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Abstract: In this analytical investigation, preheated palm oil was used in the direct injection diesel
engine with various optimization methods. The main purpose of the optimization was to get better
results than the conventional engine. Raw palm oil was heated using the heat exchange process to
reduce the density and viscosity. The relationship between the output process and factors response
was evaluated in the design of experiment methods. The Taguchi method is an important method
for optimization of the output response performance and emission characteristics of a diesel engine.
Two important factors—output and input—were calculated. The input factors considered were
preheated palm biodiesel blend, torque, injection pressure, compression ratio, and injection timing.
The output factors calculated were smoke opacity, carbon monoxide emission, and brake-specific fuel
consumption by using the signal-to-noise (S/N) ratio and analysis of variance. Carbon monoxide was
most impacted by torque conditions through injection timing and injecting pressure, and opacity of
smoke emission. Among them, injection timing had a higher impact. Different biodiesel blends were
prepared: B10 (90% diesel + 10% oil), B20 (80% diesel + 20% oil), B30 (70% diesel + 30% oil) and B40
(60% diesel + 40% oil). Silver nanoparticles (50 ppm) were constantly mixed with the various biodiesel
blends. The smoke opacity emission for the biodiesel blend B30 + 50 ppm silver nanoparticle showed
the lowest S/N ratio and achieved better optimum results compared with the other blends. The blend
B30 + 50 ppm silver nanoparticle showed the lowest S/N ratio value of 9.7 compared with the other
blends. The smoke opacity, carbon monoxide emission, and brake-specific fuel consumption of all
the response optimal factors were found to be 46.77 ppm, 0.32%, and 0.288 kg/kW·h, respectively.

Keywords: diesel engine; internal combustion engine; performance; diesel; energy; Taguchi method;
compression ratio; ignition timing; injection pressure

1. Introduction

Natural problems, such as higher amounts of pollutants from environment and the
impending depletion of nonrenewable energy sources, are the significant problems being
faced for more than two decades. The petroleum engine produces less torque compared to
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the diesel engine. The diesel engine is more powerful than the spark-ignition engine and is
thus used for high torque and automotive sector. However, it emits more harmful pollution,
which may lead to acid rain, cause global warming, and impact human life [1]. To reduce
the air pollution and environmental impact, biodiesels were introduced due to their low
smoke opacity, hydrocarbon, and carbon monoxide emission characteristics. Nonetheless,
there were drawbacks such as high oxides of nitrogen and cold flow properties for using
biodiesel in the engine [2].

In many studies, the optimization method was introduced in the conventional engine
to optimize various emission attributes and increase the performance of the engine. The
Taguchi approach is an efficient method and has been adopted by many researchers. The
True Mileage Unknown (TMU) developed by Electronic Control Unit (ECU) systems was
used for various injection parameters. Hydrogen fuel was used in the inlet manifold
system [3]. The optimization method used in Taguchi analysis was based on various
parameters of the diesel engine, such as brake-specific fuel consumption (BSFC), brake
thermal efficiency (BTE), and volumetric efficiency. The BSFC was reduced by 68.98%
when hydrogen was mixed with diesel fuel. If the hydrogen content was increased, it was
observed that there was a 33.14% increase in the volumetric efficiency.

