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ABSTRACT: Nano particles-based catalysts are additives that can be used in green fuels to improve
the characteristics of an engine. In the present study, non-edible Aegle Marmelos (AM) de-oiled seed
cake biomass is used for the production of pyrolysis oil. The copper oxide (CuO) nanoparticles are
prepared via the Sol-Gel process and categorized by Scanning Electron Microscopy (SEM), Energy-
Dispersive X-Ray (EDAX) Spectroscopy, and Fourier Transform InfraRed (FT-IR) Spectroscopy.
The CuO nanoparticles are mixed with pyrolysis oil-diesel opus at a fraction of 30 and 50 ppm. The
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) tool is employed to attain
the optimum engine process parameters. The correlation between cylinder head temperature and
exhaust emission was concluded by using an innovative approach to thermography image processing.
The outcomes of experimental, TOPSIS, and image processing revealed that modified fuel opus emitted
a lesser amount of carbon monoxide, oxides of nitrogen, and unburned hydrocarbon compared with
diesel but augmented CO, (Carbon dioxide) emission. It is found that higher CO; emission is apparent
for the dynamic combustion process. This study confirms that AM bio-oil opus is an affordable alternate
fuel for diesel engines for a clean and green environment.
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INTRODUCTION

The demand for energy sources has been an issue due to
the exploitation of fossil fuels. Although fossil fuels are
inevitable in the transportation sector, they emit harmful
gases. The alternative to using fossil fuels involves using
renewable sources of energy such as biofuels. [1]. Biofuels
are the perfect solution to an environmentally friendly, long-
lasting, and economical fuel to be used to overcome the
energy crisis and in turn, develop the economy of the
country [2]. Recently, the quest for biofuels has become
very extensive due to the rising concern of exhaustion of
natural resources. Bio-energy is now recognized as a
potential alternative with the capability to contribute
predominant non-conventional energy share shortly [3]. The
production of biofuels involves the steps of processing
biomass, which refers to solid agricultural wastes [4].
Considering the different energy conversion processes,
pyrolysis is the most recognized owing to the superior bio-
oil yield along with char and syngas [5]. The process of
pyrolysis refers to the thermal disintegration of feed into its
elementary components in the absence of oxygen [6].
Generally, biodiesel is oxygenated, hence engines can have
more complete combustion than ordinary diesel and can
lead to lower emissions [7]. Biofuel is considered a ‘carbon
neutral’ fuel because the amount of CO, absorbed during
growth is equal to the amount that is released during its
combustion. Every biomass materials have individual fuel
characteristics [8]. Since the properties depend on the
plantation conditions and the richness of the soil, the quality
and quantity of the biofuel produced from it primarily
depend on feedstock characteristics and the efficiency of the
processing steps [9]. Nanoparticles (particle size less than
100 nm) have a higher magnitude of upper heat transfer
coefficient while transferring heat instantly to the
surrounding fluid [10]. So, the addition of nanoparticles in
diesel can increase conductivity [11]. Nanoparticles possess
a large surface area-to-volume ratio, sothey can react
very quickly [12]. This makes them useful catalysts to speed up
the reactions [13]. The nanoparticles have substantial benefits
and create no blockage in the fuel filter and injector [14].

Fu et al. (2017) investigated the influence of adding 50
ppm of Cey7Zrp30; as a hanocatalyst in corn stalk pyrolysis
oil/diesel blends. They have reported 8.4% fuel saving and
20% reduction in UHC, CO and NOx emissions [2].
Kumaravel al. (2019) tested the influence of CeO,
as a nano additive for tyre oil-diesel blend. They concluded
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that the blend B5D85 +CeO, 100 ppm has shown
improvement of the BTE in the magnitude of 2.94% and
reduction of harmful emissions by 7.46% compared with
diesel at peak load [4]. Karthikeyan and Prathima (2016)
examined the effect of CeO, nano additive in Prosopis
juliflora biodiesel blends in the range of 50-100 ppm. The
author revealed that the addition of CeO, diminished the CO,
UHC, and NOx emissions compared to a plain B20 blend [14].
Sharma et al. (2016) investigated the effect of 100 ppm of
carbon nanotubes (CNT) and CeO in the tire pyrolysis oil
(TPO) and Jatropha methyl ester (JME) opus-powered Cl
engine. At peak load condition, JME8OTPOZ20,
JME80TPO20Ce0,100, and JIMEBOTPO20CNT100 blends
depict that BTE of 24.25 to 25.64 % was augmented with
CNT+ CeO; nano additives. Additionally, UHC, NOx , CO
and smoke emissions were recorded lesser related with
JMETPO [15].

Sachuthananthan et al. (2019) assessed the effect of
MgO nanoparticles mixed with plastic oil (PPO) on the
engine characteristics. They have observed that PPO
mixed with 75ppm MgO nanocatalyst enhanced the BTE
by 2.5 % and lower CO and UHC emissions reduced up to
5% [16]. Gumus et al. (2016) studied the effects of Al,O3
and CuO nano additive (range of 25 to 100 ppm) over neat
diesel on the engine characteristics. The author concluded
that the nano-diesel modified fuel blend improved the
engine performance and decreased the CO, UHC, and NOx
exhaust emission [17]. Tamilvanan et.al (2019) performed
the engine investigation on a single-cylinder direct
injection diesel engine, using modified biodiesel attained
from Calophyllum inophyllum oil. The author found that
the incorporation of copper nanocatalyst enhanced the
BTE and decreased BSFC compared to other biodiesel
blends but not better than diesel. The NOx, UHC, and CO
emissions are reduced, whereas CO, emission is increased
for copper nano-additive opus compared with diesel [18].

