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a b s t r a c t

This study was designed to analyses the performance and exhaust emissions of a direct-injection diesel
engine fueled with multi-walled carbon nanotubes (MWCNTs) included in biodiesel-blended diesel fuel
using response surface method (RSM). The influence of input parameters dengine load and MWCNTs
concentration d on the response parameters (i.e., BSFC, BTE, CO, NOX, and UHC) were investigated and
predicted. MWCNTs were added into B20 fuel (20% biodiseselþ80% diesel) in various concentrations (25,
50, 75, and 100 ppm). The tests performed under varying engine load conditions (5, 10, 15, and 20 Nm) at
a constant engine speed of 1800 rpm. Multi-regression models for BTE, BSFC, and CO, UHC, and NOX

emissions were derived using RSM and were found to be statistically significant. Exhaust UHC and CO
concentrations for the studied fuel blend decreases with the addition of MWCNTs into B20 fuel, while
NOx emissions drastically increased. The optimal engine working conditions were found to be an engine
load of 10 Nm and MWCNTs concentration of 98 ppm. Based on the optimized values, the most optimal
results for BTE and BSFC along with CO, UHC, and NOX emissions were found to be 28.57 (%), 269.84 (g/
kWh), 0.03 (%Vol.), 44.16 (ppm), and 458.81 (ppm).

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid increase in the world population causes an increase in
energy demand as well. The use of fossil-based energy sources in
industrial applications causes pollution of clean water sources, and
greenhouse gases in the atmosphere increase rapidly [1e5,92,98].
Industrial production has come to a halt due to the COVID-19
pandemic, which has spread around the world recently. Thus, a
significant reduction in greenhouse gases in the atmosphere was
recorded [6]. Apart from industrial production, internal combustion
engines are another cause of greenhouse gases [7].

For this reason, emission values from vehicles are regulated and
lmaz), m.safieddin@scu.ac.ir
m), emreylmz@subu.edu.tr
restricted. Compared to the EURO II emission regulations for pas-
senger cars powered with compression ignition (CI) engines that
came into force in 1996 and EUROVI emission standards, which are
still in effect today, 4 times improvement in carbon monoxide (CO)
and hydrocarbon (HC), 4 times improvement in nitrogen oxide
(NOx) and 16 times improvement in soot emissions were reques-
ted. It is anticipated that it will be quite challenging to provide the
emission regulations in the future with petroleum fuels in SI and CI
engines. For this reason, in the near future, spark ignition (SI) and CI
engines will be abandoned, and hybrid and electric vehicles will be
used [8e17,93e95]. Even if the internal combustion engines are
abandoned in passenger cars, the use of CI engines will continue for
a while in marine transportation, heavy-duty road vehicles, and
public transportation [18,19,97]. For this re, researchers have been
working on the usability of alternative fuels in internal combustion
engines for a long time. The primary purpose here is to reduce the
dependence on fossil oil and to control pollutant exhaust emissions
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with a cleaner combustion by using fuels produced from natural
energy sources [20e24]. Alcohols, which have high octane number,
can be used as fuel in SI engines and biodiesel produced from
vegetable, animal and used waste oils as fuel in CI engines [25e29].
Using vegetable oils and animal fats for biodiesel production may
adversely affect food inflation. For this, the use of biodiesel pro-
duced from either non-commercial oils or waste oils will reduce
fuel costs [30,31].

The oxygen content of biodiesel improves combustion in the
cylinder. Thus, HC and CO emissions are reduced. However, the fact
that it has a partially lower calorific value compared to pure diesel
increases the fuel consumption of biodiesel [32e34]. The main
drawbacks of biodiesel is that its lower heating value, high vis-
cosity, and high density compared to diesel [35,36]. High viscosity
and density deteriorates atomization during fuel injection. Larger
fuel droplet diameter decelerates the mixture preparation. The fuel
evaporates more difficult, and the ignition delay period extends.
Delaying the combustion process causes CA50 to occur later than
the top dead center (TDC). For this reason, thermal efficiency re-
duces compared to pure diesel [37e39]. There are two ways to
overcome this problem. These are increasing injection pressure or
using additives to improve the properties of biodiesel fuel
[39e42,96].

Addition metallic based nanoparticles to biodiesel and
biodiesel-diesel mixture fuels improve flash point, cetane number,
and kinematic viscosity properties [43,44]. Metallic additives such
as magnesium, manganese, calcium, and copper reduce pollutants
such as sulfur dioxide (SO2), carbon dioxide (CO2), and CO [45].
Diesel combustion characteristics improve with the contributions
of aluminum oxide (Al2O3) and copper oxide (CuO) nanoparticles
[46]. Another metallic additive that has attracted the attention of
researchers in recent years is Multi Walled Carbon Nanotube
(MWCNT). MWCNTs are thought to have significant effects on the
injection and combustion characteristics of biodiesel fuels. The
main reason for these effects is that MWCNTs have a high surface/
volume ratio and have the ability to significantly reduce exhaust
emissions by acting as catalysts in the combustion zone. Such nano
additives improve the heat transfer between the fuel droplets,
reduce the ignition delay and improve the ignition temperature of
the fuel in the combustion zone [47e49]. Basha and Anand [50]
prepared a fuel emulsion by adding 5% water and 2% surfactant to
the jatropha biodiesel. Adding water into diesel fuel is one of the
preferred methods to reduce exhaust emissions, especially NOx.
Besides, in this study, 25, 50, and 100 ppm carbon nanotubes (CNTs)
were added into the emulsion fuel. Pure jatropha biodiesel, emul-
sion fuel, and CNTs doped emulsion fuel results were compared
with each other. The results show that the addition of water to the
jatropha biodiesel caused micro-explosions, increased perfor-
mance, and reduced exhaust emissions, especially NOx. With the
addition of CNTs to the emulsion fuel, the fuel properties of the
biodiesel were improved, and the thermal efficiency increased.
Selvan et al. [47] examined the effects of cerium oxide and CNT
nano additives on 70% diesel, 10% biodiesel, and 20% ethanol fuel
blend. Additionally, nano additives to the blended fuel increased
the in-cylinder pressure. Besides, cerium oxide and CNT additives
improved fuel properties and enabled combustion to start at earlier
crank angles. It was also reported that the nano additives signifi-
cantly reduced HC emissions by improving combustion. Hosseini
et al. [51] conducted a study to investigate the effects of 30, 60, and
90 ppm CNTs addition on B5 and B10 biodiesel-diesel fuel blends on
engine performance and exhaust emissions. The highest engine
torque and brake thermal efficiency were obtained with 90 ppm
CNTs doped B5 fuel. It was found that as the CNTs ratio in mixture
fuels increased, CO and HC emissions decreased. However, the in-
crease in gas temperatures after combustion with the contribution
2