The multi-objective optimization method is the best method to find low BSFC, high
BTE, and high volumetric efficiency [4]. In the investigation, various techniques were used
to reduce the nitric oxides (NOx), hydrocarbon (HC), carbon monoxide (CO), and smoke
opacity emissions. It was found that these parameters were well optimized when the
Taguchi method was implemented. The Taguchi L18 array concept was used to calculate
the signal-to-noise (S/N) ratio and ANOVA was used to determine the various parameters
modified in the engine. The NOx, smoke opacity, CO, and HC were affected by nozzle
protrusion, IT, swirl level, pitch to clearance, nozzle holes, and injection pressure. The
Taguchi L18 approach is the best method to optimize the tailpipe emission in the direct-
injection (DI) conventional engine [5]. In this investigation, Karanja oil methyl ester
was used in a variable compression ratio in the base engine. To solve the problems, the
Taguchi method and a combination of gray relational analysis were applied with multiple
responses. Using the S/N ratio was the best option to achieve optimum results [6]. The
various blends, namely B0, B10, B20, B30, B40, and B50, were prepared and used in the
conventional engine. Among all the blends, the B50 blend showed the best emission and
performance characteristics without affecting any parameters in the engine [7]. In this
study, diethyl ether and palm oil were used in DI of the base engine with various ratios of
palm oil and diethyl. Various parameters such as IT and IP were modified to investigate
the emission performance attributes of the base engine. The Taguchi L18 array was used in
the investigation to give a better solution. The low concentration of the diethyl ether ratio
showed the highest S/N ratio for BSFC, BTE, and exhaust gas recirculation. The blend B20
also showed the highest S/N ratio due to reducing CO and smoke opacity emission [8]. In
the investigation, three types of coating materials—titanium, aluminum, and copper—were
used in the DI diesel engine with varying speeds of 1400, 2000, 2600, and 3600 rpm. The
optimum results were found with the material such as aluminum added with 13% of
titanium at 2600 rpm, and engine power was better at 3600 rpm. The Taguchi methods
were used to study the L16 array approach, with changes in various parameters such as
TBC material, torque, and speed of the engine. The highest S/N ratio was seen with the
TBC material of aluminum added with 13% titanium at 2600 rpm and for the engine power
at 3600 rpm [9]. In the experiments, polanga biodiesel was used for the DI conventional
engine without any major fuel modification. The Taguchi method was implemented and
the various parameters, such as injection timing, load, and IP, were changed. At 200 bar
pressure, optimum results were obtained for injection timing of 17.14 ◦C bTDC and 2.56 kW
load, and the NOx emission was found to be reduced. At 200 bar pressure, injection timing
of 12.83 ◦C bTDC and 4.84 kW load gave optimum results with increased BTE [10]. The
Taguchi method was adopted in the investigation and polanga biodiesel was used in the
diesel engine. The biodiesel was blended with diesel and the B30 blend was prepared.
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The blend B30 with injection pressure of 220 bar gave the optimum results. The input and
output variables of the optimum value for BTE, NOx, and hydrocarbon emission were
found to be 32.59%, 20.33 ppm, and 94.2%, respectively [11]. The engine was fueled with
karanja biodiesel, and the performance and emission characteristics were determined using
Taguchi methods. Four types of input parameters were investigated. When the torque was
increased, the two parameters (BTE and NOx) reached the optimum value. The other two
input parameters also reached optimal values. The experiments were carried out by using
the Taguchi method using L16. The results showed optimum output response for 100%
load condition, B20 blend (80% diesel + 20% oil), and compression ratio of 17.5% [12]. The
aims of these experiments were to decrease the BSFC, NOx, HC, and CO, and to increase
the BTE in the DI diesel engine. The optimum S/N ratio was used for determining the
NOx emission [A3/B2/C3]. The HC emission [A3/B1/C2] was calculated using a lesser
S/N ratio; the release of CO was determined using the smaller, the better S/N concept
(i.e., A3/B1/C1) [13]. The effects of biogas flow rate, engine power, and intake temperatures
on engine efficiency were also examined in this work. The engine in consideration was a
compression ignition (CI) engine that runs in a dual-fuel mode while using biogas as the
primary energy source and diesel as the pilot fuel. To reduce the number of tests below 9, a
Taguchi method was used, and the S/N ratio was used to examine the best performance
metrics [14].

In a previous study, when the Taguchi method was adopted, the L18 orthogonal arrays
approach gave the optimum results and also controlled the BSFC, CO, and smoke opacity
of the IC engine. Experimentally, preheated palm oil was used and added to diesel in
various percentage ratio of B10, B20, B30, and B40. Various operating conditions were used
for given input parameters such as preheated palm oil, ignition timing, torque, and ignition
pressure, and the output results were obtained in terms of smoke opacity, BSFC, and carbon
monoxide emission. To adopt the optimal blend, compression ratio, injection pressure,
torque, and injection timing were used for the input variable in the base engine and three
parameters, namely BSFC, the opacity of smoke, and carbon monoxide, were used for
output variable from the conventional engine. The main objective of our research was to
control the various emission parameters and improve the performance characteristics of
the engine. Palm oil biodiesel mixed with the nanoparticle was used to obtain more oxygen,
which helps to burn fuel completely during the combustion process.

The performance and emission parameters of various preheated oil blends with pure
diesel are shown in Table 1. The upward and downward arrow marks used in the table
show increase and decrease, respectively. Table 2 shows the downward and upward
emission and performance parameters of biodiesel mixed with water nanoparticles.

Table 1. Different preheated oils combined with pure diesel having different performance and
emissions characteristics.

No. Fuel BTE BSFC CO NOx HC Smoke Opacity Ref.