Optimization methods provided greater engine
operating parameter combinations that were found to be
efficient and effective by the researchers [19, 20]. The
TOPSIS system was developed by Hwang and Yoon [21, 22].
It is an efficient, simple and effective multi-objective
decision-making technique to obtain an optimum outcome
among the alternatives [23]. Among the optimization
techniques, TOPSIS received superior attention from
researchers owing to their good computational techniques,
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qualitative judgments, effective decision-making approach
and simple mathematical formation [24, 25]. It can
measure the relative performance for each alternative and
can solve various real-time hitches [26, 27].

Anupam et al. (2014) optimized the selection of
feedstock material for pulp and paper making processes
viathe TOPSIS tool. They have selected the different types
of Eucalyptus species for this study through
physicochemical characteristics, pulp characterization,
cooking experiments and chemical morphological analysis
assessment. It was concluded that E. citriodora was elected
as the most suitable species for pulp and paper-making
processes [28]. Muniappan and Rajalingam (2018)
optimized the effect of intake charge temperature and EGR
using TOPSIS in engine characteristics. They recorded
that the CI (compression ignition) engine with 320 K
charge inlet temperature delivered enhanced BTE of
28.6% whereas CO and UHC emissions were decreased up
to 0.025% and 12.5 ppm respectively. The harmful NOx
emission was diminished up to 240 ppm for 30% Exhaust
Gas Recirculation (EGR) [29]. Madhu et al. 2018
investigated the best feedstock quality to obtain greater
bio-oil yield during the pyrolysis process. They selected
the five biomass materials such as sunflower shell, rice
straw, hardwood, palm shell, wheat straw for which
volatile matter, cellulose, hemicellulose, lignin, fixed
carbon, ash, moisture were considered as control factors
for this study by employing TOPSIS technique. The author
concluded that a great volatile matter presence (79.2 wt%)
of hardwood feedstock was nominated as the suitable
feedstock material [30].

Among the measuring systems used Infrared
Thermography (IRT) is one of the non-contact temperature
measuring methods. IRT is a frequently used method as it
can detect hidden surface heat and present accurate results
of heat liberation data [31, 32]. The system works by
releasing InfraRed (IR) radiation from a hot area at
a temperature above absolute zero [33, 34]. Doing so helps
in translating invisible heat which is captured in a visual
thermal image where the amount of thermal energy
released from an object can be detected, which makes it
a useful method for real-time temperature monitoring [29].
The captured image can be transformed into analog signal
and then to temperature values using special optical
configurations in the lens of the IR camera which produces
a 2D image. Its rapid capturing speeds make it a suitable
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measuring method for testing huge areas with complex
geometries [35].

Ramesh et al. (2019) experimentally investigated
the impact dampers attached to a boring tool. They
assessed the tool temperature using IRT images. Using the
thermal images results the optimal cutting conditions were
evaluated in their research [33]. In the research conducted
by Shameer and Ramesh (2017), they examined the CI
engine characteristics fuelled with different biodiesel
opuses. The association of the cylinder temperature and
oxides of nitrogen magnitude was studied using IRT. They
concluded that the combustion temperature is a important
criterion for the amount of NOx produced during
the combustion using their thermal image study data [35].
Peer and Peer (2019) studied the characteristics of the
diesel engine when powered oil is obtained from pyrolysis
of waste plastics. It was observed during their research
that a lower BSFC and BTE along with higher CO assisted
in augmenting the plastic oil blend ratio. The emission
of NOx was observed at the exhaust port which was linked
with a thermal image study of the cylinder of the engine.
They confirmed the existing correlation between
combustion temperature and NOx emission [36].

Kibar Murat Efgan and Akin Ayse Nilgun (2021)
optimized the parameters (temperature during the reaction,
concentration of sodium metaborate, flow rate of carbon
dioxide, and the molar ratio of sodium metaborate/sodium
hydroxide) which affect the carbonation reaction of CO,
with sodium metaborate solutions. The authors concluded
that the rate of consumption of CO, was 0.80 mol CO2/min
at optimum, which is coherent with the experimental mean value
of 0.77 mol CO/min [37]. Nwosu-Obieogu Kenechi et al. (2021)
optimized the rubber seed oil epoxidation process
parameters using Response Surface Methodology (RSM).
The authors found that the optimal condition for the
predicted oxirane value, 1.5333%, was obtained at
a reaction time of 6.49 hours, a stirring speed of 667.26,
anda catalyst concentration of 1.82 mol [38].

From the literature review, it is evident that no
investigation has been reported on the assessment of
performance and emission behaviour of Cl engine using
AM bio-oil-diesel-CuO nanoparticles additive opus as
of today. To the best of the authors’ knowledge, only
the TOPSIS technique has been involved to investigate
the engine performance fuelled by pyrolysis oil with their
blends. But the combination of both TOPSIS and
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IR-thermography approaches for analysis of diesel engine
characteristics were not yet carried out. To fill this research
gap, the novel method of using a thermography imager for
exploring the relationship between the cylinder head
temperature and engine exhaust emission analysis has
been evaluated with aid of TOPSIS in this study.
Comparisons of the engine behaviour of the baseline diesel
with and without the nano additive added fuel blend were
also presented. In the present research era, it is unavoidable
to resolve multi-criteria problems. In this view, TOPSIS
and IR-image processing techniques were employed to
optimize engine parameters and validate the exhaust port
emissions respectively.

EXPERIMENTAL SECTION
Biomass

The AM tree is inborn of India which is abundant i
n the sub-Himalayan forests and widely distributed
throughout the world [39, 40]. The AM tree is a moderately
growing, medium-sized tree, which has a place with the
Rutaceae family [41, 42]. The AM fruit seeds contain almost
50% of oil content. It can survive in assorted soil conditions,
is tolerant to waterlogging and has an unusually wide
temperature resilience. De-oiled seed cake, a form
of agricultural residue, could be a potential source for
the biofuel production [43]. The AM feedstock materials
are collected from the oil extracted waste.