of CNTs worsened NOx emissions. Najafi [52] investigated the effect
of using pure diesel, pure waste cooking oil biodiesel and biodiesel
doped 40, 80, and 120 ppm silver (Ag) and CNTs on the perfor-
mance, combustion and exhaust emissions. The highest in-cylinder
pressure was obtained with CNTs doped biodiesel. However, CNTs
addition also increased the pressure rise rate. In the experimental
study, it was proved that CNTs additive has a cetane improver ef-
fect. Accordingly, the use of CNTs doped biodiesel reduced the
ignition delay. With the CNTs additive, CO emissions were consid-
erably reduced compared to pure diesel and pure biodiesel.

By regarding the literature review, it is seen that CNTs additives
are used with different rates of biodiesel and in each study. Besides,
CNTs addition rates are very variable as well. For this manner, its
very complicated to determine the proper CNTs additive amount in
the fuel. Response surface methodology is one of the most
frequently used methods for optimizing the blends of alternative
fuels with petroleum-based fuels in internal combustion engines.
RSM techniques could effectively illustrate the relationships be-
tween objective functions and multi-factors [53] [e] [58]. Atmanlı
et al. [53] were used RSM approach to determined the optimal
blend ratios of the diesel, n-butanol and cotton oil ternary blend.
They performed experiments at full load and constant engine speed
of 2200 rpm. According to the results, the optimum fuel concen-
trations were found as 65.5% diesel, 23.1% n-butanol and 11.4%
cotton oil. _Ileri et al. [54] investigated the effects of the injection
timing and engine speed on engine performance and exhaust
emission parameters of a turbocharged diesel engine fueled with
canola methyl ester. The experimental design were carried out by
using second order full quadratic RSM. It was reported that the
optimal values were predicted with an error of 5%. Yilmaz et al. [55]
conducted a study to determine the suitability of hazelnut oil
methyl ester for a turbocharged direct injection diesel engine. Ex-
periments were carried out at full load and different engine speeds.
Engine performance and exhaust emissions were modelled by us-
ing RSM and least-square support vector machine (LSSVM) ap-
proaches. It was reported that both of themwere effective to model
the engine performance. It was also reported that the LSSVM
method was slightly better than RSM. Ardebili et al. [56] conducted
a study on optimization of fusel oil, pure gasoline, and 25%, 50%,
and 75% blends by volume. The study was carried out at different
engine loads, and the RSM method was used for optimization.
Optimization results showed a maximum estimation error of 4%
compared to the experimental results. Accordingly, it can be stated
that the models obtained by using RSM are satisfactory in terms of
engine performance and emissions. In another study, Ardebili et al.
[57] performed an multi-objective optimization study using the
RSMmethod for the addition of a nano-biochar additive to the fusel
oil-diesel fuel blend. In this study, optimumworking conditions are
determined for different fusel oil-diesel blend ratios (5%, 10%, 15%,
and 20%), different engine speeds (1800, 2000, 2200, 2400 and
2600 rpm) and different rates of nano additive biochar (25, 50, 75,
100 and 125 ppm). The fusel oil ratio, engine speed, and nano ad-
ditive concentration were selected as input parameters for the
analysis. As a result of the analysis, engine torque, engine power,
specific fuel consumption (BSFC), and exhaust emissions were
examined. RSM results were compared with experimental results.
The results showed that the optimum working conditions for the
nano-biochar additive were provided by the addition of 100 ppm
biochar to the blend of 10% fusel oil and 90% diesel fuel at an engine
speed of 2300 rpm. Also, in the RSM analysis, the results were
estimated with a value below 5% error. Najafi et al. [58] performed
an analysis of experimental results by RSM method in order to
determine the optimum engine working conditions of bioethanol-
gasoline fuel blends. In the study, performance and exhaust
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emissions of 5%, 7.5%, 10%, 12.5%, and 15% bioethanol-gasoline
blends were investigated. According to the 98% verified RSM re-
sults, optimum working conditions were obtained with a blend of
10% bioethanol-90% gasoline and at an engine speed of 3000 rpm. It
was stated that optimumworking parameters could be determined
with less experimental studies by using the RSM method.

In this study, optimum working conditions of biodiesel-diesel
fuel blends doped 25, 50, 75, and 100 ppm MWCNTs were
analyzed by the RSM method. The experimental study was carried
out on a single-cylinder, water-cooled, and direct injection CI en-
gine at an engine speed of 1800 rpm and at four different loads (5,
10, 15, and 20 Nm). Pure diesel and 20% biodiesel-80% diesel fuel
blend (B20) were determined as a base fuel. Biodiesel used in the
study was produced from waste cooking oil by transesterification.
The input parameters (i.e., engine load and MWCNTs) and their
corresponding responses (i.e., BTE, BSFC, CO, UHC, and NOX) for the
RSMmethod have been determined. Additionally, the results of the
analysis have been compared with the experimental study.
2. Material and methods

In the present study, pure diesel and biodiesel utilized. B20 fuel
was obtained by blending 20% biodiesel and 80% diesel by volume.
Used cooking oil was used to produce biodiesel via trans-
esterification. Before transesterification, waste cooking oil was
filtered and heated up to 120 �C for 1 h to remove the moisture. The
transesterification reaction temperaturewas kept at 60 �C with 20%
pure methanol in the presence of 0.5% sodium hydroxide catalyst
(NaOH). Fig. 1 shows the stages of the fuel preparation. The bio-
diesel produced as a result of the transesterification reaction was
subjected to purification 5 times andmixed with diesel fuel. A scale
with an accuracy of 0.0001 g was used to measure the MWCNT that
will doped to B20. It was determined that the fuel properties of the
biodiesel met the EN 14214 and ASTM D6751 standards. Solid
powder form MWCNTs with a purity of over 96% was used in the
study. Dark black colored MWCNTs has a specific surface area of
240 m2/g, and its length is between 15 and 35 mm. Its inner
diameter is 2e6 nm and outer diameter is 4e16 nm. 25, 50, 75, and
100 ppmMWCNTs and B20 fuel were blendedwith an IsoLAB brand
ultrasonic homogenizer for 60 min. Table 1 shows some physico-
chemical properties of the test fuels.