1. Preheated crude fennel seed oil — ↑ ↓ ↓ ↑ ↓ [15]

2. PO20 + BHT ↑ ↑ ↓ ↑ ↓ ↓ [16]

3. Preheated thumb oil ↑ ↓ ↑ ↓ ↓ [17]

4. Preheated palm oil ↑ ↑ ↓ ↓ — — [18]

5. Preheated raw rapeseed oil — ↓ ↓ ↓ — — [19]

6. Preheated jatropha oil ↓ ↑ ↑ ↓ ↑ — [20]

7. COME ↑ — ↓ ↑ — — [21]

8. Preheated jatropha oil ↓ ↑ ↑ ↓ ↑ ↑ [22]

9. Preheated waste frying oil ↑ ↑ ↓ ↑ — ↓ [23]
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Table 2. Biodiesel with water nanoparticles: emission and performance characteristics.

No. Fuel Nano Particles BTE BSFC CO NOx HC Smoke Opacity Ref.

1. Nanoemulsion of waste
orange peel oil biodiesel Titanium oxide 100 ppm ↑ ↑ ↓ ↓ ↓ ↓ [24]

2. Nanoemulsion of
soybean biodiesel Zirconium oxide 100 ppm ↑ ↓ ↓ ↓ ↓ ↓ [25]

3. Synthesized nanoemulsion
biodiesel—diesel blends

Supramolecular
complex 150 ppm ↑ ↓ ↓ ↑ ↓ ↓ [26]

4. Mustard oil methyl ester
nanoemulsion biodiesel Titanium oxide 50 nm ↑ ↓ ↓ ↓ ↓ ↓ [27]

5. Rice bran oil methyl
ester nanoemulsion FeCl3, FeCl2 ↑ ↓ ↓ ↓ ↓ ↓ [28]

6. Crude oil nanoemulsion Al2O3 and nano-ZnO ↑ ↓ ↓ ↓ ↓ ↓ [29]

7. Water in diesel emulsion —— ↑ — ↓ ↑ ↓ — [30]

2. Material and Methods
2.1. Outlines for Palm Oil

Currently, palm oil is one of the world’s the most familiar raw vegetable oils, and its
overall usage is 33% in India. Palm oil in India and other countries is used as a regular
cooking oil. In a European country, palm oil use was 51% in the year 2017, to control
emission from automobiles and trucks. The production of palm oil in India began in 1991
with 5000 tons, which increased to 200,000 tons in 2018. It is estimated that palm oil usage
will be more than 9.3 million tons by 2030. As the local production is restricted, enormous
imports are unavoidable. Figure 1 shows the amount of fatty acids in palm oil [31].
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2.2. Fuels Properties

The raw oil is not used directly in the DI diesel engine due to high viscosity and density
of the fuel. To reduce the high viscosity and density of the fuel, two main methods are used.
One is the transesterification procedure to deliver biodiesel and the other method is the
preheating process, which is the latest one [32]. In the preheating process, time consumption
is very less relative to the transesterification method. Crude palm oil was poured into a heat
exchanger and heated up to 110 ◦C to decrease the viscosity and density [33–37]. Figure 2
shows that Fuel preparation flow chart. Diesel was added in various ratios (i.e., 90%,
80%, 70%, and 60%) and mixed with the preheated oil. Various blends were prepared to
investigate and termed as B10, B20, B30, and B40 [38]. To determine the chemical and
physical properties of various blends, they were tested as per the ASTM standards. Table 3
shows the properties of various fuel blends. The properties of the test fuel and diesel
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are very close to each other due to the preheating process. Preheated oil was used in a
conventional base engine without any major modificationshows the process for preparing
the fuel.
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Table 3. Fuel property.