The elemental analysis is used to evaluate the biomass
eminence [44]. The higher value of volatile matter
(VM=74.12%) describes that the feedstock material is
appropriate for pyrolysis [6]. The VM of biomass is
disintegrated into short-chain organic vapour during the
pyrolysis [43]. The lower fixed carbon (FC=20.97%)
depicts the potential of seed cake quality for the pyrolysis
process. A lower amount of moisture (M=2.76%)
showsthe suitability of AM biomass as solid fuel. T
he lower amount of ash (A=2.15%) in seed cake material
is essential according to the soil and plantation conditions.

The elemental analysis was conducted as per the
(American society for testing and materials) ASTM
D5291-96 standard. A Perkin Elmer 2400 Series Il
CHNSO elemental analyser was employed to perform the
investigations to obtain the percentage of hydrogen (H),
carbon (C), oxygen (O), nitrogen (N) and sulphur (S)
content [5]. The ultimate analysis depicts that the AM
biomass can be efficiently used as a feedstock in the
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thermochemical conversion method. The elemental
composition of AM biomass is represented in Table 1.

Pyrolysis method

Fig. 1 portrayed the pyrolysis reactor. The experiment
was conducted in a fixed bed reactor where the furnace
temperature is maintained constant using a P1D controller
connected with thermocouple. The outlet of the reactor
was coupled with a condenser to collect the vapour
produced during the pyrolysis process.

Raw feed was filled in the reactor of 2 kg and was sealed
to prevent environmental interactions. When the reaction
starts, vapor comes out of the pyrolysis reactor through the
outlet and is condensed. Water is used as a cooling medium
for the condenser and circulated using a pump. The
condensed vapor is collected in a suitable container as
pyrolysis oil whereas the non-condensable gases were
simply left out.

Copper nanoparticles synthesis

Fig. 2 exposes the synthesis of CuO nanoparticles. The
CuO nanoparticles are given attention due to their unique
properties as well as excellent optical and electrical
performances [18]. The addition of CuO nano solid
particles in diesel can enrich the conductivity and donate
oxygen [17]. The CuO nanoparticles exhibit a narrow
bandgap of about 1.2-1.9 eV. In this study, the synthesis
of CuO is performed by the Sol-Gel approach because this
process is economical and easy. The aqueous solution of
CuCl3-2H,0 (0.2 M) is prepared in a cleaned round bottom
flask. The previous aqueous solution was added to 1 mL
of glacial acetic acid and heated to 100 °C with constant
stirring. Further, 8 M NaOH is added to the previously
heated solution till pH reaches 7.

The green solution turns black instantly and black
precipitate was seen. The obtained black precipitate was
centrifuged and washed 3-4 times using de-ionized water.
It was dried in an oven for 24 hours. The prepared powder
is further used for characterization. The chemical reaction
involved in the process is:

Figs. 3-5 portrayed the confirmation test of CuO
nanoparticles. SEM is used for examining topographies of
specimens at large size magnifications. The morphological
studies of synthesized nanoparticles confirm the presence
of copper nanoparticles with a size of around 15-30 nm.
The FT-IR frequency absorption results reveal that the O-H
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Table 1: Elemental analysis of AM de-oiled cake.

4 Proximate analysis* (wt%) Ultimate analysis* (wt%) )
FC VM A M o o} N S H Ccv
20.97 74.12 2.15 2.76 47.87 43.69 2.85 0.01 5.58 20.21
- J
*Dry basis

4 N

Temperature Controller 2 ®»
(PID)

Water out

Condenser

|Furnace & Reactorl
water in J’
- Feed Liquid product
collector
\_ -

Fig.1: Thermochemical conversion reactor.

CuCl; + Water Aqueous Solution Heating (°C)

1

CuO nanoparticles
CuO nanoparticles formation

Fig.2: Copper nanoparticles synthesis process.
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/ CuCl, + 2NaOH ——» Cu(OH), + 2NaCl \

Cu(OH)2 decomposes into CuO on heating:

Cu(OH); ——— CuO + H20

KCnt|c

0.4 —

0.2 —
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Energy - keV
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Fig. 4: EDAX analysis of CuO.

stretch at 3410.23 cm™* shows the presence of an aliphatic
primary amine. The methyl group compound C-H stretch
frequency was detected at 1457.81 cm™ band region. The
spectrum region of 600-480 cm™ illustrated the presence
of Cu-O bond formation. The FT-IR spectroscopic
frequency analysis endorses the formation of CuO
nanoparticles. The SEM, EDAX, and FT-IR analysis
ensured that the resultant particles were formed from the
Sol-Gel process.

Test engine setup

Fig. 6 shows the engine test rig line-up used in present
research. A single-cylinder direct-injection multi-fuel test
engine combined with an Eddy Current DynamoMeter (ECDM)
was used in this investigation. An ECDM was employed
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Fig. 5: FT-IR spectrum of CuO.

to apply the prerequisite engine load (W) with a digital
DAQ system.

The DAQ is prompt for the test, which controls the
process by including data logging, and in-vehicle
monitoring. Primarily, the engine was started with baseline
fuel (FO), and warmed up at no load. Subsequently, the
engine analysis was conducted at standard operating
conditions with different test fuel opus (F1, F2, and F3).
Consequently, the mandatory data was collected. Each
engine data reading was repeated thrice to attain a mean
average value. The CI engine connected with AVL 250
modular diagnostic system was used to observe the
engine’s emissions during the operation. The specification test
engine and emission AVL analyser is same as that of our
previous research work [24].
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Cooling
Water Tank |}
e Fuel Tank
(Diesel + AM pyrolysis oil +
CuO nanoparticles)
Diesel Engine “Eddy Current
-ﬁata— Dynamometer
A cquisition

Fig. 6: Test engine setup.

