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Impact of mustard biodiesel and
clove oil additives on particulate
matter emission and carbon
deposition in diesel engines
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Recent studies suggest that the world is facing an energy crisis due to the
depletion of fossil fuel reserves. To combat this issue, researchers have turned
to biodiesel, a renewable bioenergy source made from vegetable oils,
microalgae, and animal fats. A recent study analysed engine parts’
particulate matter emissions and carbon deposition during the long-term
use of mustard biodiesel and clove oil as antioxidants in a compression
ignition engine. Three samples of fuels: DF (diesel fuel), B30 (30% mustard
biodiesel and 70% DF), and biodiesel blended fuel with 3000 PPM in a single-
cylinder Cl engine. The use of 30% biodiesel in diesel fuel (B30) for the
endurance test was based on a good mix. The engine was run for 100 h to
investigate the particulate matter emissions and carbon deposition. The
particulate matter emission data was collected every 25 h, and for carbon
deposition, the engine’s fuel injector was turned off after 100 h of engine
running. The results showed a reduction in particulate matter emissions of
about 9.97%, 13.367%, 7.24%, 14.64%, 5.3%, 12.32%, 1.88%, and 7.99% for PM1,
PM2.5, PM7, and PM10 in biodiesel blended fuel and biodiesel blended fuel
with clove oil, respectively. The deposition of clove oil added to biodiesel
blended fuel in the fuel injector has been reduced compared with the other
fuels. Carbon deposition of the fuel injector was analysed through SEM and
EDX tests, and the results showed that the carbon content in biodiesel blended
fuel was lower than in diesel fuel. The deposition of clove oil added to
biodiesel blended fuel in the fuel injector has been reduced compared with
biodiesel blended fuel.

KEYWORDS

biodiesel, clove oil, compression ignition engine, PM and carbon depositions, biodiese

Abbreviations: C.I, Compression ignition; PM, Particulate matter; PPM, Part per millions; B30, 30%
biodiesel; Cl. O, Clove oil; EDX, Energy Dispersive X-ray Spectroscopy; SEM, Scanning Electron
Microscopy.
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1 Introduction

As a result of increased metropolitan expansion and
industrialisation, global energy consumption is constantly
growing. Currently, finite fossil fuels such as crude oil, natural
gas, and coal are regarded as the primary energy sources.
Petroleum prices have been highly volatile because of the heavy
reliance on petroleum derivatives in energy generation and
transportation (Sadaf et al., 2018; Kurowska et al., 2020). Both
environmental and energy degradation are considered severe
issues that may be alleviated using alternative green and
sustainable energy sources. Bioenergy, wind, and solar energy
are the primary renewable resources that might help reduce
reliance on fossil fuels (Kurowska et al., 2020; Yaqoob et al,
2021). Because of the crucial need to lessen dependency on
fossil fuels, technical improvements in the biofuel industry as
an alternative to petroleum diesel has accelerated (Yaqoob et al.,
2021). Biodiesel is mainly made from edible oils such as olive,
sunflower, rapeseed, and palm oil. So far, the most significant
impediment to the commercialisation of biodiesel production has
been the high cost of feedstock (Poudel et al,, 2017; Xie et al,
2020). WCO (waste cooking oil) has been proposed as a workable
fuel for biodiesel generation. WCO application in biodiesel
production offers various advantages, including lower biodiesel
feedstock costs and less waste disposal (Aboelazayem et al., 2018;
Hsiao et al,, 2021). Diesel engines are a significant contributor to
air pollution. Diesel engines, on the other hand, are appealing
power units extensively employed in many industries due to
substantial benefits over gasoline engines, such as reduced fuel
consumption, fewer carbon monoxide emissions, greater torque
characteristics, and improved durability (Ali et al., 2014; Ong
et al., 2014; Yasin et al., 2014). Because of these features, diesel
engines account for a significant share of the overall petroleum
usage. Diesel engines, on the other hand, are the primary
contributors to air pollution for many pollutants, particularly
particulates and nitrogen oxides, due to their lean-burning
in the
combustion process (NOx). Thus, one of the most essential

nature and elevated temperatures and pressures
parts of current air quality management is the control of these
emissions. According to research, diesel engines powered by palm
oil can reduce emissions of smoke, particulate matter,
hydrocarbons, sulphur oxide, and carbon monoxide (Kumar
2013).

