of two temperature-dependent enthalpy
polynomials, to cover a temperature range for most practical purposes, one poly-
nomial for temperature 0 < T < 1000 K and the other polynomial for
1000 < T < 5000 K [6]. Lanzafame et al. [7–9] have proposed logarithmic poly-
nomial of specific heat at constant pressure of gas species which is
temperature-dependent and valid for the temperature range of 100–5000 K. The
proposed logarithmic polynomial is likely to be more accurate as compared to other
polynomial [4–6] and results obtained would be validated with the data on available
NIST web-book and JANAF-Thermochemical-Tables [10], Chase [11], Gordon
and McBride [12], Gurvich et al. [13, 14].

Literature survey related to thermodynamics of gas turbine cycle has been
considered as well. A literature review of thermodynamics of gas turbine cycles
reveals various research papers, hence only recent articles have been discussed here.

Thermodynamics of gas turbine cycle incorporating blade cooling has been
reported by Sanjay et al. [15, 16]. The article compares gas turbine cycle with
different blade cooling techniques. Most of the literature dealing with thermody-
namics of gas turbine cycles have not adopted cycle having air cooled blades which
is a more realistic approach for such analysis. Mahapatra et al. [18] proposed that
increasing ambient temperature and ambient relative humidity of air leads to
increment in blade coolant required for blade cooling.

Above literature survey identifies following research gaps as listed below and the
same are addressed in this paper:

1. The mathematical model for determination of temperature and constituent
dependent cp of working fluid for gas turbine cycle analysis is sparse in
literature.

2. Application of above developed thermo-physical property polynomial for gas
turbine cycle analysis has not been reported.

3. Performance map of analyzed gas turbine cycle with the variation of compo-
sition of natural gas constituents has been wanting in literature.
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2 Gas Turbine Cycle Configuration

Figure 1 illustrates a schematic of a gas turbine subjected to film-air cooling of hot
gas path components (blades). The proposed cycle comprises of standard gas tur-
bine components, an axial flow multistage compressor, can-annulus DLN com-
bustor, and a multistage expansion turbine. Air is ingested into the compressor at
ambient condition of 288 K, 1.013 bar and gets compressed to a higher pressure
leading to the rise in its temperature and hence enthalpy. Air for the cooling of gas
turbine buckets is bled from air compressor at selected points and pressure level
such that flow of coolant air to the blades takes place due to pressure differential.
Compressed air exiting the compressor is routed to the combustor where natural gas
is burnt giving rise to flue gas (FG) of varying composition depending upon the
composition of combustible components of natural gas. High pressure, temperature
gases exiting the combustor are expanded in the multistage expander section of the
gas turbine.

3 Thermodynamic Modeling

Mathematical modeling of gas turbine cycle components has been done, and
governing equations to predict cycle performance has been developed.

Fig. 1 Schematic view of gas turbine cycle
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3.1 Modeling of Cycle Components

3.1.1 Combustion Chemistry

Natural gas comprises of various combustible and non-combustible gases, i.e.,
methane, ethane being the combustible components and nitrogen, carbon dioxide,
argon being non-combustible gases. The composition of these gases is dependent
upon the geographical region from where natural gas is extracted. The combustible
components of natural gas being methane and ethane are burnt in the presence of
excess air (150–300%) in the gas turbine combustor thus generating high temper-
ature flue gases (FG). The combustion reaction for methane and ethane is given by:

Methane:

CH4 þ 2O2 ! CO2 þ 2H2O ð1Þ

Ethane:

2C2H6 þ 7O2 ! 4CO2 þ 6H2O ð2Þ

3.1.2 Thermo-Physical Properties of Gas Turbine Flue Gases

The mass fraction of products of combustion and its temperature leads to dictate the
thermo-physical properties of flue gases (FG) exiting the combustor. The specific
heats of components of FG are as follows:

cp;N2
¼ a0 þ a1 ln Tð Þþ a2 lnTð Þ2 þ a3 lnTð Þ3 þ a4 lnTð Þ4 þ a5 lnTð Þ5 ð3Þ

cp;CO2
¼ a0 þ a1 ln Tð Þþ a2 lnTð Þ2 þ a3 lnTð Þ3 þ a4 lnTð Þ4 þ a5 lnTð Þ5 ð4Þ

cp;Ar ¼ a0 þ a1 ln Tð Þþ a2 lnTð Þ2 þ a3 lnTð Þ3 þ a4 lnTð Þ4 þ a5 lnTð Þ5 ð5Þ

cp;H2O ¼ a0 þ a1 ln Tð Þþ a2 lnTð Þ2 þ a3 lnTð Þ3 þ a4 lnTð Þ4 þ a5 lnTð Þ5 ð6Þ

The cp of mixture is calculated by using the formula:

cp ¼ cp;N2
� XN2 þ cp;CO2

� XCO2 þ cp;Ar � XAr þ cp;H2O � XH2O ð7Þ

3.1.3 Gas Model

Polynomial of specific heat of components of FG has been calculated through curve
fitting based on data given by Lanzafame et al. [8] which is valid up to 5000 K.
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cp;g ¼ a0 þ a1 lnTð Þþ a2 lnTð Þ2 þ a3 lnTð Þ3 þ a4 lnTð Þ4 þ a5 lnTð Þ5 ð8Þ

Enthalpy, entropy, and exergy of FG and air are calculated using polynomial
(Eq. 8) in the equations here under:

h ¼ ZT

Ta

cp Tð ÞdT ð9Þ

/ ¼ ZT

Ta

cp Tð Þ: dT
T

ð10Þ

s ¼ /� Rln
p
pa

� �
ð11Þ

x ¼ h� Ta:s ¼ h� Ta/þR:Ta ln
p
pa

� �
ð12Þ

Here, all thermodynamic properties as enthalpy, entropy and availability asso-
ciated with the components of (FG) are assumed to be zero at the ambient condi-
tions, taken as 1.013 bar and 288 K and consider to be as datum level.

3.1.4 Compressor

An axial compressor is generally used in the power gas turbine. Thermo-fluid losses
in an axial compressor have been in accounted for in the model by the adoption of
suitable polytropic efficiency for the compressor. The temperature and pressure of
air at any point in the compressor are given by the expression:

dT
T

¼ R
gpt;c:cp;a

" #
dp
p

ð13Þ

Mass energy balance of the compressor is used to obtain compression work
while the exergy losses are obtained from availability balance as per the following
equations:

WC ¼ _mc;e � hc;e � _mc;i � hc;i ð14Þ

XD;c ¼ WC þ _mc;i � xc;i � _mc;e � xc;e ð15Þ
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3.1.5 Combustor

Combustor-related losses are primarily due to pressure loss and incomplete com-
bustion which are accounted for by the concept of combustion inefficiency
(Table 2).

Mass of fuel required to achieve a specified combustor exit temperature (TIT) is
determined using mass, energy, and exergy balance across the boundary of the
combustor using equations as under:

_me ¼ _mi þ _mf ð16Þ

_mf :DHr:gcomb ¼ _me:he � _mi:hi ð17Þ

XD;comb ¼ _mf � DGr þRf � Ta � ln pf
pa

� �� �
comb

� _me � xe � _mi � xi½ �comb ð18Þ

The combustor efficiency (gcombÞ is taken to be 99.5%.

3.1.6 Air Film Blade Cooling Model

The gas turbine blades are subjected to open-loop air film cooling in which the
process of mixing of coolant with the main gas stream leads to pressure drop and
reduced fluid stream enthalpy. Air bled for cooling from compressor leads to drop
in turbine output due to reduced mass of main gas flow expanding in the turbine.
Further mixing of coolant air with main gas flow leads to drop in turbine exit
temperature as well as pumping loss.

Table 2 Data for analysis [15–17]

Parameter Values/formulation Unit

Gas-properties Cp ¼ f Tð Þ kJ/kg K

Enthalpy h ¼ cp Tð Þdt kJ/kg

Compressor i. Polytropic efficiency (ηp) = 92.0 %

ii. Mechanical efficiency (ηm) = 98.5 %

iii. Ambient temperature of air = 288 K

iv. Exit pressure = 0.5% of inlet pressure bar

Combustor i. Combustor efficiency (ηcomb) = 99.5 %

ii. Pressure loss (Ploss) = 2.5% entry pressure bar

iii. Fuel pressure = 1.5 (pc,e) bar

Gas turbine i. Polytropic efficiency (ηpt) = 92.0 %

ii. Turbine exhaust pressure = 1.08 bar

iii. Turbine blade temperature (Tb) = 1123 K

Alternator Efficiency (ηalternator) = 98.5 %
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In air film cooling of blades, the coolant needs can be evaluated based on the
modeling reported in author’s previous work [15]. The mass flow rate of coolant to
gas flow is given as:

acoolant ¼ _mcoolant

_mg
¼ Sti:cp;g

e:cp;coolant

� �
� Sg:Fsa

t : cos a

� �
� Tg;i � Tb

Tb � Tcoolant;i

� �
ð19Þ

Rc ¼
Tg;i � Tb
� �� cp;g

ðTb � Tcoolant;iÞ � e:cp;coolant

� �
ð20Þ

acoolant ¼ Sti � Sg:Fsa
t: cos a

� �
� Rc ¼ 0:0156:Rc ð21Þ

where Sg ffi 2c, Sg
t: cos a ¼ 3:0, Fsa ¼ 1:05, Stin ¼ 0:005.