Thermal imager

In this study, a FLUKE Infrared-Thermal imager was
employed to analyze the in-cylinder temperature during
engine operation. The basic principle of an IR-thermal
imager is transferring the IR energy released by the hot
surface into thermography with numerical data of the
required object [45]. A thermal imager (TIM) was
focused on the engine cylinder with the help of a spotlight
at the preferred spot. The TIM sense the IR energy during
engine operation and offers the heat delivery of the
cylinder head [35]. Thermal images are taken manually
at the necessary engine load (W) with various modified
fuel blends and stored in external memory for further
investigation.

Technique for order preference by similarity to ideal
solution

TOPSIS technique is a Multi-Criteria Decision Making
(MCDM) technique to find an enhanced optimum solution
among a large number of alternatives [30]. It was
developed based on the idea that the chosen alternatives
have the least distance from Positive Ideal Solutions (PIS)
and higher distance from Negative Ideal Solutions (NIS)
for resolving the MCDM problem [22]. In TOPSIS,
the PIS is a gathering of the highest values, whereas
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the furthest ideal outcomes are attained by the lowest
values attainable for the criteria [21]. It is an efficient and
simple MCDM technique used in several real-time
applications. In this method, all the outcomes are separated
into favourable or non-favourable characters [28]. The
greater attributes are referred to be favourable characters
and the poorer attributes are referred to be non-favourable
characters [29]. The process to select the greatest
alternative by using TOPSIS techniques includes the
following step by step procedure:

Step 1: Primarily, the decision matrix (Da) should be
developed using all the obtained experimental outputs. The
decision matrix consists of ‘b’ attributes and ‘a’
alternatives. In the present study, experimental trials
are the alternative solutions (a) and the outcomes
are the attributes (b) [21]

X11 X12 X13 Xij
X X X23 X2

Da =|"21 “22 72 . €Y)
Xit Xiz  Xjz o0 e Xjj

Where Xij; is the measure of the j™ attribute to the i
alternative. i=1,2,3,......... ,aand j=1,2.3,....... ,b.

Step 2: The normalization of the TOSIS design
matrix was computed by the following Equation (2) [29]
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i @
?:1 Xijz

Where, §; is normalized value for i=1,2,3,........... 2;
123, b.

Step 3: The weights of every attribute are allotted and
the sum of the weights of all attributes should be equal to
one. The weighted normalized matrix (¢;;) is computed
as follows [28]

Where, ¥0_, W; =1
Step 4: Identification of positive ideal solution

(P1S=¢*) and negative ideal solution (NIS=¢") are computed
by following equations (4) and (5) [21]

& = (d7,d7 by )= {(max b,/ je],), “)
(min c])i]-/ jel, i=1,2,3,...... ,b)

d—= (d1,P2 e ) = {(mindy;/je]),  (5)
(min (1)11/ jel,, i=1,2,3,...... ,b)

Where, Ji=set of favourable attribute and J,=set of non-
favourable attribute

Step 5: The positive separation measures (S;) and
negative separation measures (S;”) of every alternative are
calculated by following Equations (6) and (7) [30]

(6)

(7

Where, i=1, 2, 3...... a.

Step 6: The assessment of the Relative Closeness
Coefficient (RCC) of every alternative is computed as
follows [21]

S-

RCC = —— 8

St+ S; ®
Where, i=1,2,3,......... X.

Step 7: Based on the performance value of RCC, every
alternative is ranked in the descending order manner. The
main value is ranked in the first position and the smallest
value is ranked in the last rank.

Research Article

Investigation of Diesel Engine Distinctiveness Fuelled ...

Vol. 42, No. 1, 2023

Instruments uncertainty analysis

The instrument accuracy is exposed by conducting
an uncertainty analysis. Errors and uncertainties arise
during experiments depending on the instrument’s
periodic calibration, instrument selection, method of data
observation, working condition, and environment [6].
Accuracy and perfection determine the consistency of
experimental precision of the instruments [7]. Table 2
represents the accuracy and uncertainty of the measuring
instrument used in this research. The uncertainty of the
instrument used during the investigation was computed
by the following equation.

Overall uncertainty =
AX1 2y AX2 2y AX3 2y +AXn2
(Xl) (XZ) (X3) (Xn)

Where AX— accuracy of the measuring instruments;

X1— experiments output response; (A;—ll)(%) —

independent variable errors; S— estimated quantity; X1,
X2,X3...... Xn— value of estimate quantity error.

Overall certainty =

J(OA)Z +(0.006)2 + (1.2)2 + (0.1)2 + (0.25)2 + (0.15)2 + (0.65)2 + (0.2)2 + (0.05)2

+(032)7 + (0.2)2 + (1)? + (0.2)7 + (1)2 + (L12)?

=2.3%

RESULTS AND DISCUSSION
Test fuels preparation and properties

Conferring to the Indian biofuel policy (2017),
the estimated amalgamation of biofuel can go up to 20% [6].
For test fuel preparation, initially, 20% of AM bio-oil, 80%
diesel, and less than 1% of surfactants by volume basis were
mixed using stirrer at ambient temperature [2]. Subsequently,
AM pyrolysis oil+diesel altered fuel blends were dosed with
CuO nanoparticles in the range of 30 ppm and 50 ppm. Nano-
bio-oil blends were prepared by using an ultrasonicator. It is
a novel fuel which is consists of CuO nanoparticles, AM
pyrolysis oil and diesel. The following modified fuel opus was
prepared for physicochemical property studies and engine tests
as follows: FO=Diesel; F1=20% of AM bio-oil 0il+80% of
diesel; F2=20% of AM pyrolysis 0il+80% of diesel+30 ppm
CuO nanoparticles; F3= 20% of AM bio-0il+80% of diesel+
50 ppm CuQ nano particles.