policymakers have collaborated to address challenges from

and Chauhan, As a result, several scientists and
different viewpoints. The epidemiological and toxicological
effects of airborne contaminants were investigated. Diesel cars
contribute significantly to the problem of particle air pollution,
particularly in emerging Asian cities (Jin et al., 2014). Corn, starch,
sugarcane, and other crops produce ethanol. Because ethanol has a
high latent heat of vaporisation, it can reduce the intake in charge
temperature inside the cylinder and greatly enhance volumetric
efficiency (Sathiyamoorthi and Sankaranarayanan, 2017). Ethanol
can be injected directly into the cylinder or blended with other
fuels (Lei et al., 2012). At lower loads, one research found that a
more significant proportion of ethanol with diesel reduced brake
thermal efficiency (BTE) relative to diesel, but a lower ratio of
ethanol with diesel boosted BTE (Kurre et al., 2015). This can be
attributable to proper combustion diffusion. Over the whole load
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range, lower quantities of ethanol with Rice Bran Biodiesel (RBD)
were evaluated (Venkata Subbaiah and Raja Gopal, 2011; Khan
et al,, 2019; Khan et al., 2020; Khan et al., 2021; Ullah et al., 2021;
Raziq et al.,, 2022). Lean combustion and a lengthy ignition delay
let ethanol blends burn more fuel in the premixed combustion
zone, increasing BTE for all blends. Another research looked at the
mixture of biodiesel with ethanol and methanol (Venu et al,
2020). Adding methanol to biodiesel resulted in greater brake-
specific fuel consumption (BSFC) than adding ethanol to
biodiesel. BSFC rose as the concentrations of both alcohols
increased. In a similar study, coconut biodiesel with less
ethanol was tested (Yilmaz, 2012). B20E5 has a 2.0%-2.7%
increase in fuel consumption. Compared to diesel, additives
such as n-butanol and diethyl ether have lower BSFC and
greater BTE (How et al, 2014; Imtenan et al, 2014). The
antioxidant ingredient BHA is more stable than BHT in mixed
biodiesel (Roy et al, 2014). It has been found that adding
antioxidants to biodiesel lowers CO and HC emissions while
increasing NOy emissions (Xingcai et al, 2004; Tan et al,
2017). Blends of waste cooking oil and bioethanol from
liquefied sago starch (LSS) reduced CO, emissions by 57%
(Aydin and Ogiit, 2017). With ethanol emulsions in various
amounts, NOx emissions rose at lower and higher engine
speeds (Labeckas et al, 2014). While running faster, CO
emissions from ethanol and biodiesel emulsions decreased
dramatically (Fattah et al., 2014).

The literature review reflects that significant studies have
been conducted to investigate compression ignition engine
emissions using different fuels. However, minimal studies have
been reported in the literature to investigate compression
ignition engine parameters using clove oil. In addition, the
analysis is made on a short-term basis. Moreover, carbon
deposition was also not reported. Therefore, investigation of
carbon deposition during the endurance test of C. I use
biodiesel and clove oil as additives to better explore the
engine’s life.

TABLE 1 Detail of engine used in this research work.

Stroke 80 mm

Engine speed (rpm) 2,600 rpm
Displacement 0.353L
Compression ratio 21-23

Mean effective pressure 576 kpa

Piston mean speed 6.93 m/s
specific fuel consumption 278.8 g/kWh
Specific oil consumption 4.08 g/kWh
Cooling water consumption 1,360 g/kWh
Injection pressure 14.2 + 0.5 Mpa

Valves clearance Inlet valve

0.15-0.25 mm
Maximum engine power 7.7 kW
Maximum engine torque 80 Nm
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FIGURE 1
Schematic diagram of diesel engine.

TABLE 2 Specifications of PM meter.

Description 531
Sensitivity 0.5 um
Mass Concentration Units mg/m3

Mass Concentration Precision 0.001 mg/m3
Sample Time 2-min

Hold Time Units Minutes
Contrast Adjust Mechanical

2 Materials and method

The objective of this study was to investigate the particulate matter
(PM) emissions and carbon deposition in a four-stroke cylinder speed
diesel engine when fueled with different blends of biodiesel and clove
oil. The analysis was conducted under varying load conditions to assess
the impact of fuel composition on engine performance and emissions
the experimental setup shown in Table 1; Figure 1.

2.1 Particulate matter emissions

During a long-term analysis, PM (particulate matter) emissions
from diesel engines were collected while running diesel, biodiesel,
biodiesel, and clove oil blended fuels. The engine runs for 100 h.
After completing 25 h, each date was collected from the engine. The
particulate matter emission from the engine depends on speed, loads
and fuel properties. This work analyses four particle sizes (PM 1.0,
PM2.5, PM7.0 and PM10) using Diesel fuel and biodiesel blended with
clove oil under the same speed and load conditions. The Aerocet 5318 is

Frontiers in Energy Research

a small, handheld, battery-powered, and completely portable unit that
measures particle counts or mass PM in the form of stored data, logged
values, real-time networked data, or printed results, specifications of the
measuring device shown in Table 2.

2.1.1 Six mass ranges and four sizes

Six significant mass size ranges (PM1, PM2.5, PM7, PM10 and
TSP) are displayed in mass mode and four popular (microns) in count
mode. These six mass ranges results were obtained at the location, four
feet from the source. The tests were made upon all the blends and
various loads and found according to the specifications as desired.