Also, the blade coolant requirement depends on temperature of coolant air at the
bleed points, TIT, and blade material properties. Figure 2 details of the process of
expansion in a cooled turbine stage.

Process b1-c1 illustrates cooling on account of heat transfer along constant
pressure line between coolant and hot gas, on account of which enthalpy decreases,
while process c1-d1 depicts mixing coolant with gas leading to drop in temperature
(irreversible process) which leads to loss of entropy. d1-a2 represents process
analogous to throttling in which enthalpy is conserved.

Fig. 2 Cooled gas turbine expansion process
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3.1.7 Gas Turbine Expansion Mode

For evaluating gas turbine-specific work, the assumptions and equations used in the
model are given as under:

1. The process of expansion in individual rows of gas turbine is taken to be
polytropic which is accounted for in the model by assuming a suitable value of
polytropic efficiency.

2. Every stage of turbine is assumed to be an expander, wall of which continuously
extracts work from expanding gases.

3. The temperature at any expansion stage in the turbine is determined using

dTg
Tg

¼ pþ dp
p

� �R:gpt;t
cp;g �1 ð22Þ

4. The summation of work extracted by each row of turbine taken as and exergy
destruction are given as:

wgt ¼
X

_mg;i: hg;a1 � hg;b1
� �

cooled þ
X

_mg;i: hg;i � hg;e
� �

uncooled ð23Þ

XD;gt ¼ _mg;i*xg;i � _mg;e*xg;e
� ��Wgt ð24Þ

3.2 Performance Parameters

Expressions to determine the performance parameters of gas turbine cycle have
been developed which include Wgt,net, ηpl and specific fuel consumption (sfc),
exergy efficiency as under.

3.2.1 Net Gas Turbine Work (Wgt,net)

The network output of the turbine has been modeled to be dependent on the
compression work and also dependent upon mechanical inefficiency (ηm) of the
shaft train as under:

wgt;net ¼ wgt � wc

gm
ð25Þ
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3.2.2 Plant Efficiency (ηpl)

The cycle plant efficiency is given as:

gpl ¼
wgt;net

Q
¼ wgt;net

_mf :DHr
ð26Þ

3.2.3 Specific Fuel Consumption (sfc)

Specific fuel consumption is expressed as fuel consumed in the combustor during
one hour operation of gas turbine and is given as under:

sfc ¼ 3600: _mf= _mað Þ
wgt;net

ð27Þ

3.2.4 Rational Efficiency (ηrat)

Rational efficiency is taken as the ratio of actual electrical output to the input fuel
exergy [17], and is expressed as:

grat;gt ¼
Wnet;gt

Xf
� 100 ð28Þ

4 Results and Discussion

Based on modeling discussed in previous Sect. 3, C++ coding has been done to
compute results related to estimation of thermo-physical properties cp;a,cp;g,
enthalpy, entropy as well as first and second laws of thermodynamic analysis of
proposed gas turbine cycle when the combustible component (CH4, C2H6) of
natural gas is varied. Results obtained have been validated with work [19] and
found to have an acceptable variance of around ±3%.

Figures 3, 4, 5, 6, 7, 8 and 9 show temperature-dependent variation of
thermo-physical properties of various gases which constitute ambient air and gas
turbine flue gases. The results obtained have been compared with thermo-physical
dataset available from JANAF Thermochemical Table [10]. The proposed loga-
rithmic polynomial is more accurate as compared to other polynomials [4–6], and
results have been validated with JANAF Thermochemical Tables [10], Chase [11],
Gordon and McBride [12], Gurvich et al. [13, 14], and error analysis of results
shows variation between ±3% which is well within acceptable limit for
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computational work. Hence, the developed fifth-order logarithmic polynomial has
been adopted in thermodynamic analysis of the cycle results.