The physicochemical characteristics of fuel mixtures
were obtained as per ASTM standards. The CV values of
all modified blends (F1, F2, and F3) were less compared
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Table 2: Measuring instruments and Uncertainty.
K Instruments Parameters measured Accuracy Uncg;ginth
PerkinElmer 2400 series II CHNSO elemental Analyse the percentage of C,H, S, N and O in sample +0.3% +0.40
analyzer (weight %)
PerkinElmer Spectrum FT-IR SP 10S/W Analyse the functional group of cpmpoinds present in sample +0.1 cmt +0.006
spectrophotometer (wavelength in cm™)
EDX scanning spectrometry detector Analyse the elemental composition of the sample (weight %) +5% +1.2
Thermocouple Determine the reactor temperature (°C) +1°C +0.1
Density meter Determine the density of the sample (g/cc) +0.01 g/cc +0.25
Kinematic viscometer Determine the kinematic viscosity of the sample (cSt) <3% cSt +0.15
Ignition quality tester Determine the cetane number of the sample +1 +0.65
Bomb calorimeter Determine the calorific value of the sample (kJ/kg) +0.05 kJ/kg +0.20
Test engine BTE +0.5% +0.05
BSFC iO'OSh':g’ KW 4032
AVL 250 MDS CcO +0.02 % vol. +0.2
UHC +1.25 ppm +1
CO, + 0.5 % vol. +0.2
NOx +5 ppm +1
K IR-Thermal imager Temperature +2°C +1.12 j
Table 3: Physicochemical properties of innovated fuel opus.
/ Properties Unit ASTM FO F1 F2 F3 \
Calorific value MJ/kg D240 45 43.53 44.12 44.85
Viscosity cSt@40°C D445 3.9 4.8 4.8 4.8
Density glcc @30°C D4052 0.845 0.89 0.89 0.89
Water content wt% D1744 - 16.2 16.4 16.7
Cetane number - D976 50 50.3 51.2 51.2
\ Appearance - - Yellow Dark brown Dark brown Dark brown /

to FO. The lower CV turns to increase the BSFC [8]. The
viscosity and density properties greatly influence fuel
spray characteristics [3]. The CuO nanoparticles addition
increases the Cetane Number (CN) [14]. Augmenting CN
of the nano-bio-oil blends (F1 and F2) leads to shortened
ignition delay and thereby increases the heat-transfer rate
of a modified blend than diesel [16]. The presence of
water existance in the pyrolysis oil blends may reduce the
combustion temperature, which reduces the NOXx
emission at the exhaust port [6]. A metal oxide nano
additive in the bio-oil and diesel mixtures results in an
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up-gradation of the fuel properties [46]. The upgraded
fuel opus exposes the opportunity of using it as an
alternative fuel source. The properties of prepared test
fuels are shown in Table 3.

Design of experiments

The present study adopted a Taguchi quality loss
function for the experimental design. Taguchi offered the
design of the experimental approach which is a systematic
technique for optimizing the constraints with a lesser test [21].
It is a time-saving and cost-effective approach for optimizing
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Table 4: Engine process parameters and their levels.

f Factors Levels \
| I 11 \Y
Engine load (%) w 25 50 75 100
\ Fuel blend F 0 1 2 3 j
Table 5: Engine output response.
/ Test No. w F BSFC BTE CcO UHC Co2 NOXx \
% kg/kW hr % % ppm % ppm
25 FO 0.58 10.99 0.81 315 3.73 812
2 25 F1 0.63 11.13 0.71 281 3.76 738
3 25 F2 0.61 11.24 0.65 252 3.98 686
4 25 F3 0.59 11.31 0.52 239 411 564
5 50 FO 0.46 16.15 0.52 280 5.01 782
6 50 F1 0.51 16.87 0.48 258 6.1 692
7 50 F2 0.48 17.89 0.46 242 6.45 647
8 50 F3 0.47 18.01 0.36 221 6.93 537
9 75 FO 0.35 20.43 0.37 257 7.25 778
10 75 F1 0.42 21.94 0.34 246 8.42 676
11 75 F2 0.39 22.65 0.29 231 8.98 604
12 75 F3 0.37 23.76 0.27 201 9.12 528
13 100 FO 0.31 21.35 0.34 184 8.34 647
14 100 F1 0.36 22.32 0.3 167 9.36 558
15 100 F2 0.34 22.84 0.26 156 9.51 511
k 16 100 F3 0.32 23.97 0.24 143 9.78 487 j

the engine parameters. In this study, two process control
factors with four levels of full factorial design have been
adopted (24=2*2*2*2=16 test). The L orthogonal array is
employed for this study with a minimum experimental test
using Minitab 17 statistical tool. The current study focuses
on two engine process control factors such as W (%) and
innovated fuel blends according to the expert’s advice and
previous studies. The engine input factors and their levels
are given in Table 4. The CI engine’s emission and
performance behaviour are measured under different W
and modified fuel blends and the attained outcomes are
represented in Table 5.

Engine performance analysis

Test engine performance behaviour such as BSFC
and BTE was computed by following equations [3, 12]

Research Article

TFC

ot el o TFC_fvx3600xfpk h
otal fuel consumption, ~ Time X 1000 g/
2TNT

60 * 1000
x 100 (%)

Brake power, BP =

_ BPx 3600
BTE = Trcx ov
The BSFC for bio-oil blend, nano-bio-oil opus at
various W conditions is illustrated in Fig. 7. Heat engine
converts fuel chemical energy into mechanical energy [43].
The BSFC values for all fuel mixtures are high compared
with neat diesel owing to the lower CV value of biofuel
blends [7]. The lesser CV causes ineffective fuel burning.
Generally, bio-fuel has a higher BSFC than diesel (F0) [37].
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The bio-oil opus and nano-bio-oil opus have a lesser
CV value, lesser heating value, higher density, and higher
viscosity compared to FO. It results in longer ignition delay
and inferior burning which leads to augmented BSFC
value than FO [13]. Henceforth, F1, F2 and F3 test fuels
blends were recorded with augmented BSFC value than
that of diesel. It is noticed that BSFC value had reduced
significantly as the CuO nano additive concentration is
raised in the fuel blends. The lower BSFC of 0.32 kg/kW-h
has been obtained with F3 at 100% W, which is
0.31 kg/kW-hr for FO. It reveals that there is a marginal
value of fuel consumption as compared with diesel. F3 has
2.94% higher BSFC than neat diesel but 13.71% lower
BSFC than F1 and F2. The existence of higher oxygen in
the nano additive fuel blend provided the enhanced fuel
property which leads to a lower BSFC value [34]. From
the BSFC graph, the non-additive F1 fuel opus has a more
BSFC value of 0.36 kg/kW-hr at full load conditions. This
is owed to the lesser energy content and slow-burning of
F1 fuel.