Performance, combustion and emission characteristics are
largely dependent on the physico-chemical properties of the fuel
used. The effect of different ratios of MWCNT added to B20 fuel on
Fig. 1. Fuel prepar
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fuel properties can be seen in Table 1. Addition of MWCNT to B20
fuel significantly improved lower calorific value, flash point, kine-
matic viscosity and cetane number. However, MWCNT’s high
thermal conductivity property had a significant effect on engine
performance and combustion as well.

Experiments were carried out on awater-cooled, single-cylinder
direct injection compression ignition engine. Table 2 provides the
technical specifications of the test engine.

A precision scale with a resolution of 0.01 g was used tomeasure
fuel consumption. A DC dynamometer was used to load the engine
at certain engine speed. Cussons 98160 brand dynamometer has
the capability to absorb 10 kW power at 4000 rpm engine speed.
The test bed is illustrated in Fig. 2. In-cylinder pressure was
measured with an AVL brand 8QP500c pressure transducer.

The pressure sensor has a sensitivity of 11.96 Pc/bar and a
measuring range of 0e150 bar. Pressure signals were amplified by
using amplifier on Cussons P4110 combustion analyzer device. Data
acquisitionwas conducted by NI USB6259 card. 1000 pulse encoder
was used to collect the in-cylinder pressure with a resolution of
0.36� crank angle. Exhaust emissions were measured by using
BoschBEA350 gas analyzer and AVL Dismoke4000. Technical fea-
tures of the emission devices are given in Table 3. Exhaust emis-
sions measurements were carried out by regarding the test
standards of EN ISO 8178e6.

Multi-objective optimization was performed using a
desirability-based RSM technique. Historical-data RSM technique
was employed to design the key parameters affecting the responses
[59]. Design Expert 10.0.0 software was used to predict/optimize
statistical models at different engine load (i.e., 5, 10, 15, 25 Nm) and
MWCNTs concentrations (i.e., 25, 50, 75, and 100 ppm). Further-
more, Analysis of Variance (ANOVA) was employed to evaluate the
significance of the derived models. Fig. 3 presents the RSM flow-
chart for optimization of engine performance and emissions.
3. Results and discussion

3.1. Engine performance

3.1.1. Brake thermal efficiency
In this study, ANOVA method was used to assess the statistical

significance of the multi-regressionmodels. As found in Table 4, the
ANOVA results showed that the generated regression model for
brake thermal efficiency (BTE) was significantly fitted to the
experimental data at the 5% level. The estimated polynomial
ation stages.



Table 1
Comparison of physico-chemical properties of experimental fuels.

Lover heating value [kJ/kg] Density [kg/m3 at 15 �C] Flash point [oC] Kinematic viscosity [cst at 40 �C] Cetane number

Diesel 44343 831.9 65 2.76 55
B20 43325 843.2 76 3.19 52.5
B20MWCNT25 43369 843.9 74 3.15 52.9
B20MWCNT50 43401 845.2 71 3.09 53.4
B20MWCNT75 43448 846.9 69 2.97 54.1
B20MWCNT100 43616 848.1 67 2.95 55.3

Table 2
Technical specifications of the test engine.

Engine parameters Specification

Brand Lombardini
Number of cylinders 1
Bore � Stroke, mm2 85 � 90
Swept volume, cm3 510
Compression ratio 17.5/1
Power, kW/rpm 9/3000
Maximum torque, Nm/rpm 32.8/1800
Nozzle opening pressure, bar 190
Cooling Water cooling

Table 3
The specifications of emission devices.

Analyzer Bosch BEA350
Operating range Accuracy

Lambda 0.5 to 9.999 0.001
NO (ppm) 0 to 5000 1
CO (% vol.) 0 to 10 0.001
O2 (% vol.) 0 to 22 0.01
HC (ppm) 0 to 9999 1
Analyzer AVL DiSmoke 4000

Opacity K-value

Operating range, % 0e100 0.1
Accuracy, m�1 0e99.99 0.01
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regression model of BTE is given in Eq. (1). The positive and
negative signs denote the synergistic and antagonistic effects of
each individual term towards the BTE.

BTEð%Þ¼29:92þ 0:85Aþ 0:33B� 0:14AB� 0:1A2 � 1:78 B2

� 0:054A2Bþ 0:02AB2 � 0:076A3 þ 0:11B3

(1)

The P-value for both engine load and nanoparticle concentra-
tions was found to be significant at the level of 1% and 5%,
respectively. Also, the F-value for MWCNTs was higher than that of
engine load, indicating the concentration of nanoparticles in the
biodiesel-diesel blends was the most influential parameter on BTE.
Besides, statistical indicators for the derived model including co-
efficient of variation (CV), R2, adjusted R2, and predicted R2 were
calculated to be as 0.997, 0.996, 0.85, and 0.993, respectively. As the
difference between predicted R2 and adjusted R2 is less than 0.2,
therefore, the predicted R2 is in reasonable agreement with the
adjusted R2.
Fig. 2. Layout of