Figure 10 shows variation in gas turbine cycle net-specific work output of the
proposed cycle with variation in TIT for two blends of natural gas having differing

Fig. 3 Variation of specific heat of cp, CO2 at constant pressure versus temperature

Fig. 4 Variation of specific heat of cp, H2O at constant pressure versus temperature
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composition of methane and ethane. It is observed that gas turbine-specific work
output increases with increase in TIT. This observed increase in cycle-specific work
is primarily due to predominant increase in specific work on account of increase in
TIT. Increase in TIT also leads to increase in coolant flow rate which increases

Fig. 5 Variation of specific heat of cp, N2 at constant pressure versus temperature

Fig. 6 Variation of specific heat of cp, O2 at constant pressure versus temperature
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mixing, pumping, and cooling-related losses that reduce specific work but it is not
so predominant.

Also, it is observed that the natural gas blend having higher CH4 composition
delivers superior gas turbine cycle net-specific work output, due to increased mass

Fig. 7 Variation of specific heat of cp,Ar at constant pressure versus temperature

Fig. 8 Variation of specific heat of cp,air at constant pressure versus temperature
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flow rate of fuel requirement which goes on to increase the mass flow rate of
working fluid being handled by the cycle.

Figure 11 shows variation in gas turbine cycle net-specific work output of the
proposed cycle with variation in compressor pressure ratio (rpc) for two blends of

Fig. 9 Variation of specific heat of cp,gas at constant pressure versus temperature

Fig. 10 Effect of variation in gas turbine (TIT) on gas turbine net-specific work
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natural gas having differing composition of methane and ethane. It is observed that
gas turbine-specific work output increases with increase in rpc. This observed
increase in cycle-specific work follows the first law of thermodynamics. The
observed increase in cycle-specific work primarily is due to predominant increase in
specific work on account of increase in rpc. Increase in rpc also leads to increase in
coolant flow rate which increases mixing, pumping, and cooling-related losses that
reduce specific work but it is not so predominant.

Also, it is observed that the natural blend having higher CH4 composition
delivers superior gas turbine cycle net-specific work output due to increased mass
flow rate of fuel requirement which goes on to increase the mass flow rate of
working fluid being handled by the cycle.

Figure 12 shows variation in gas turbine cycle efficiency of the proposed cycle
with variation in compressor pressure ratio (rpc). It is observed that gas turbine
cycle efficiency increases with increasing in rpc and also with increasing compo-
sition of methane.

Figure 13 shows variation in gas turbine cycle efficiency of the proposed cycle
with variation in TIT. It is observed that turbine efficiency increases with increasing
in TIT and also with increasing composition of methane and then start decreasing
after 1400 K. The reason associated with this behavior of graph is that gas turbine
cycle efficiency increases with increasing TIT up to 1400 K because gas turbine
cycle-specific work increases but after 1400 K coolant flow rates shoot up in the
process significantly affecting cycle performances both in terms of thermal effi-
ciency as well as specific work.

Fig. 11 Effect of variation in rpc on gas turbine cycle net-specific work
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Figure 14 depicts the variation of turbine efficiency with specific work for
various values of TIT and composition of methane. From performance map
(Fig. 14), for a chosen value of methane composition and rpc, the specific work
increases with increase in TIT up to 1700 K whereafter it starts decreasing for TIT
greater than 1700 K. This drop in performance of gas turbine at higher value of TIT
is primarily due to increased blade coolant flow rates which bring down specific

Fig. 12 Dependency on rpc of gas turbine cycle efficiency at different natural gas composition

Fig. 13 Variation of TIT on
gas turbine cycle efficiency at
different natural gas
compositions
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power as well as thermal efficiency. Also, for a certain value of TIT, the cycle
efficiency increases with increase in composition of methane.

The behavior of the trend shown in Fig. 14 can be explained as higher value of
TIT leads to increase in mass flow rate of blade coolant which affects the gas
turbine performance predominantly in specific work as well as in cycle efficiency.

Figure 15 shows a histogram of gas turbine cycle performance, illustrating
variation in rational efficiency and exergy destruction (component-wise) at rpc = 21,
TIT = 1700 K with increasing composition of methane. Histogram shows that the
rational efficiency decreases with increasing methane composition. However,
maximum exergy destruction is in combustor followed by stack, gas turbine and
compressor at a chosen value of composition of methane.