Fig. 8 depicts the BTE significances of diesel, bio-oil
blend and nano-bio-oil opus. BTE indicates how
efficiently the engine can convert fuel chemical energy
into mechanical energy [47]. At peak load conditions
the more amount of fuel is sprayed at higher injection
pressure [10]. The finest fuel atomization particles shorten
the ignition delay and fuel velocity thereby improving
the BTE [4]. The engine BTE value was increased
with increasing CuO nano additive and augmenting W
condition. This is due to the increasing in-cylinder pressure
and temperature that lead to enriched combustion and
result in a higher BTE value [15]. The surfactants
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emulsified with AM pyrolysis oil, diesel and CuO
nanoparticles, cause the decreased value of viscosity and
density of modified fuel blends, which tends to enhance
the fuel atomization and spray properties [2]. Compared to
FO and other fuel blends, F3 shows the higher BTE at all
engine loads. The maximum BTE of 23.97% is obtained
for F3 fuel at 100% W, which is 21.35% for FO. This may
be due to the amalgamation of oxygenated biofuel with
metal oxide enhancing the fuel spray and atomization
characteristics, which in turn increased in BTE value [16].
The lesser BTE of 11.13% has been observed for F1 at
25% of W. This is owed to insufficient fuel spray and
oxygen deficiency of the F1 fuel.

Engine emission analysis

Fig. 9 showed the CO level for various fuels at different
W. The CO emission is an intermediary product of the
combustion process [35]. The CO emission is the former
stage of the oxidation process later changes into CO;
emission [7]. The deficiency of oxygen during the fuel
burring causes CO emission [14, 48].

The rich air-fuel mixer delivers lesser CO emission at
exhaust [17]. The deficient combustion, inadequate
air/fuel mixer and insufficient oxygen supply of F1 fuel
emit higher CO of 0.74% at 25% of load as compared to
FO, F2 and F3. The CuO nanoparticles addition to bio-oil
blends enriched the oxygen level which diminishes
the CO emission [18]. A declining tendency was observed
for CuO nano addition with AM pyrolysis-diesel opus.
The minimum CO level was attained for F1 fuel of 0.24%,
at full load, which is 0.34% for FO fuel. This is due
to the CuO nanocatalyst supplying sufficient oxygen
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to the nano-bio-oil blend, which lead to complete
combustion, which in turn lowered the CO level.

Fig. 10 illustrates the emission of UHC for modified
fuel opus. The increasing trend in CuO nanoparticles
addition shows the decreasing tendency in the UHC level.
The inadequate combustion of fuel packets in engine
operation releases the UHC [6, 49]. The UHC emission
is caused by unburnt fuel molecules present in the inside
cylinder wall. At low loads, cylinder wall temperature and
in-cylinder pressure were low [2]. Subsequently, sprayed
fuel particles reaching the cool cylinder walls are dropped
as unburnt fuel molecules. This leads to an augmenting
UHC emission [7]. In the case of higher load, cylinder wall
temperature and inside pressure was increased, which
leads to complete combustion and reduces the UHC
emission [17]. It should be noted that nanocatalyst
enriched the combustion process thereby leading to
complete fuel burning. F3 fuel emits a lesser UHC level
than FO and other modified blends. The lesser UHC
emission is attained in F3 of 143 ppm at full load, which is
184 ppm for FO. The higher level of UHC emission was
detected in F1 (281 ppm) at 25% of W, which is attributed
to incomplete combustion, poorer fuel spray and
distinctive fuel droplets.

Fig. 11 represents the CO, emissions of FO, F1 and
nano-bio-oil blends. The higher amounts of CO; level
at exhaust depict the complete combustion process [18].
The decrease in CO level may cause amplification of CO,
emission at the exhaust. This is because of the sufficient
amount of oxygen available in fuels resulting in the
oxidation of CO into CO, [4, 50]. Compare to baseline
fuel, all the modified fuel blends emit higher CO; at all
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Fig.10: UHC emission.

loading conditions. This is caused by the complete
combustion of oxygenated biofuels.

The non-nano additive blend F1 emits a lower CO,
level compared to the nano-bio-oil opus. This is the fact
that metal oxide CuO nanoparticles supplied an adequate
amount of oxygen to fuel blends, which causes complete
fuel combustion [2]. An F2 and F3 fuel emit the CO; level
of 9.51% and 9.87% at 100%W, which is 8.34% for diesel
fuel. The increased CO; level is observed for F3 compared
to all test fuels. The lesser CO; value is detected for F1 test
fuel, owing to insufficient oxygen supply and inadequate
burning of fuel compared to nano-bio-oil blends.

Fig. 12 shows the tendency of NOx with respect to load
for all test fuels. In general, higher load elevates the
combustion temperature thereby shooting the NOXx level
high (Zeldovich mechanism) [8]. But the NOXx is reduced
by adding pyrolysis oil to test fuel blend. This can be
because the water that exists in the pyrolysis oil reduces
the flame temperature and causes a quenching effect [6, 51].
However, CuO oxygenated metallic nanocatalyst enhanced
the flame velocity and fuel burning, which shortened
the ignition delay with a high fuel burning rate. This causes
complete combustion at lesser combustion temperature
thereby minimizing the NOx emission level [14]. The
lower NOx of 487 ppm was noted for F3 nano-bio-oil
blend at full load which is 647 ppm for FO blend.
A similar decline NOx trend was recorded in literature
studies [17, 18].