4

The effects of engine load and MWCNTs concentrations on the
BTE at engine speed of 1800 rpm are illustrated in Fig. 4 (a) and (b).
As can be seen in Fig. 4(a), the BTE increases with the addition of
MWCNT into biodiesel-diesel blends due to the combined effect of
increased surface/volume ratio and improved combustion process.
With increasing nanoparticle concentration from 20 ppm to
100 ppm, the engine BTE improved by ~7.4%. These trends could be
attributed to the fact that the inclusion of MWCNTs into biodiesel/
diesel fuel could significantly improve the chemical-physical
properties of the fuel mixture, such as dynamic viscosity and
thermal conductivity [59,60]. Basha et al. [50] found similar trends
when CNTs blended into Jatropha biodiesel-diesel fuel. They
attributed this finding to the enhanced heat release/combustion
rate and micro-explosion phenomenon. Also, Gad and Jayaraj [61],
in a very recent experimental work, claimed that the BTE value
increased by ~ 6% compared to neat diesel as a result of higher
effective fuel surface and lower fuel viscosity. According to 4b,
elevating engine load from 10Nm to 16Nm slightly enhanced the
BTE by ~8% but dips slightly from 16Nm to 20Nm loads. The
the test bed.
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generation of more brake power at higher engine loads and
improvement in combustion efficiency are the main reason for the
improvement of BTE [47,62,63]. Besides, an increase in in-cylinder
temperature at elevated engine loads could also be considered as
another main reason for the increased BTE [64]. The slight decrease
in BTE at higher engine loads could be explained by the low excess
air-fuel ratio, leading to incomplete combustion [65,66]. At engine
load of 20Nm, B20MWCNT100, B20MWCNT75, B20MWCNT50,
B20MWCNT25, and pure diesel gave BTE values of 29.03%, 28.54%,
28.09%, 26.86%, and 27.99%, respectively. For all engine loads, the
BTE value of the neat diesel is slightly more than the blends of
B20MWCNT75, B20MWCNT50, and B20MWCNT25. These
comparatively lower BTE could be ascribed to the lower calorific
value and energy content of the above-mentioned fuel blends in
comparison with neat diesel [67e69].
3.1.2. Brake specific fuel consumption
The fitted multi-regression model based on the coded parame-

ters was predicted using the RSM technique (Eq. (2)). ANOVA
method was used to check the significance of the model developed.
The F-value indicates the reliability of the mathematical model
with the response factor of BSFC.
BSFCðg =kWhÞ¼258:34�3:36Aþ6:66Bþ1:34ABþ 8:33A2 �0:44B2 �1:09A2B�3:32AB2 þ1:88A3 � 15:97B3 (2)
The ANOVA results for optimization of brake specific fuel con-
sumption (BSFC) are given in Table 5. As shown in Table 4, the P-
value of the model is less than 0.01, indicating the RSM model has
high goodness of fit for BSFC. The F-values of 0.52 and 0.88 were
obtained for the MWCNTs concentration and engine load, respec-
tively. Considering the F-value, engine loadwas themost influential
parameter affecting the BSFC. The CV of the model (3.96) was found
less than 10%, indicating a convincing dependability in the repeated
experimental investigations [71]. Besides, the coefficient of deter-
mination for the model was 0.98, confirming that 98% of the
experimental data give reasonable precision with the output re-
sponses. Therefore, the suggested model for BSFC was adequate to
explain the relationship between independent and dependent
parameters.

Fig. 5 (a) and (b) depict the variation of BSFC of biodiesel-diesel
fuel with different dosage levels of MWCNTs additives.

The comparison of results recorded for B20 and pure diesel
illustrated that BSFC increased remarkably. The lower heating ca-
pacity of the biodiesel in comparison with neat diesel causes
slightly elevated BSFC, which is partially compensated by the
higher concentration of MWCNTs blended into diesel/biodiesel
blends. As can be seen in Fig. 5 (a), MWCNTs incorporation into B20
diminished BSFC values with the minimal BSFC value of 252.12 g/
kWh achieved using B20MWCNT100 at an engine load of 20Nm. As
depicted in Fig. 5 (b), it could be concluded that the decreasing
trend of BSFC could be intensified at higher levels of MWCNTs. As
the dosage of MWCNTs in the fuel mixture increased, the BSFC
decreased ~8.7%. The decrease in BSFC could be attributed to the
5

positive effect of MWCNTs on the chemical/physical characteristics
of fuel mixture, which in turn leading to a reduction in ignition
delay time and improvement in the combustion process. As can be
seen in Fig. 5 (b), there was also a progressive decrease in BSFC as
the engine load increased. Based on the results obtained, with
increasing engine load from 10Nm to 20Nm, the BSFC decreased by
~6.7%. At a constant engine speed of 1800 rpm and an engine load
of 20Nm, B20MWCNT100, B20MWCNT75, B20MWCNT50,
B20MWCNT25, and B20 gave BSFC values of 252.12, 254.77, 256.10,
270.70 and 278.66, respectively. For all engine loads, the BSFC de-
creases were proportional to the concentration of MWCNTs
included in the fuel blends. Such BSFC decrement recorded could be
explained by the improved combustion process and decreased
amount of heat rejected to coolant water at high levels of engine
load [64]. The aforementioned findings are underscored by other
studies, showing great potential for the BSFC decrement of
MWCNTs/diesel/biodiesel blends [70e74].
3.2. Engine emission characteristics

3.2.1. Unburned hydrocarbon emissions
The corresponding RSM-based mathematical model for un-

burned hydrocarbon (UHC) emissions is shown in Eq. (3).
UHC emissionðppmÞ¼ 66:75� 6:54Aþ 16:91B� 1:78AB

þ 0:045A2 � 2:17B2 � 0:11A2B� 0:075AB2 þ 0:15A3

� 0:87B3 (3)

The significance/adequacy of the estimated model were indi-
cated by F- and p-value. The ANOVA results for UHC emission are
shown in Table 6. In this study, the F-value for the regression model
was 345.4, indicating higher significance of the predicted equation.
The p-value for engine load and nanomaterial concentration was
also statistically significant at a level of 1%. As shown in Table 6, the
effect of engine load on the UHC variation was higher than that of
nanomaterial concentration due to its higher F-value (283.97).
Considering the model fitting, the obtained R2 was close to 1
(0.9968), showing a highly satisfactory performance ofthe pro-
posed model. Furthermore, the CV of the model was calculated to
be 2.8, which is less than 10%.

Fig. 6 (a) and (b) depicts 3D/2D response surface plots for UHC
emissions as a function of engine load and MWCNTs concentration.
From Fig. 6 (a), the UHC emissions decreased significantly with the
inclusion of MWCNTs into the B20 fuel. The improved combustion
characteristics and the catalyst activity of MWCNTs could be
mentioned as the main reason for such decrement in the UHC
emissions quantity. As indicated in Fig. 6(b), a maximum value of
UHC emissions was recorded for fuel blend of B20MWCNT25 and
engine load of 20Nm, while a minimum amount of UHC emissions
was achieved at the engine load of 5Nm and the fuel mixture of
B20MWCNT100. The UHC emissions decreased remarkably by ~27%



Fig. 3. RSM flowchart for optimization of engine performance and emissions.