No. Properties of Fuels Diesel Palm Oil BN10 BN20 BN30 BN40

1 Kinematic viscosity (mm2/s) 3.89 29.83 3.38 3.37 3.89 4.51

2 Specific gravity 0.842 0.924 0.833 0.838 0.845 0.852

3 Calorific value (MJ/kg) 41.00 37.00 39.21 38.96 37.12 31.23

4 Cetane number 48 42 44 47 45 48

5 Flash point (◦C) 86 205 72 76 82 85

6 Sulfur content (%) 0.48 0.38 0.36 0.29 0.26 0.25

7 Heating value (MJ/kg) 44.54 42.56 39.53 37.56 35.76 33.12

8 Ash content (%) 0.01 0.03 0.028 0.025 0.022 0.021

9 Boiling point (◦C) 214 321 328 332 338 342

2.3. Experimental Procedure and Heat Exchange Process

The experiments were carried out in a single-cylinder four-stroke conventional base
engine, as shown in Figure 3, which illustrates the experimental setup. An eddy current
and torque dynamometer was coupled with a diesel engine. Initially, the diesel engine
was warmed up and run up to 30 min to achieve the stabilized condition [39]. A smoke
meter and an exhaust gas analyzer were used to measure the quantity of the CO and smoke
opacity emissions in the tailpipe. The gas analyzer was used to determine the various
emissions such as NOx, CO, HC, and CO2 emitted from the base engine whereas the smoke
meter was used to measure the smoke opacity. The emission parameters are discussed in
Sections 4.3–4.5 [40]. Raw oil was directly used in the conventional engine as due to its high
density and viscosity. To lessen the density and viscosity, transesterification and preheating
processes were used. The preheating process was conducted using two types of heater and
heat exchange process [41–43]. The oil was heated at a constant temperate of 110 ◦C with
the help of a temperature-reading instrument. Figure 4 shows that heat exchange process.
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2.4. FTIR

The outcomes of Fourier transform infrared (FTIR) examination are shown in Figure 5.
In the figure various stretches of bonds appear at changed peaks; N–H bonds of value
3432.94, single aldehyde of 2777.28, C–H, O–H bonds of 2676.19; C≡C bonds of 2071.75,
C=C bonds of 1637.58, and C=O bonds of 1121.56. The peaks close to 3464, 2935, and
2867 cm−1 are attributed to extending OH bond and C–H extending of aldehydic individu-
ally. The bands at 1632 cm−1 are related to amide emergence because of carbonyl length.
The peakat 1055 cm−1 relates to extending the reverberation of the amine C–N. The peak at
about 1753 cm−1 is correlated to extending the bond of C=C. The peak close to 841 cm−1 is
attributed to C=CH2 and the peaks close to 682 and 658.94 cm−1 are due to out-of-plane
bending. The bond CH reverberation is CH=CH of subbed ethylene frameworks. The
FTIR spectra of silver nanoparticles displayed unmistakable peaksat 2927.78, 1631.45, and
1383.65 cm−1. The sharp peak at 1641 cm−1 indicates solid ingestion in the bond because of
to the extending vibration of C=O (NH) gathering [44–48]. The 1393 OF band produced for
C–N and C–C extending; the nearness of the top at 2927 cm−1 was doled out to extending
reverberation separately C–H and C–H.
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2.5. XRD

The nanoparticles prepared were studied using powder XRD. Figure 6 shows the XRD
pattern of silver nanoparticles. The figure unmistakably shows the sharp peaks at (2θ)
39.20, 45.57, 65.58, and 78.87 relating to the (111), (200), (220) and (311) planes, respectively.
Comparing JCPDS (card no. 89-3722), green-incorporated AgNP sample was found to have
an FCC structure with normal crystallite size.
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2.6. GC-MS Analysis

In this examination, the concentrates of methanol in preheated palm oil recognized the
nearness of 9th significant mixes with the particular weight of sub-atomic and territory as
appeared by the nearness of different top shown in the figure. Mixes were distinguished by
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examining their discontinuity of mass [49]. 1,3-Dioxane has a capacity to fight malignant
growth and parasitic infection. Likewise, numerous studies have shown that carboxylic
utilitarian gathering present in the concentrate has antibacterial and anticancer actions.
Figure 7 shows the gas chromatography–mass spectrometry (GC-MS) analysis of palm oil.
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2.7. Synthesis of Silver Nanoparticles

The silver nanoparticles were synthesized using 25 mL palm oil. Silver nanoparticles
were added to 230 mL of 0.001 M deionized water and mixed all together [50]. The mixture
was stored in a shaker bottle at 150 rpm at room temperature. Shading adjustments at the
subsequent arrangement were performed at regular intervals by calculating absorbance at
380–720 nm using UV noticeable spectrum rays [51–54]. The shaker rotated at 11,000 rpm
for 35 min and the obtained product was cleaned three times with refined water, deionized
water, and lastly with ethanol, and then put away at −45 ◦C for additional examination.
Figure 8 shows the SEM images of silver nanoparticles.

2.8. Signal-to-Noise Level

In the Taguchi method, a small proportion of power is used to distinguish control,
which decreases changeability of an item or procedure by limiting the impacts of noise
factors [34]. Control factors are those plan and procedure stepsthat can be controlled.
Noise factors cannot be controlled during creation or item use but can be controlled during
experimentation [55]. The S/N ratio was examined to calculate the aspect attribute of
the nominal-the-superior, lower-the-improved, and higher-the-improved in the Taguchi
method. In this investigation, the lower-the-better aspect attribute was studied to calculate
the optimum sequences of factors [56]. Table 4 shows the chemical composition of palm oil.