In the TOPSIS approach, initially, the entire experimental
data are formed into a decision matrix form (Da) [19].
It consists of alternatives in rows (experimental test)
and attributes in columns (experimental output response).
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TOPSIS outcomes evaluation

The ‘Da’ is normalized by using Eq.(2). Afterwards,
relative weights are allocated to every attribute. Each
outcome such as BSFC, BTE, CO, UHC, CO,, and NOx
was given equal importance [29]. Relative weight of 1/5 is
allocated to every output response by using Eq.(3). The
PIS and NIS are computed by Egs. (4) and (5)
correspondingly. Considering the output responses, PIS
has higher values, which are ¢fgr, =0.03358,
ofre =0.06343, ¢f, =0.02608, oFf, =0.03061,
&z =0.06738, and o, =0.03240, whereas NIS has
lesser of weighted normalized values are ¢z¢r-=0.06825,
opre  =0.02908, ¢z, =0.08802, o5z, =0.06742,
bgoz =0.02570, and ¢yo, =0.05402. The separation
measures of PIS (Si+) and NIS (S;) are calculated
by Egs. (6) and (7). The final step of RCC was calculated
by Eq.(8), and all alternative is ranked in descending order.
Tables 6 and 7 illustrates the TOPSIS results. The lists
of favourable and non-favourable attributes are presented
in Table 8.

In TOPSIS analysis, the highest RCC value is nominated
as an optimal result [21]. Test trial 16 has a higher RCC
value of 0.988822 among all test trials. From this study,
optimal engine parameters for nano-bio-oil powered
engines are 100% W, and F3 fuel blend (20% of AM bio-
0il+80% of diesel+50 ppm CuO nanoparticles).

Thermal image validation

The heat inside the combustion chamber flows through
the exhaust and cylinder head. Once the engine is started,
combustion temperature increases with augmenting engine
load (W), consequently, the temperature of engine
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Fig.12: NOx emission.

components is also elevated [36]. Compared to contact
measurements, a non-contact measuring method delivers
precise values [45]. The in-cylinder temperature was confirmed
by an IR-thermal imager by assessing the temperature of
the cylinder head temperature. The thermography images
expose the heat distribution around the cylinder head [35].
Figure 13 elucidated the location of the thermal image
capture for cylinder head temperature. Fig. 14 interpreted
the cylinder head temperature of FO, F1, F2 and F3 fuel
blends at different engine load conditions. Figs. 14.1, 14.5,
14.9, and 14.13 shows the same results for diesel fuel.
Additionally, Figs. 14.2, 14.6, 14.10, and 14.4, shows the
respective temperature for non-CuO nano additive
pyrolysis oil. Figs. 14.3, 14.7, 14.11, and 14.15 portrayed
the cylinder head heat distribution of the F2 blend, whereas
Figs. 14.4,14.8, 14.12, and 14.16 are inferred the same for
F3 fuel. The temperature is captured from the cylinder
head of the test engine. In thermography images, the head
temperatures are labelled, conferring to the representations
as “MAX”, “AVG”, and “MIN”. The “MAX” and “MIN”
denotes the higher and lower head temperature, whereas
“AVG” indicated the average value of cylinder head
temperature. The oxides of nitrogen emission depend on
the combustion temperature.

The water existing in the pyrolysis oil blends (Water
content of F1=16.2%, F2=16.4%, and F3=16.7%),
decreases the combustion temperature, thereby reducing
NOXx level as compared with diesel. The same tendency
was detected in previous studies [6, 12]. According to the
thermography images analysis, the lesser cylinder head
temperature was captured for the F3 (39° C) fuel blend
at full load condition, which is 39.5° C for diesel. However,
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/ Normalized value Weighted average value \
Test No.
BSFC BTE CcO UHC CO,; NOXx BSFC BTE CcO UHC CO,; NOx
1 0.3142 | 0.1454 | 0.4401 | 0.3371 | 0.1285 | 0.2701 | 0.0628 | 0.0291 | 0.0880 | 0.0674 | 0.0257 | 0.0540
2 0.3413 0.1473 0.3857 0.3007 0.1295 0.2455 0.0683 0.0295 0.0771 0.0601 0.0259 0.0491
3 0.3304 | 0.1487 | 0.3532 | 0.2697 | 0.1371 | 0.2282 | 0.0661 | 0.0297 | 0.0706 | 0.0539 | 0.0274 | 0.0456
4 0.3196 0.1496 0.2825 0.2558 0.1416 0.1876 0.0639 0.0299 0.0565 0.0512 0.0283 0.0375
5 0.2492 | 0.2137 | 0.2825 | 0.2997 | 0.1726 | 0.2601 | 0.0498 | 0.0427 | 0.0565 | 0.0599 | 0.0345 | 0.0520
6 0.2763 | 0.2232 | 0.2608 | 0.2761 | 0.2101 | 0.2302 | 0.0553 | 0.0446 | 0.0522 | 0.0552 | 0.0420 | 0.0460
7 0.2600 0.2367 0.2499 0.2590 0.2222 0.2152 0.0520 0.0473 0.0500 0.0518 0.0444 0.0430
8 0.2546 | 0.2383 | 0.1956 | 0.2365 | 0.2387 | 0.1786 | 0.0509 | 0.0477 | 0.0391 | 0.0473 | 0.0477 | 0.0357
9 0.1896 0.2703 0.2010 0.2750 0.2498 0.2588 0.0379 0.0541 0.0402 0.0550 0.0500 0.0518
10 0.2275 | 0.2903 | 0.1847 | 0.2633 | 0.2901 | 0.2249 | 0.0455 | 0.0581 | 0.0369 | 0.0527 | 0.0580 | 0.0450
11 0.2113 | 0.2997 | 0.1576 | 0.2472 | 0.3094 | 0.2009 | 0.0423 | 0.0599 | 0.0315 | 0.0494 | 0.0619 | 0.0402
12 0.2004 | 0.3144 | 0.1467 | 0.2151 | 0.3142 | 0.1756 | 0.0401 | 0.0629 | 0.0293 | 0.0430 | 0.0628 | 0.0351
13 0.1679 | 0.2825 | 0.1847 | 0.1969 | 0.2873 | 0.2152 | 0.0336 | 0.0565 | 0.0369 | 0.0394 | 0.0575 | 0.0430
14 0.1950 | 0.2953 | 0.1630 | 0.1787 | 0.3224 | 0.1856 | 0.0390 | 0.0591 | 0.0326 | 0.0357 | 0.0645 | 0.0371
15 0.1842 | 0.3022 | 0.1413 | 0.1670 | 0.3276 | 0.1700 | 0.0368 | 0.0604 | 0.0283 | 0.0334 | 0.0655 | 0.0340
16 0.1733 0.3171 0.1304 0.1530 0.3369 0.1620 0.0347 0.0634 0.0261 0.0306 0.0674 0.0324
PIS 0.0336 | 0.0634 | 0.0261 | 0.0306 | 0.0674 | 0.0324
\ NIS 0.0683 | 0.0291 | 0.0880 | 0.0674 | 0.0257 0.054y
Table 7: TOPSIS positive and negative separation measures with RCC.
4 Test No. St RCC N\
1 0.097118 0.006578 0.063434
2 0.088523 0.010684 0.107694
3 0.080576 0.020476 0.20263
4 0.070305 0.03623 0.340073
5 0.062794 0.038183 0.378133
6 0.054198 0.044075 0.448497
7 0.047521 0.050046 0.512939
8 0.037345 0.062648 0.626523
9 0.039751 0.065422 0.622044
10 0.031952 0.07067 0.688643
11 0.023719 0.079294 0.769745
12 0.015344 0.085559 0.847935
13 0.021327 0.078197 0.785707
14 0.012166 0.085003 0.874793
15 0.006165 0.090879 0.936476
\_ 16 0.001088 0.09621 0.98882* )
*Optimal outcome
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Table 8: Lists of favorable and non-favorable attributes.