Table 4
ANOVA results for optimization of BTE.

Source df Sum of squares Mean square F-value P-value

Model 9 240.57 26.73 538.03 <0.0001
A-MWCNT 1 5.07 5.07 102.08 <0.0001
B-Load 1 0.32 0.32 6.43 0.0295
AB 1 0.20 0.20 4.06 0.0717
A2 1 0.061 0.061 1.22 0.2952
B2 1 9.71 9.71 195.52 <0.0001
A2B 1 0.20 0.20 4.11 0.0701
AB2 1 0.017 0.017 0.34 0.5744
A3 1 0.33 0.33 6.65 0.0275
B3 1 0.11 0.11 2.20 0.1689
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whenMWCNTs dosage increased up to 100 ppm. However, the UHC
emission increased from 49 ppm to 80 ppm in response to
6

increasing engine load from 10Nm to 20Nm, compared to B20 fuel
at fixed engine speed condition. For all fuel blends, the UHC
emissions was increased at higher engine loads. Such UHC varia-
tions could be attributed to the improved vaporization and reduced
viscosity of the fuel mixture caused by the addition of nano-
additive into diesel/biodiesel mixture [61]. Similar results were
also achieved by other researchers, indicating UHC emissions has
been reported to decrease when CNTs included in the fuel blend
[75e77].
3.2.2. Carbon monoxide emissions
The multi-regression model provided by RSM in terms of coded

factors is given as the following equation:

CO emissionðppmÞ¼0:038þ 0:002Aþ 0:009Bþ 0:0007AB

þ 0:0001A2 þ 0:011 B2 þ 0:0039A2B� 0:0005AB2

þ 0:00041A3 � 0:0055B3

(4)

The ANOVA results for carbon monoxide (CO) emissions sum-
marized in Table 7. According to the obtained results, nano-additive
concentration and engine load had a statistically significant effect
(P-value< 0.001) on the formation of CO emissions.

The F-value of 335.53, 22.27, and 120.11 were calculated for the
derived model, nano-additive concentration, and engine load,
respectively. The P-value of less than 0.01 shows that the developed
response surface cubic model adapts every point in the design.
Also, the R-square value of 0.9967 and CV value of 3.41 demon-
strates the conformity of the employed model. Besides, the
adjusted R2, and predicted R2 were calculated to be as 0.993 and
0.982, respectively. The F-value of engine load (120.11) was higher
than that of nano-additive (22.27), indicating that the formation of
CO emission was most affected by the engine load.

The combined effect of engine load and nano-additive concen-
tration at a constant speed of 1800 rpm on the CO emissions is
depicted in Fig. 7 (a) and (b). As can be seen in Fig. 7 (a), the CO
emissions was observed to decline with an increase in MWCNTs
concentration. According to the results, the CO emissions of B20
fuel was lower compared to pure diesel fuel for all engine loads,
mainly due to the higher oxygen content of biodiesel and lower
carbon/hydrogen ratio of biodiesel compared to diesel [78,79]. As is
shown in Fig. 7 (b), when the concentration of nano-additive in-
creases from 25 ppm to 100 ppm, the CO concentration experiences
a dramatic drop by ~43% compared to B20 fuel due to the improved
reaction between the fuel and oxygen [80]. The maximum decrease
in CO emissions was observed at 100 ppm concentration of the
MWCNTs and an engine load of 5Nm. However, increasing engine
load from 10Nm to 20Nm results in a significant increase in CO
emission levels. The results of the present study have a good
agreement with the experimental results from the literature
[81e84].
3.2.3. Nitrogen oxide emissions
The predictedmodel for nitrogen oxide (NOX) exhaust emissions

was developed from multiple regression analysis techniques. The
statistical model based on the coded factors is given in Eq. (5).



Fig. 4. The interactive effect of engine load and nanoparticle concentration on BTE.

Table 5
ANOVA results for optimization of BSFC.

Source df Sum of squares Mean square F-value P-value

Model 9 80895.85 8988.43 60.10 <0.0001
A-MWCNT 1 78.52 78.52 0.52 0.4853
B-Load 1 131.50 131.50 0.88 0.3705
AB 1 17.67 17.67 0.12 0.7382
A2 1 390.67 390.67 2.61 0.1371
B2 1 0.60 0.60 4.025E-3 0.9507
A2B 1 83.65 83.65 0.56 0.4718
AB2 1 440.21 440.21 2.94 0.1170
A3 1 203.55 203.55 1.36 0.2704
B3 1 2294.74 2294.74 15.34 0.0029
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NOX emissionðppmÞ¼545:02þ 40:79Aþ 130:17B� 1:13AB

þ 15:27A2 þ 39:83 B2 þ 2:08A2B� 3:68AB2 þ 2:7541A3

þ 20:77B3

(5)

Eq. (3) illustrates that MWCNTs concentration (A), engine load
(B) have positive effects on the NOX formation. The Statistical
analysis results are shown in Table 8. The model F-value of 417.88
implies that most of the variation in the engine-out NOX emissions
could successfully be estimated by the RSM-based regression
model. The F-values of 70.99 and 307.78 were obtained for
MWCNTs concentration and engine load, respectively, indicating
that these parameters are also significant. The R-square of 0.9973
was calculated for the model, providing a strong correlation be-
tween empirical/predicted values. The adjusted R2, predicted R2,
and CV of the model were calculated to be as 0.985, 0.9789, and
4.53, respectively. Moreover, the impact of the engine load on the
NOX generation was found to be greater than that of MWCNTs
7

dosage.
The effects of individual factors (i.e., engine load and MWCNTs

dosage) on the NOX emission at engine speed of 1800 rpm are
illustrated in Fig. 8 (a) and (b). Overall, could be concluded that the
formation of NOx emissions increases remarkably with increasing
engine load as given in Fig. 8 (a). It is well documented that NOX