Table 4. Chemical composition of palm oil.

1 Carbon (C) 78.5
2 Hydrogen (H) 10.2
3 Oxygen (O) 9.6
4 Nitrogen (N) 1.7



Sustainability 2022, 14, 15487 9 of 21

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 23 
 

2.7. Synthesis of Silver Nanoparticles 

The silver nanoparticles were synthesized using 25 mL palm oil. Silver nanoparticles 

were added to 230 mL of 0.001 M deionized water and mixed all together [50]. The mix-

ture was stored in a shaker bottle at 150 rpm at room temperature. Shading adjustments 

at the subsequent arrangement were performed at regular intervals by calculating ab-

sorbance at 380–720 nm using UV noticeable spectrum rays [51–54]. The shaker rotated at 

11,000 rpm for 35 min and the obtained product was cleaned three times with refined 

water, deionized water, and lastly with ethanol, and then put away at −45 °C for addi-

tional examination. Figure 8 shows the SEM images of silver nanoparticles. 

 

Figure 8. SEM images of silver nanoparticles. 

2.8. Signal-to-Noise Level 

In the Taguchi method, a small proportion of power is used to distinguish control, 

which decreases changeability of an item or procedure by limiting the impacts of noise 

factors [34]. Control factors are those plan and procedure stepsthat can be controlled. 

Noise factors cannot be controlled during creation or item use but can be controlled 

during experimentation [55]. The S/N ratio was examined to calculate the aspect attribute 

of the nominal-the-superior, lower-the-improved, and higher-the-improved in the 

Taguchi method. In this investigation, the lower-the-better aspect attribute was studied 

to calculate the optimum sequences of factors [56]. Table 4 shows the chemical composi-

tion of palm oil. 

Table 4. Chemical composition of palm oil. 

1 Carbon (C) 78.5 

2 Hydrogen (H) 10.2 

3 Oxygen (O) 9.6 

4 Nitrogen (N) 1.7 
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3. Experimental Design

The most significant step in optimization in the Taguchi technique isidentification
of the entry factors while influencing the experiment’s performance responses to a more
prominent stage [57]. Various operating conditions were used to obtainthe most important
input parameters such as preheated palm oil, ignition timing, torque, and ignition pressure.
The output parameters obtained are smoke opacity, carbon monoxide, and BSFC. Multiple
levels of entry factors are chosen to establish the desired versatile combination of factors to
get the necessary exit responses [58,59]. All entry factors and their level look are shown
in Table 5. In this investigation, according to the Taguchi method, an L16 array with five
columns and sixteen rows is considered in Table 6. Each symmetrical array deals with four
levels of entry limits. Figure 9 indicates the strategy for evaluating and Table 7 shows that
experimental setup. Different engine input parameters are used in the investigation. The
engine torque load represents the (V), palm oil various blend (W), compression ratio (X),
injection pressure (Y) and injection Timing (Z).

Table 5. Various engine parameters and their levels.

Levels

Process Parameters A B C D

Engine torque (Nm (V) 5 10 15 20
Palm oil of various blends (W) B10 B20 B30 B40

CR (X) 16.5 16.7 16.9 17.2
IP(bar) (Y) 165 185 205 225

IT (degrees) (Z) 22 24 26 28
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Table 6. Taguchi L16 orthogonal arrays.

Trial No. V W X Y Z

1 5 10 16.5 165 22
2 5 20 16.7 185 24
3 5 30 16.9 205 26
4 5 40 17.2 225 28
‘5 10 10 16.5 205 28
6 10 20 16.7 225 26
7 10 30 16.9 165 24
8 10 40 17.2 180 22
9 15 10 16.5 225 24
10 15 20 16.7 205 22
11 15 30 16.9 185 28
12 15 40 17.2 165 28
13 20 10 16.5 185 26
14 20 20 16.7 165 28
15 20 30 16.9 225 22
16 20 40 17.2 205 24
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Table 7. Test engine specification.