( Attributes Constraint Comment \
BSFC Lower value Favorable
BTE Higher value Favorable
Cco Lower value Favorable
HC Lower value Favorable
CO; Lower value Non- favorable
\_ NOx Lower value Favourable J

\_

J

Fig. 13: Location of cylinder head temperature measurement.

metal oxide nanocatalyst enhanced the flame propagation
and shortens the ignition delay by providing adequate
oxygen to the fuel blends [46]. Therefore, F3 fuel delivers
a superior engine response with lesser emissions compared
to FO, F1 and F2. From the thermal images validation, an
optimal fuel blend of F3 was elected at peak load
condition, based on lower emission.

CONCLUSIONS

The objective of this experimental research is to
accomplish the enhanced engine performance, to satisfy
the energy needs. The present study considers engine load,
AM pyrolysis oil neat blend and CuO nano additive AM
bio-oil blends as engine control factors to attain better
engine performance with lesser emission. From this
investigation, the following conclusions are made

e The experimental results depict that, F3 blends deliver
ahigher BTE of 11.79% as compared to diesel. This is due to
may be due to the enrichment of the fuel spray characteristics
by oxygenated biofuel with metal oxide amalgamation, which
in turn increased in BTE value.

300

e The lower BSFC value was obtained in F3
(0.32 kg/kW h) than F1 and F2 fuels. The existence
of higher oxygen in the nano additive fuel blend provided
the enhanced fuel property which lead to lower BSFC value.

e From the emission analysis, F3 fuel delivered the
lesser CO (0.24%). The reason behind this lesser CO% is
CuO nano catalyst supplies sufficient oxygen to the nano-
bio-oil blend, which leads to complete combustion.

e The UHC (143 ppm), NOx (487 ppm) and augmented
CO, (9.78%) were observed at a peak W condition as
compared to diesel and other fuel blends. This is because of
the complete combustion of oxygenated biofuels.

e The TOPSIS technique optimized the engine
parameters with a greater RCC value of 0.988822. This
indicates that the TOPSIS optimized results (w=100% and
Fuel=F3 blend) were accurate with valid improvements.
Engine emission properties are also validated by the
thermography images.

e [R-thermal images ensure that the F3 fuels emit
a lower amount of harmful emissions as compared to
diesel. The experimental results, TOPSIS outcomes and
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IR-thermal imager validation confirms that the F3 fuel is
an optimal fuel blend concerning enriched performance
and emissions compared to baseline diesel fuel.

Nomenclatures
AM Aeglemarmelos

ASTM American society for testing and materials
BSFC Brake specific fuel consumption
BTE Brake thermal efficiency
Ce0; Cerium oxide
Cl Compression-Ignition

Cco Carbon monoxide
CO, Carbon dioxide
CN Cetane number
CuO Copper oxide
Ccv Calorific value
Da Decision matrix
EGR Exhaust gas recirculation
FO Diesel
F1 20% AM pyrolysis oil + 80% FO

F2 20% AM pyrolysis oil + 80% FO + CuO 30 ppm
F3 20% AM pyrolysis oil + 80% FO + CuO 50 ppm

IR Infrared
IRT Infrared thermography
MgO Magnesium oxide
MODM Multi-objective decision making
NIS Negative ideal solution
NOx Oxides of nitrogen
PIS Positive ideal solution
Ppm Parts per million
RCC Relative closeness coefficient
TOPSIS Technique for order preference by

similarity to ideal solution

TIM Thermal imager
UHC Unburned Hydrocarbon
W Engine load
Wj Weighted value of each attribute
S Positive separation measure
ST Negative separation measure
bij Weighted normalized matrix
¢t Positive ideal solution
on Negative ideal solution
Aij Normalization value of decision matrix
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