formation is directly proportional to increased in-cylinder tem-
perature [85]. Based on the experimental results, the NOX emission
for B20 fuel was higher than fossil diesel fuel at all loads. The ox-
ygen content in biodiesel blends is the main reason for increased
NOX concentration [86]. As can be seen in Fig. 8(b), as the dosage of
MWCNTs in the fuel blends increases, the NOX emissions slightly
increased for all biodiesel/diesel blends. Also, the amount of
engine-out NOX emissions increased with increase in engine load.
As can be seen in Fig. 8 (a), by the addition of 100 ppm MWCNTs
into the B20, NOx emission was increased by ~20%. Also, with
increasing engine load from 10 Nm to 20 Nm, the concentration of
NOX increased from ~435 ppm to ~735 ppm. However, the least NOX
exhaust emission concentration (219 ppm) was found at an engine
load of 5Nm and MWCNTs concentration of 25 ppm. The NOX
emissions for neat diesel, B20, B20MWCNT25 and B20MWCNT50
along with B20MWCNT75, and B20MWCNT100 at engine load of
5Nm were observed to be 212 ppm, 219 ppm, 233 ppm, 266 ppm,
282 ppm, and 318 ppm, respectively. The high in-cylinder peak
cycle temperature above 1700 K and longer mixture preparation
durations encourage NOx formation in diesel engines. Premixed
combustion phase is the main stage for NOx formation because of
the more homogeneous mixture prepared during the ignition
delay. Its well known that the MWCNT accelerates the atomization
and mixture preparation in the cylinder. Its 2000 times greater
thermal conductivity compared to diesel enhances evaporation of
the fuel [90]. Therefore, as the MWCNT dosage increased in the fuel
blend, mixture preparation during the ignition delay is accelerated
and as a result, it elevates the NOX levels of biodiesel/diesel/



Fig. 5. The interactive effect of engine load and nanoparticle concentration on BSFC.

Table 6
ANOVA results for optimization of UHC emission.

Source df Sum of squares Mean square F-value P-value

Model 9 9285.33 1031.70 345.40 <0.0001
A-MWCNT 1 297.99 297.99 99.76 <0.0001
B-Load 1 848.23 848.23 283.97 <0.0001
AB 1 30.99 30.99 10.38 0.0092
A2 1 0.011 0.011 3.755E-3 0.9523
B2 1 14.56 14.56 4.87 0.0518
A2B 1 0.80 0.80 0.27 0.6153
AB2 1 0.22 0.22 0.075 0.7893
A3 1 1.22 1.22 0.41 0.5363
B3 1 6.76 6.76 2.26 0.1634
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MWCNTs mixture. The findings obtained in this study were in
agreement with results of prior works [87e89].

4. Response surface optimization

In this study, after developing regression models, a multi-
objective optimization technique base on desirability approach
was employed to achieve an optimal fuel mixture with the
maximum amount of BTE, and minimum value of BSFC and engine-
out exhaust emissions (i.e., CO, NOX, and UHC). For each target
response, a specific criterion was defined to conduct numerical
optimization. The goal, weight, and importance for each input/
output term was set as given in Table 9.

The best set of optimal engine working condition and corre-
sponding engine-output responses were identified by comparing
all optimal solutions. The results, including the experimental and
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predicted values for the five responses are listed in Table 10. As can
be seen in Table 10, the differences between predicted/experi-
mental data were less than 5%, indicating again that the estimated
statistical models in this study are reliable and accurate.

The results indicate that maximum desirability of 0.754 was
selected at the engine load of 10Nm and MWCNTs concentration of
98.97 ppm, which could be considered as the optimal engine-
operating parameters. Under optimal experimental conditions,
the values of BTE and BSFC along with CO, UHC, and NOX exhaust
emissions were found to be 28.57 (%), 269.84 (g/kWh), 0.03 (%Vol.),
44.16 (ppm), and 458.81 (ppm), respectively.

In this study, the optimum engine operating conditions were
determined as 1800 rpm engine speed, 10 Nm engine load and
98 ppm MWCNT addition to B20 fuel. Under these conditions, the
effects of neat diesel, B20 and B20 þ 98 ppm MWCNT-doped fuels
on the in-cylinder pressure and heat release rate depending on the
crank angle can be seen in Fig. 9. The addition of 20% biodiesel
produced from waste frying oil to diesel fuel reduced the in-
cylinder peak pressure by 2% compared to pure diesel. However,
the peak in-cylinder pressure retarded slightly. The lower calorific
value of biodiesel compared to pure diesel reduced the in-cylinder
peak pressurewhen using B20 fuel. In addition, the high viscosity of
biodiesel caused the combustion process to be delayed. The addi-
tion of MWCNT additive to B20 fuel accelerated the combustion
process. MWCNT has a very high thermal conductivity compared to
B20 fuel. In addition, MWCNTadditive increases the cetane number
of diesel-biodiesel blended fuels [72,90,91]. Therefore, the evapo-
ration rate of fuel droplets injected into the cylinder increases,
which causes the ignition delay to be reduced. Another factor is the
very high surface area/volume ratio of MWCNTs. This increases the
heat transfer between particles and fuel droplets [74]. Thus, fuel



Fig. 6. The combined effect of engine load and nano-additive concentration on the UHC emissions.

Table 7
ANOVA results for CO exhaust emission.

Source df Sum of squares Mean square F-value P-value

Model 9 6.098E-3 6.776E-4 335.53 <0.0001
A-MWCNT 1 4.497E-5 4.497E-5 22.27 0.0008
B-Load 1 2.426E-4 2.426E-4 120.11 <0.0001
AB 1 6.154E-8 6.154E-8 0.030 0.8649
A2 1 1.454E-7 1.454E-7 0.072 0.7939
B2 1 3.474E-4 3.474E-4 172.00 <0.0001
A2B 1 1.080E-5 1.080E-5 5.35 0.0433
AB2 1 1.322E-5 1.322E-5 6.55 0.0284
A3 1 1.0E-7 1.000E-7 0.050 0.8284
B3 1 2.722E-4 2.722E-4 134.81 <0.0001

Fig. 7. The combined effect of engine load and nan
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atomization and combustion process improve. These effects can
clearly be seen on Fig. 9. The MWCNT doped fuel usage shortened
ignition delay and combustion started earlier compared to B20 and
neat diesel. This phenomenon proves that injection timing should
also be optimized to obtain a further enhancement in BTE and BSFC
when the MWCNT doped fuel is used. The highest in-cylinder
pressure was achieved as 53.4 bar by adding 98 ppm MWCNT to
B20 fuel. At the same operating conditions, the in-cylinder pressure
was recorded as 51.49 and 50.63 bar by using pure diesel and B20
fuel, respectively.
o-additive concentration on the CO emission.



Table 8
ANOVA results for NOX exhaust emissions.