5 Conclusions

Based on the proposed mathematical model for temperature and molar mass
fraction-dependent determination of thermo-physical property and thermodynamic
analysis of gas turbine cycle, the following conclusions have been drawn:

Fig. 14 Effect of turbine-specific work on efficiency at various natural gas compositions
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• A fifth-order logarithmic polynomial for accurate determination of thermo-
physical properties based on mole fraction of gas component has been developed.

• The thermo-physical properties of gas turbine working fluid based on the
developed polynomial has been compared with NIST-JANAF and Y.S.
Toulounkain tables and found to be in good agreement.

• Composition of combustible gases in the natural gas fuel used in gas turbine is
seen to effect thermo-physical properties of working fluid of gas turbine.

• Exergy analysis of gas turbine plant shows that combustion chamber exhibits
highest exergy destruction of around 32%. Also, as percentage composition of
methane increases, exergy destruction within combustion chamber decreases to
30% at 92% of CH4.

• Plant rational efficiency is found to be 38% at CH4 of 80% in the fuel.
• Hence, thermodynamic performance of gas turbine cycle is highest for natural

gas fuel blend having higher percentage of methane composition.
• The summation of exergy destruction in all components is minimum �65% at

higher percentage of CH4 (92%) in the fuel.

Fig. 15 Effect of rational efficiency and exergy destruction componentwise
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NOx Elimination Laboratory
Experiments for Biodiesel-Fueled C.I.
Engine in Cooler Gas Flow Engine

Ravi Kumar Samadhiya and Devendra Kumar

1 Introduction

Without any fuel usage and/or engine performance penalties, biologic diesel
emanates considerably fewer PM, carbon monoxide (CO) and hydrocarbon
(HC) emissions. A particulate reduction effect can result in the lower aromatic and
short paraffin HC chain and the higher oxygen content in biodiesel [1–3]. Carbon
particles have been observed significantly smaller than the petrol engine in the
cylinder head, the piston ring, and injectors of biodiesel fuel. Because of its
inhuman lubricity properties, wear on critical rotating segments of the biodiesel
engine is considerably less than the diesel engine [4–6]. Researchers have also
shown that biodiesel NOx emissions have increased in comparison with diesel. And
Salvatore et al. conducted direct turbo-loaded diesel injection experiments in
rapeseed oil with methyl esters. It also said that the volume of NOx and decrease in
Hc and CO and a sharp decline in smoke have been supported by methyl ester at the
same time [7–9]. The exhaust gas temperature in jatropha biodiesel and its com-
bined fuels increased with increased load and biodiesel. Ramesh et al. said
biodiesel-powered motor CO2 emissions are slightly higher than diesel fuel. “The
biodiesel monoxide elimination was 8, 16 and 2.8 and 3.8 kW 16, 18, 20 and 22%
higher biodiesel NOx emissions”. The load conditions are of 2, 2.8, and 3.9 kW,
respectively, for diesel emissions [10].

Exhaust gas recirculation is an effective method of NOx regulation. The exhaust
gasses consist mostly of neutral carbon dioxide, heat, and nitrogen in a wide
variety. Oxygen can be reduced and used as a heat sink when recirculated to the
engine inlet [11]. This lowers the oxygen concentration and the temperature of the
highest combustion, minimizing NOx. EGR is one of the most effective methods
currently available to minimize NOx emissions from internal combustion engines.
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However, the operation of EGR is still subject to sanctions. Unless correctly
configured, smoke, fuel use, and heat output can be improved. EGR enables effi-
cient regulation of greater NOx emissions.

Ming and Zheng et al. briefly studied the routes and the inconveniences to
minimize NOx emissions from diesel and stressed the potential use of EGR. EGR
has explored its effect on diesel operations and outlined a range of approaches to
EGR inclusion [12]. The EGR flux and EGR hydrogen reform principles were
proposed, too. New principles have also been suggested.

Biodiesel emissions are slightly lower with no fuel consumption penalties, or
efficiency penalties for engine PM, carbon monoxide (CO), and hydrocarbon (HC).
A lower aromatic and short paraffin HC chain and higher oxygen content could
account for the effect of biodiesel on particulate reductions [13]. “Cylinder particles
were found to be much smaller than diesel engine, the top of the piston, piston ring
grooving, and the biodiesel injector”. Because of its intrinsic lubricity properties,
the wear on critical moving parts of the biodiesel engine are relative to the dogs.
However, researchers have also shown higher emissions of NOx biodiesel than
diesel.