Engine Four-Stroke Single-Cylinder Water-Cooled Engine

Engine make Kirloskar
Rated power 5.1 kW
Engine speed 1500 rpm

Diameter of the bore 87.5 mm
Length of the stroke 110 mm
Compression ratio 17.5:1

Crank angle resolution 1◦

Injection pressure 200 bar
Injection timing 23◦ bTDC

Break mean effective pressure 4.9 bar
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4. Results and Discussion
4.1. S/N Ratio

S/N ratiowas used to distinguish the manageable variables, which decreased the
impact of the noise variables on the returns. The variables of greater S/N ratio were chosen
to produce the optimum quality results and lesser variation. The essentialness level of every
specification is the S/N ratio versus variables levels bend shifts starting with first levels
then onto the next level, as shown in Figures 5–7. The difference between greatest and least
mean average S/N ratio value was determined for every specification (see Table 5). The
data show that the greater difference is attributed to a greater impact on the exit (output)
returns [60]. This S/N ratio of the optimum value is associated with the mean average
compared with the optimum quantities. The variable level versus S/N ratio is shown in
Table 7

Lower− The better characteristic : S/N (η)
= − 10 log1 / n

[
∑ y2] (1)

where n is the number of observations and y represents the data observed.

4.2. Brake-Specific Fuel Consumption

Figure 10 shows the effect of S/N ratio on the BSFC with respect to torque for the
various optimization parameters used in the diesel engine. Generally, the BSFC of diesel
engine is inversely proportional to the BTE [61]. The BTE was increased and BSFC was
decreased in the conventional diesel engine. The blend, torque, ignition timing, ignition
pressure, and compression ratio were varied in the diesel engine to find the best optimum
results in the conventional engine. The S/N ratio with the better-the-lower attributes can
be used to calculate the BSFC. The outcomes were replaced by 2 and the calculated values
had S/N ratio for all returns variables. These values were optimized for various engine
parameters. The optimized results were obtained for 5 Nm engine torque (V), biodiesel
30% and diesel 70% + silver nanoparticles 50 ppm (B30) (W), injection timing 27 bTDC (Z),
compression ratio 17.2:1 (X), and ignition pressure 205 bar (Y). B30 showed the optimum
results for the S/N ratio value of 9 compared to the other blends. With an increase in
the compression ratio, the S/N ratio value was decreased compared with other CRs. The
optimum results were obtained for 18.1:1 compression ratio. With an increase in the torque,
the S/N ratio value was increased to achieve the optimum result at 5 Nm. The injection
timing (26 crank angle degree before top dead center, bTDC) and injection pressure were
obtained for calculating the optimum results and the results then compared with the other
injection timings and pressures (V1W3X4Y3Z3).

4.3. Carbon Monoxide

Figure 11 shows the S/N ratio for carbon monoxide variation with torque for the
various optimization parameters adopted in the current engine. The formation of carbon
monoxide in the diesel engine was because the fuels did not burn completely during the
combustion process [62]. The S/N ratio of carbon monoxide with the better-the-lower
characteristics can be used. The outcomes were replaced by 2, as shown in Figure 6. The
obtained results were the S/N ratio value for all returns variables. With an increase in the
torque, the S/N ratio was also increased, and achieved the optimum value at 5 Nm (V)
torque, which was then compared with the optimum torque values of others. The blends
B30 + 50 ppm silver nanoparticle showed the lowest S/N ratio value of 9.7 compared with
the other blends. The S/N ratio for the optimum result of B30 (W) was 9.7 compared with
the other optimum blends. With an increase in compression ratio, the S/N ratio values
were also increased to achieve the optimum result of 17.2 for CR (X) compared with the
other CR optimum results. With an increase in the injection pressure, the S/N ratios were
also increased and suddenly dropped at 185 bar pressure but showed optimum results at
165 bar (Y) compared with the S/N ratios of other injection pressure. When the injection
timing was increased, the S/N ratio increased up to 22 IT and dropped suddenly and then
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achieved the optimum value of 27
◦
bTDC (Z) compared with the other injection timings.

These values were optimized in various engine parameters obtained (V1W3X4Y1Z4) [63].
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4.4. Smoke Opacity

Figure 12 shows the S/N ratio of smoke opacity with operating torque for the various
optimization parameters used in the diesel engine. Formation of smoke opacity emission
increased the temperature andamount of soot particles. The smoke opacity, the S/N ratio
with the better-the-lower attributes can be used [64]. The results were replaced by 2; their
estimated results were the S/N ratios for all returns variables. With an increase in the
torque, the S/N ratio was also increased to reach the optimum results for 5 Nm torque
compared with the other torque. The smoke opacity for the biodiesel blend B30 + 50 ppm
silver nanoparticle showed the lowest S/N ratio and optimum results compared with that of
the other blends. When the CR was increased, the S/N ratio also increased compared with
the CR. Optimum results were obtained for 16.9 CR compared with the other compression
ratios. On increasing the injection pressure, the S/N ratio also increased and then decreased
and achieved optimum results for 185 bar compared with the other blends. With an increase
in the injection timing, the S/N ratios were increased and dropped suddenly at IP 24 and
showed a better injection timing at 26 IP compared with the other injection timings. These
values were optimized for various engine parameters obtained (V1W1X3Y2Z3). Table 8:
S/N value for output returns and Table 9: S/N ratios at the various factors range.
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Table 8. S/N value for output returns.