Source df Sum of squares Mean square F-value P-value

Model 9 6.143Eþ5 68251.38 417.88 <0.0001
A-MWCNT 1 11594.02 11594.02 70.99 <0.0001
B-Load 1 50269.96 50269.96 307.78 <0.0001
AB 1 12.45 12.45 0.076 0.7881
A2 1 1312.58 1312.58 8.04 0.0177
B2 1 4880.09 4880.09 29.88 0.0003
A2B 1 302.43 302.43 1.85 0.2035
AB2 1 540.22 540.22 3.31 0.0990
A3 1 435.60 435.60 2.67 0.1335
B3 1 3881.29 3881.29 23.76 0.0006

Table 9
Numerical optimization criteria for studied parameters.

Factor
Approach Limits Importance

Lower Upper

A: MWCNTs inclusion In range 25 100 Medium
B: Engine load In range 10 20 Medium
BTE Maximize 19.60 30.54 Medium
BSFC Minimize 252.12 467.09 Medium
CO Minimize 0.013 0.076 Medium
UHC Minimize 29 101 Medium
NOX Maximize 219 786 Medium

Fig. 9. In-cylinder pressure and heat release rate for the optimal operation conditions.
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5. Conclusion

In this work, the RSM has been incorporated using the design
expert to optimize diesel engine working parameters fueled with
diesel/biodiesel/MWCNTs blends. The influence of different
factorsd MWCNTs concentration and engine loadd on the per-
formance parameters (i.e. BTE and BSFC) and engine-out exhaust
emissions (i.e. UHC, NOX, and CO) were examined. Analysis of
variance employed to evaluate the significance of the studied pa-
rameters and their interactions. Multi-regression model for each
response developed and combined effect of input parameters on
engine performance/emissions deeply discussed. Increasing engine
load from 10Nm to 20Nm significantly enhanced CO, UHC, and NOX
emissions, while increasing MWCNTs from 25 ppm to 100 ppm
markedly mitigated aforementioned emissions. Furthermore, the
addition of MWCNTs into biodiesel/diesel fuel resulted in a slight
increase in BTE. Also, BSFC showed a decreasing trend up to ~8.7%
by incorporating MWCNTs into biodiesel/diesel mixture. Desir-
ability function as an efficient techniquewas successfully applied to
Fig. 8. The impacts of engine load and MWCNTs concentration on the emitted NOX emissions.
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Table 10
Predicted/experimental data for MWCNT/biodiesel/diesel blends.

Inputs Responses

Experimental Predicted

MWCNT (ppm) Load (Nm) BTE (%) BSFC (g/kWh) CO (%) UHC (ppm) NOX (ppm) BTE (%) BSFC (g/kWh) CO (%) UHC (ppm) NOX (ppm)

25 20 26.83 270.70 0.074 98 710 27.10 269.75 0.074 95.99 716.03
25 15 28.36 283.09 0.044 79 501 28.41 288.91 0.044 78.84 495.54
25 10 26.29 302.55 0.040 59 385 26.08 310.78 0.039 57.64 383.08
25 5 19.61 461.78 0.023 38 233 19.46 448.69 0.024 37.59 234.34
50 20 28.10 256.10 0.066 87 729 27.77 251.21 0.067 88.80 724.44
50 15 28.74 263.62 0.040 71 516 29.04 261.92 0.040 73.19 519.15
50 10 26.64 283.97 0.037 52 409 26.72 276.54 0.037 53.37 408.51
50 5 20.14 376.86 0.023 34 266 20.14 390.89 0.022 34.56 267.91
75 20 28.55 254.78 0.063 81 731 28.59 260.62 0.062 80.61 726.51
75 15 30.16 261.85 0.038 69 525 29.92 263.22 0.038 66.75 539.90
75 10 27.70 276.01 0.035 50 438 27.71 272.78 0.035 48.53 426.92
75 5 21.13 371.55 0.020 31 282 21.28 367.58 0.020 31.16 282.66
100 20 29.04 252.12 0.061 72 786 29.08 250.43 0.061 72.30 790.14
100 15 30.54 258.32 0.037 61 627 30.60 256.69 0.036 60.40 615.61
100 10 28.64 270.70 0.030 42 477 28.60 274.78 0.030 43.99 486.03
100 5 22.48 366.24 0.013 29 318 22.43 365.48 0.013 28.29 316.21
0 20 27.06 278.66 0.076 101 707 27.02 280.36 0.076 101.30 705.88
0 15 28.66 300.78 0.046 82 485 28.48 296.92 0.045 82.83 483.79
0 10 26.09 318.47 0.040 61 371 26.25 316.82 0.041 60.46 375.45
0 5 19.63 467.09 0.027 39 219 19.70 470.89 0.027 39.40 216.87

H. Solmaz, S.M.S. Ardebili, A. Calam et al. Energy 227 (2021) 120518
identify optimal input/response parameters in the present study.
The optimal engine working conditions were found to be an engine
load of 10 Nm and MWCNTs concentration of 98 ppm. At this
optimal point, themost optimal results for BTE and BSFC alongwith
CO, UHC, and NOX emissions were found to be 28.57%, 269.84 g/
kWh, 0.03 %Vol., 44.16 ppm, and 458.81 ppm, respectively. Also, the
results reveal that the MWCNTs is a promising nano-additive
candidate for the reducing CO and UHC emissions of diesel/bio-
diesel fuel. The outcomes of this study revealed that RSM-based
desirability technique can be used as a useful tool to predict
diesel engine performance and engine-out emissions.

The present study was conducted within comparatively short
operation time and no negative effects of MWCNT additive on en-
gine parts, fuel system or lubricating oil were observed. Also, no
carbon deposits were seen on the valve surfaces and valve seats.
However, long-term studies about the life of engine components
are required to determine such effects. However, the effects of
MWCNT in common rail diesel fuel injection systems with high
injection pressure can be examined.
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[87] K€ose S, Aylanşık G, Babagiray M, Kocakulak T. Biodiesel production from
waste sunflower oil and engine performance tests. Int J Automot Sci Technol
2020;4(4):206e12. https://doi.org/10.30939/ijastech..770309.

[88] Ganesan N, Masimalai S. Experimental investigation on a performance and
emission characteristics of single cylinder diesel engine powered by waste
orange peel oil biodiesel blended with antioxidant additive. Energy Sources,
Part A Recover Util Environ Eff 2020;42:1412e23.