That’s Salvatore et al. have conducted tests on a direct injection turbo-loaded
diesel engine using rape oil methyl esters. It was also stated that methyl ester
increased NOx emissions, decreased HC and CO, and decreased considerably
smoke during the same time as the injection [14]. For jatropha biodiesel and its
mixed fuels, Ramesh et al. have stated that the “exhaust gas temperature” has been
growing with an increase in freight and biodiesel volume. Contamination by bio-
diesel engines of CO2 was substantially greater than diesel fuel. At 2, 2, 2, 2, 2, 2.5,
and 3.5 kW, the decrease was 16, 14, and 14% of the carbon monoxide by bio-
diesel. Emissions of biodiesel NOx were 15, 18, and 19% above petrol. Emissions
under load conditions were 2, 2, 2.5, and 3.5 kW, respectively.

A significant mechanism for NOx regulation is exhaust gas recirculation.
A neutral carbon dioxide, nitrogen, and the high thermal value are the main
components of the exhaled gas. It lowers the oxygen level and acts as a heat sink
when recirculated to the motor inlet. This method decreases the content of oxygen
and the peak temperature of the combustion, thereby minimizing NOx. EGR is one
of the best ways in internal combustion engine to minimize NOx emissions usable
at the moment. However, the EGR’s actions need fines as well. Unless properly
optimized, smoke, fuel consumption, and thermal performance can be improved
significantly. Increased emissions of NOx are effectively tracked using EGR [15].

Al analysis outlines briefly the upcoming use of EGR for processes and defi-
ciencies in the removal of diesel NOx emissions. There was a study of EGR’s effect
on diesel, and a range of approaches was highlighted for applying EGR. EGR
stream therapy and EGR hydrogen reform were also proposed as new principles
[16].

Biodiesel engines with improved exhaust gases were tested to produce less CO,
hydrocarbons and mineral diesel contamination of particulate matter. The
NOx diesel engine efficiently reduces exhaust gas (EGR), while the combustion
chamber removes fuel temperatures and oxygen levels. Yet EGR contributes to
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higher particulate matter emissions (PM). Biodiesel EGRs have reduced
NOx emissions, and no significant penalties have been applied to PM or BSEC
contaminants. Including EGR decreases the NOx rate by a rise in EGR prices. The
NOx reduction is higher at higher loads. The cause of the EGR production decrease
in NOx is a decrease in oxygen volumes and a decreasing flame temperature.

The effect on the temperature and exhaust opacity of depleted gas recirculation,
Agarwal et al. With the application of EGR, exhaust gas temperatures have fallen
significantly. This ensures that NOx emissions can be minimized. The thermal
performance and the easy use of brake petrol should not have a significant impact
on EGR. However, the emissions of particulate matter rise during combustion, as
can be seen with tests of smoke opacity.

2 Methodology and Experimental Setup

AF10 diesel engine was used primarily for farming practices and residential energy
generation for current work on research: the selected Kirloskar builder, single
cylinders, air cooled, direct injection. It is just the single four-stroke, vertical,
air-cooled generator “normally suctioned”. It has an electrical charge function, as it
is combined with a flexible connection with such a phase inverter. The engine can
be started with a decompression lever and has a centrifugal velocity control. The
cylinder is made of cast iron and has a cast iron covered in rough phosphoric
material. This engine’s lubricating system is wet sump and the oil is filled with
pumps on the front of a motor and is driven off the crankshaft on the pumping shaft.
The input and the control valve are operated by a camship, which is supplied from
either a crankshaft by two couples of gears. The pump is operated by a drive shaft
end. Table 1 displays the functional motor details.

It is vital that the different instrumentation is mounted at the appropriate location
in order to execute together the required test set and the necessary engine data.
A recirculation system was also developed for the recirculation of the exhaust

Table 1 Technical configuration of the diesel engine

“Type and model” Kirloskar DAF 10

“Category” “Single cylinder, naturally aspirated, four strokes,
vertical, air-cooled”

“Rated brake power (kW)” 7

“Rated speed (rpm)” 1560

Number of cylinder One

Bore � stroke (mm) 102 � 110

Lubrication system Forced feed

Compression ratio 17.5:1
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portion of the motor inlet. A two-fuel tank system is required or vice versa for fast
conversion between diesel and biodiesel. After completion of the data collection
processes and collection of equipment, the data were placed on the display. Control
panel of the MS Regulation has been developed, and on the front side of the control
panel were devices like voltmeter, a meter, wattmeter, and rpm indicator. The
electric charging bench with its controls on the front panel is on the rear of the
control panel (12 bulbs per 580 W and 2 bulbs per 320 W). A 50-ml desk with stop
cocks was also connected to the front of the panel to test diesel or organic diesel
fuel flow. The two tanks with stop cocks on the back of a frame have been mounted
at the highest point. Between the generator and the load table were a voltmeter, an
ammeter, and a wattmeter. The motor body was fitted with a soiled nut and
photo-reflection sensor. In order to calculate the exhaust temperature, the thermo-
couples are mounted into the exhauster. For calculating various emission gas
parameters, AVL 437 and AVL Di gas analyzer were kept nearby.