Orthogonal
Arrays L16.

Brake-Specific
Consumption (%) S/N Ratio Carbon

Monoxide (%)
S/N Ratio

(dB)
Smoke Opacity

(HSU) S/N Ratio

1 28 −12.42 0.65 −9.32 89 39.41
2 33 −10.67 0.33 −10.43 78 37.85
3 39 −9.38 0.36 −9.31 87 38.72
4 38 −9.89 0.34 −9.89 67 36.54
5 27 −12.12 0.29 −12.12 74 37.42
6 30 −11.22 0.30 −11.21 91 39.21
7 37 −9.17 0.34 −9.10 69 36.87
8 33 −10.19 0.26 −10.21 81 38.12
9 28 −11.81 0.26 −11.73 71 36.78

10 34 −10.1 0.26 −10.1 62 35.87
11 32 −10.49 0.36 −10.49 60 34.99
12 32 −10.59 0.33 −10.59 81 39
13 29 −11.31 0.25 −11.31 91 39.31
14 32 −10.39 0.33 −10.39 68 36.59
15 33 −10.18 0.32 −10.18 58 36.31
16 30 −10.99 0.28 −10.99 49 33.62

Table 9. S/N ratios at the various factors range.

Returns (Parameters) Factor A B C D Max Value to Min Value

BSFC V −11.765 −11.789 −11.776 −11.712 11.2
W −12.902 −11.512 −10.761 −11.62 216.7
X −12.288 −11.81 −11.392 −11.112 118.2
Y −11.71 −11.63 −12.584 −11.741 15.8
Z −11.701 −11.588 −11.62 −11.721 15.2

CO V −10.841 −11.608 −11.691 −11.71 86
W −12.161 −11.508 −10.717 −11.45 146.5
X −12.552 −11.81 −11.392 −11.078 72.9
Y −10.881 −11.71 −12.586 −11.741 86.4
Z −10.962 −11.554 −11.61 −11.721 72.8

Smoke V 39.064 38.741 37.345 37.168 185.98
W 39.101 39.318 37.368 37.491 173.78
X 37.728 38.101 38.478 37.971 76
Y 38.595 38.545 37.31 37.848 131.4
Z 38.056 37.211 39.758 37.275 255.4
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5. ANOVA

The important parameters in the diesel engine are injection timing, injection pressure,
compression ratio, torque, and various blends. To calculate the output parameters forthe
diesel engine, carbon monoxide, smoke opacity, and BSFC and its variances were calculated.
The analyses of the variance (ANOVA) for three output returns were performed and the
results are shown in Table 10.

Table 10. ANOVA results.

Response Various Factor Degree of
Freedom

Sum of
Square (%)

Mean Sum of Square = Sum of
Square/Degrees of Freedom (%)

Frequency Ratio
(%)

Brake-specific fuel
consumption

V 3 000.03 000.02 61
W 3 000.05 000.02 61
X 3 001.12 000.39 1781
Y 3 000.05 000.02 59
Z 3 000.04 000.02 54

Residual 32 00.069 000.02
Total 47 0019.8 0.0049

Carbon monoxide

V 3 9 4 186
W 3 3 2 40
X 3 4 2 87
Y 3 9 3 177
Z 3 7 4 157

Residual 32 45 16
Total 47 77 21

Smoke opacity

V 3 185,010 61,710 3432
W 3 144,427 48,208 2681
X 3 10,491 3441 195
Y 3 89,312 29,865 1661
Z 3 351,712 11,7321 6600

Residual 32 57,612 1812
Total 47 838,491 262,354

5.1. Brake-Specific Fuel Consumption

The BSFC is the consumption of per unit ofa specific fuel, which evaluates eco-
friendliness [65–67]. Various parameters such as IT, IP, and CR were considered to operate
the engine with different biodiesel blends, namely B10, B20, B30, and B40. The results of
ANOVA showed that the compression ratio affects the BSFC. The main reason might be
the increase in the maximum cylinder pressure with an increase in CR due to the higher
amount of fuel injected through the combustion chamber, which further increased the
effective power [68].