[89] Dhahad HA, Chaichan MT. The impact of adding nano-Al2O3 and nano-ZnO to
Iraqi diesel fuel in terms of compression ignition engines’ performance and
emitted pollutants. Therm Sci Eng Prog 2020:100535.

[90] Gharehghani A, Pourrahmani H. Performance evaluation of diesel engines
(PEDE) for a diesel-biodiesel fueled CI engine using nano-particles additive.
Energy Convers Manag 2019;198:111921. https://doi.org/10.1016/
j.enconman.2019.111921.

[91] Kumar ARM, Kannan M, Nataraj G. A study on performance, emission and
combustion characteristics of diesel engine powered by nano-emulsion of
waste orange peel oil biodiesel. Renew Energy 2020;146:1781e95. https://
doi.org/10.1016/j.renene.2019.06.168.

[92] Tabanlıgil Calam T. Electrochemical behavior and voltammetric determination
of 2-nitrophenol on glassy carbon electrode surface modified with 1-amino-2-
naphthol-4-sulphonic acid. Eng Perspect 2021;1(1):1e5. https://doi.org/
10.29228/sciperspective.48525.

[93] Aydogan B. Combustion, performance and emissions of ethanol/n heptane
blends in HCCI engine. Eng Perspect 2021;1(1):6e10. https://doi.org/
10.29228/sciperspective.47890.

[94] Yurdaer E, Kocakulak T. Comparison of energy consumption of different
electric vehicle power systems using fuzzy logic-based regenerative braking.
Eng Perspect 2021;1(1):11e21. https://doi.org/10.29228/
sciperspective.47590.

[95] Karaman M, €Oztürk E. Analysis of the behavior of a cross-type hydraulic
outrigger and stabilizer operating under determined loads. Eng Perspect
2021;1(1):22e9. https://doi.org/10.29228/sciperspective.49248.

[96] K€ose S, Babagiray M, Kocakulak T. Response surface method based optimi-
zation of the viscosity of waste cooking oil biodiesel. Eng Perspect 2021;1(1):
30e7. https://doi.org/10.29228/sciperspective.49697.

[97] Solmaz H., _Ipci D. Control Of Combustion Phase with Direct Injection Timing
for Different Inlet Temperatures in an RCCI Engine. Isı Bilimi ve Tekni�gi Dergisi
40;2:267e279. doi:10.47480/isibted.817027.

[98] Tabanlıgil Calam T, Yılmaz EB. Electrochemical determination of 8-
hydroxyquinoline in a cosmetic product on a glassy carbon electrode modi-
fied with 1-amino-2-naphthol-4-sulphonic acid. Instrument Sci Technol
2021;49(1):1e20. https://doi.org/10.1080/10739149.2020.1765175.

http://refhub.elsevier.com/S0360-5442(21)00767-2/sref55
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref55
https://doi.org/10.1016/j.applthermaleng.2018.12.005
https://doi.org/10.1016/j.fuel.2020.117356
https://doi.org/10.1016/j.energy.2015.07.004
https://doi.org/10.1016/j.energy.2015.07.004
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref59
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref59
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref59
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref59
https://doi.org/10.1016/j.rser.2017.03.046
https://doi.org/10.1016/j.rser.2017.03.046
https://doi.org/10.1016/j.enconman.2018.10.019
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref62
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref62
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref62
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref63
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref63
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref63
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref63
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref63
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref64
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref64
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref64
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref64
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref64
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref65
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref65
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref65
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref65
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref66
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref66
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref66
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref66
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref67
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref67
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref67
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref67
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref68
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref68
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref68
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref68
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref69
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref69
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref69
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref70
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref70
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref70
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref71
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref71
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref71
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref71
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref71
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref71
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref72
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref72
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref72
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref72
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref73
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref73
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref73
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref73
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref74
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref74
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref74
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref74
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref74
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref74
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref75
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref75
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref75
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref75
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref75
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref76
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref76
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref76
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref76
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref76
https://doi.org/10.1177/0954406215586021
https://doi.org/10.1177/0954406215586021
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref78
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref78
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref78
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref78
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref79
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref79
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref79
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref79
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref79
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref80
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref80
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref80
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref81
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref81
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref81
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref81
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref81
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref82
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref82
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref82
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref83
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref83
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref83
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref83
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref83
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref83
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref83
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref84
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref84
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref84
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref84
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref84
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref85
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref85
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref85
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref86
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref86
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref86
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref86
https://doi.org/10.30939/ijastech..770309
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref88
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref88
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref88
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref88
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref88
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref89
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref89
http://refhub.elsevier.com/S0360-5442(21)00767-2/sref89
https://doi.org/10.1016/j.enconman.2019.111921
https://doi.org/10.1016/j.enconman.2019.111921
https://doi.org/10.1016/j.renene.2019.06.168
https://doi.org/10.1016/j.renene.2019.06.168
https://doi.org/10.29228/sciperspective.48525
https://doi.org/10.29228/sciperspective.48525
https://doi.org/10.29228/sciperspective.47890
https://doi.org/10.29228/sciperspective.47890
https://doi.org/10.29228/sciperspective.47590
https://doi.org/10.29228/sciperspective.47590
https://doi.org/10.29228/sciperspective.49248
https://doi.org/10.29228/sciperspective.49697
https://doi.org/10.1080/10739149.2020.1765175

	Prediction of performance and exhaust emissions of a CI engine fueled with multi-wall carbon nanotube doped biodiesel-diese ...
	1. Introduction
	2. Material and methods
	3. Results and discussion
	3.1. Engine performance
	3.1.1. Brake thermal efficiency
	3.1.2. Brake specific fuel consumption

	3.2. Engine emission characteristics
	3.2.1. Unburned hydrocarbon emissions
	3.2.2. Carbon monoxide emissions
	3.2.3. Nitrogen oxide emissions


	4. Response surface optimization
	5. Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgement
	Abbreviations
	References