2.1 Details of Experiment Setup

See Fig. 1.

3 Result and Discussion

Initially, a series of motor tests was performed on a medium capacity diesel motor
at 1500 min and at different rate EGRs to demonstrate the effect of EGR on smoke
opacity and the amount of NOx exhaust. The EGR’s effect on smoke and the
exhaust quantity of NOx were initially performed by a series of engine tests at
medium diesel engine power at 1,500 min and different EGR rates to measure the

Fig. 1 Experimental setup
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PM in the exhaust gas; the exhaust gas smoke opacity is measured in Fig. 2, and
Fig. 3 shows smoke opacity at varying levels of EGR. When EGR is used to run the
motor, greater opacity to smoke than anything without EGR is observed. Smoke
opacity increases with increased rates of EGR and increased engine load. The
smoke opacity difference at high loads was higher than the lower. EGR decreases
the supply of fuel oxygen, thereby leading to comparatively incomplete combustion
and improving the output of PM. Figure 3 indicates the well-established value of
EGR in reducing NOx diesel emissions. With the use of EGR, the rate of EGR
decreases NOx. The NOx reduction is higher at higher loads. Low oxygen levels
and low flame temperatures in diesel engines reduce NOx emissions by EGR.

EGR use reduces NOx in a diesel motor but increases opacity of the smoke. This
is a famous NOx-PM exchange. On the other hand, the opacity of smoke is
decreased and NOx is increased when biodiesel is used by diesel motors. EGR
biodiesel may also be used to simultaneously reduce emissions of NOx and smoke.
Detailed motor tests with 0–20% EGR and different concentrations of jatropha
biodiesel, i.e., have been performed. B20, B50, and B100 are for the performance
and emission pattern assessment of the motor. Data on production and emissions
have been analyzed for thermal efficiency BSEC, HC, CO, NOx emissions and
smoke opacity.

Fig. 2 BMEP opacity versus
with numerous EGR ratios

Fig. 3 BMEP NOx versus at
various EGR speed
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3.1 Performance Characteristics

The efficiency of the gasoline, blending and pure jatropha biodiesel test engine is
summarized below.

3.1.1 EGR Performance

The test results showed that the thermal brake efficiency of all fuels was first
improved as the braking power rose, followed by a further increase in brake
capability. Trends in thermal efficiency are shown. Thermal efficiency is shown to
be slightly improved with EGR at lower engine loads. The HCs which enter the
combustion chamber can be reconstructed by means of the recirculated exhaust
gasses. At higher engine loads, thermal efficiency remains the same as EGR.

When working in “biodiesel blends” with EGR with increasing biodiesel content
in the mixture, thermal efficiency improved. The improvement in thermal efficiency
of oxygenated fuels can be due to that. One of the interesting findings is the higher
temperature efficiency of every biodiesel mix than the database lines shown in
Fig. 4. For diesel at a load of 10% EGR of eighty percent, maximum heat output
was observed. In B20, B50, and B100, the thermal peak was 27.95, 28.77, and
27.05%, while in diesel, the thermal peak was 26.79% and the EGR was 15%.

3.2 Brake-Specific Energy Usage

• Benefits of Brake Basic Fuel: The performance of two different fuels is not quite
accurate because the density and heat value differ greatly. In order to compare

Fig. 4 Higher temperature
efficiency of every biodiesel
mix than the database lines
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energy demand for unit power generation in different test fuels, the
brake-specific energy was then taken as a metric.

• BSEC for diesel with EGR can be found to be less than baseline data at lower
loads. But BSEC follows the same trend at increased loads with and without
EGR. BSEC has been reduced with an increase in biodiesel concentration while
the engine was running on biodiesel mixtures.

• The possible reason for lower BSEC may be improved thermal efficiency. The
lowest BSEC was the 50% biodiesel blend of EGR. For tidy biological diesel
with and without EGR, BSEC was better than base results at lower loads. In
higher loadings, the engine has the same BSEC pattern in all datasets and BSEC
has evolved at higher EGR speeds.