5.2. CO

The CO emission was analyzed for optimized joined diesel engine technique param-
eters. The outcomes of the ANOVA for the attributes of the output of carbon monoxide
are shown in Table 8. The F values of ANOVA are clearly shown in Table 9. Torque
condition, ignition timing, and injecting pressure impact the carbon monoxide emissions.
The decrease in carbon monoxide emission might be a direct result of the atomization and
disproportionate dissemination of small amounts of fuel in the ignition chamber [69].

5.3. Smoke

For smoke opacity, the injection procedures for various parameters are shown in
Table 9. The F values show that torque condition and injection timing affect smoke opacity.
Mixing of various biodiesel blends and injection pressure also moderately affects the smoke
opacity [70].



Sustainability 2022, 14, 15487 17 of 21

6. Optimum Conditions and Response Variables for Prediction
6.1. Optimal Combinationof Engine Performance Parameters

Calculating optimal combination of engine performance parameters in the degree of
freedomis the next step to determine the optimal states of the regulation of various parame-
ter to yield optimal returns [71]. The response parameters optimized in this investigation
were BTHE and volumetric efficiency, and emissions and BSFC were reduced. Optimum
parameters provided the highest values of BTHE and lesser values of oxides of nitrogen,
hydrocarbon, and brake-specific consumption. The S/N ratio for the ideal setting was
controlled using the optimum parameters [72]. In the ideal estimation of reaction, factors
can be anticipated using the below substance equation

T = T +
n

∑
i=1

[XI − T] (2)

where T is the output response variable f and X1is the control and design parameter values
for the ith level of parameter X.

6.2. BSFC

The optimal test results of all returns parameters such as carbon monoxide, BSFC, and
smoke opacity were put into Equation (3) to determine the S/N ratio, as shown in Figure 5.
The diesel engine parameters obtainedwere A1B3C4D3E3. Using Equation(3), the value of
BSFC was found to be 0.34 kJ/kW·h [46].

BSFC + Ybar + (Vbar1−Ybar) + (Wbar3−Ybar) + (Xbar4−Ybar) + (Ybar3−Ybar) + (Zbar3−Ybar).
= 0.33 kg/kW·h (3)

6.3. CO

The optimal test results for all returns factors such as carbon monoxide, BSFC, and
smoke opacity were substituted in Equation (3) to determine the S/N ratio (Figure 6). The
optimum diesel engine parameters obtained were V1W3X4Y3Z4. Using Equation (3), the
value of CO was found to be 0.38%.

6.4. Smoke

The optimal test results are substituted in the Equation (3) to all returns factors such
as carbon monoxide, BSFC, and smoke opacity to determine the S/N ratio in Figure 11.
The diesel engine parameters for optimization results obtained were V1W1X3Y2Z3. From
Equation (3), the value of smoke opacity was determined as 109.66 [73].

7. Confirmation Experiment

The Taguchi method is the final step to confirm the results. When the factors of
optimum combinations were selected, the predicted average factor value was compared to
the average factor value [43]. In this investigation, experiments were conducted with the
help of Equations (4) and (5). The final results are shown in Table 11.

CI =

√√√√F (α, 1, DOFe)VARe

[
1

ne f f
+

1
Re

]
(4)

neff = N/1 + DOFt (5)

DOFe = degrees of freedom for the errors

VARe = variance of replication errors
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Neff = number effective of replication

N = total numbers of conducted experiments

DOFT = degrees of freedom for mean optimum

F (α, 1, fe) = F-ratio required for the 100% (1 − a) confidence interval

Table 11. Confirmation experiment.

Returns Outcomes Factors for Optimal Combination
Predicted Confirmation Experiment

(dB) Decibels (dB)

Brake-specific fuel consumption V3W1X1Y4Z4 0.221 −12.84 0.288 −11.12

Carbon monoxide V3W2X2Y4Z4 0.28% −11.71 0.32% −10.71

Smoke opacity V4W3X1Y3Z2 46.77 33.49 67.9 36.34

8. Conclusions

In this investigation, the Taguchi method was used to optimize the emission and
performance characteristics of the DI diesel engine. The S/N ratio and ANOVA were
used to obtain the optimum results. Mainly three parameters were considered for this
experiment to optimize the output responses, namely, smoke opacity, carbon monoxide,
and BSFC. The compression ratio had the most impact on the BSFC. Carbon monoxide
was most affected by torque conditions through injection timing, injecting pressure, and
opacity of smoke emission, and among them injection timing had a higher impact. The
smoke opacity, carbon monoxide, and BSFC values of all the response-optimal factors were
found to be 46.77 ppm, 0.32%, and 0.288 kg/kW·h, respectively.
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