3.3 Emission Characteristics NOx Emissions

• The variations in NOx emissions for all study oils. As the engine load increased,
the NOx emissions increased due to an increase in combustion temperature. This
proves that the combustion temperature of the engine cylinder and the local
stoichiometry of the mixture is a crucial factor in the emission of NOx.

• NOx contaminants were found at 80% load and 0% EGR at 1987 ppm for diesel
and 2055 ppm for biodiesel in operation. Compared to petrol, the emissions of
NOx for biodiesel fuel were higher. This may be due to higher biodiesel bulk
modules which result in dynamic injection progress in addition to static injection
progress, which ensures maximum efficiency. The condition may have been
aggravated by excess oxygen (10%) in biodiesel. At higher loads, the volume of
NOx was 5–8% higher than that of petrol. The degree of NOx reduction is
higher at higher loads. Reduced levels of oxygen and flame temperatures are for
the removal of EGR NOx emissions in diesel engines. However, in the case of
biodiesel mixtures, NOx emissions are higher than gasoline due to higher
temperatures in the combustion chamber.

• Here, it has been found that the lowest NOx emission of 15% EGR diesel is
comparable to other study fuel samples. This is because inert gasses are present
in the combustion chamber and molecular oxygen is not available. Twenty
percent and more of EGR, the ratios could reduce NOx by significant amounts
but reduced BTE and increased emissions of smoke, CO, and HC were
observed.
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3.4 Carbon Monoxide Emission

• Probably due to the dilution impact of exhaust gasses and the lower air–fuel
ratio, the CO emissions can rise sharply at full load. The highest carbon dioxide
emission was observed at 15% EGR for diesel and B20, which is likely to be
due to low oxygen activity. Here, it is important to note that the combustion
efficiency is faster at 15% and higher EGR speeds.

• The CO emissions of pure jatropha biodiesel fuel are lower than those of diesel
fuel with no EGR over the entire load spectrum. This is possibly due to the
abundance of molecular oxygen in biodiesel fuel. With an increase in EGR, CO
emissions remain the same with lower loads but higher loads due to the dilution
effect of the exhaust gas. In the case of biodiesel, 10% of EGR produced 1.04%
(minimum) of CO emissions at full load and rapidly increased emissions to
22%.

3.5 Hydrocarbon Pollution Unburnt

• Higher concentrations of oxygen lead to low levels of air–fuel blends in the
combustion chamber at different places. This heterogeneous mixture is not
properly flammable and leads to higher HC emissions. The addition of biodiesel
to diesel decreases the oxygen combustion needed due to the availability of
molecular oxygen in gasoline. This leads to lower HC emissions; the emissions
of HC are lower for biodiesel mixtures than diesel when the engine was operated
by EGR. However, 18% of EGR pure biodiesel HC emissions are lower than
baseline diesel emissions without EGR.

• Smoke opacity for EGR biodiesel mixtures is typically less than gasoline.
Biodiesel molecule is made up of oxygen that is active in the combustion
process, which can be used to contribute to better combustion and, eventually, to
lower smoke. Pure biodiesel provides the lowest smoke opacity among all
datasets of 15% EGR. Capacity increases without full load at increasing EGR
speeds. When biodiesel is observed, there is a sudden rise in particulate matter at
20% EGR.

4 Conclusion

The test results show that biodiesel and its mixtures, EGR’s full engine perfor-
mances and emission characteristics are much higher than diesel fuel. When the
motor was fueled with biodiesel and fired, when no gas exhaust was returned
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compared with diesel fuel, the thermal performance of the engine was lower and its
use was higher for the brake. In the case of EGR, however, the requirements for
biodiesel and its mixtures were superior. Without EGR, the emission of biodiesel
NOx was higher than the emission of petrol. With rising EGR costs, the degree of
NOx reduction was increased at higher loads. In the entire experimental area with
and without use of EGR, carbon monoxide (CO), hydrocarbon (HC), and biodiesel
smoke opacity were found to be smaller than gasoline. While NOx can be reduced
by 20% or more, but BTE decreases and substantial increases in smoke, CO and HC
emissions have been observed. The experimental results indicate that the ideal EGR
strength effectively compensates for the opacity of NOx and smoke. From the
experimental study, more than 15% of EGR values can be used at low loads, but at
higher loads, the optimum EGR strength can be reduced to 15% to achieve better
exhaust gas recirculation performance.
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