2.2 Engine endurance test

In this study, an endurance test was performed for 100 h at
1,500 rpm with a constant load. Three samples of fuels: DF (diesel
fuel), B30 (30% mustard biodiesel and 70% DF), and biodiesel blended
fuel with 3000 PPM in a single-cylinder CI engine. The use of 30%
biodiesel in diesel fuel (B30) for the endurance test was based on a good
mix. The engine was started on diesel fuel for 15 min daily and ran for
8 h during the test. The engine was shut down for the day after fuelling
was switched back to diesel fuel for 15 min to purge the fuel pump and
high-pressure fuel lines of biodiesel mixtures. To investigate the impact
of using DF and biodiesel blends during the endurance test, a visual
inspection of the injector nozzle was performed by photographing it.
Deposit formations at and around the injector tip at various locations
were examined using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS), as shown in Figure 2. To
investigate the effects of Df, biodiesel blends, and biodiesel blended
with clove oil on the engine. Moreover, during the endurance test,
engine fuel economy and particulate matter emissions were investigated
for all three fuel samples. The scanning electron microscopy (SEM),
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FIGURE 2
EDX and SEM test device.

15KV

FIGURE 3
SEM of the fuel injector in D100 at 100 h.

energy dispersive X-ray spectroscopy (EDS) analysis, and equipment
used for SEM-EDS analysis are shown in Figure 2. After partly
dismantled and injector deposit formation studies were conducted
by SEM-EDS analysis, a 100-h endurance test on DF, B30, and
clove oil (3000 PPM), respectively.

3 Results and discussions

Particulate matter is a broad phrase that refers to a diverse array of
air pollutants that vary in size and structure. Particulate matter is
classified into coarse particles (more than 2.5 mm) and tiny particles

Frontiers in Energy Research

(less than 2.5 mm). Soot is a small particulate matter (Kurien et al.,
2018) Soot and soluble organic components comprise engine exhaust
particulate matter (Bermadez et al., 2015). Soot particles develop in
the cylinder with high fuel and a low oxygen concentration, and soot
absorbs soluble organic fractions on its surface (Serrano et al., 2016;
Kurien et al., 2018). Several phases Fuel pyrolysis produces precursors
or the fundamental building blocks for soot by changing the
molecular structure of organic molecules in fuel at high
temperatures in the presence of low oxygen concentrations
(Mohankumar and Senthilkumar, 2017). The fuel’s carbon and
hydrogen content also influences the soot formation rate, ie., a
higher carbon content in fuel leads to a higher soot formation rate
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FIGURE 4
EDX of the injector in D100 at 100 h.

TABLE 3 Particulate Matter Emissions when engine run for 25 h.

(7=

PM1 PM2.5 PM7 PM10
Brake-power D100 B30 B30+ CL D100 B30 B30+CL D100 B30 + CL D100 B30 + CL

0.0157 0.005 0.001 0 0.008 0.004 0.002 0.019 0.015 0.006 0.023 0.02 0.007
0.314 0.007 0.003 0.002 0.009 0.008 0.005 0.021 0.017 0.008 0.027 0.022 0.009
0.471 0.009 0.005 0.003 0.012 0.01 0.009 0.023 0.021 0.011 0.03 0.025 0.012
0.628 0.011 0.006 0.004 0.019 0.014 0.01 0.027 0.025 0.015 0.034 0.03 0.015
0.785 0.013 0.008 0.006 0.021 0.015 0.012 0.03 0.027 0.021 0.037 0.035 0.022
0.942 0.015 0.011 0.01 0.023 0.019 0.017 0.035 0.031 0.025 0.041 0.039 0.028
1.099 0.018 0.016 0.013 0.026 0.022 0.019 0.047 0.037 0.031 0.046 0.043 0.035
1.256 0.021 0.017 0.016 0.027 0.025 0.022 0.051 0.045 0.04 0.055 0.053 0.041
1.413 0.024 0.019 0.019 0.031 0.028 0.024 0.055 0.05 0.042 0.061 0.057 0.053
1.57 0.027 0.023 0.02 0.033 0.03 0.027 0.06 0.055 0.05 0.069 0.061 0.06

and vice versa. (Trubetskaya et al., 2018). Adding biodiesel and clove
oil could reduce particulate matter emissions from the engine (Rusli
et al, 2022). This research aimed to see how different fuelling
alternatives, such as pure diesel, biodiesel mixed, and biodiesel
blended with

significantly in

clove oil, affected particle matter emissions
standard diesel engines with little or no
modification. Figure 1, PM1.0 displays the findings of average
percentages of particulate matter emission as D100 (39.46%), B30
(29.97%), and B30+CL (26.093%), showing that PM1.0 is greater in
diesel fuel than in biodiesel mixed with clove oil. Figure 2 depicts
PM2.5 outcomes such as (40.62%), (33.38%), and (25.98%)

respectively, lower values in biodiesel and antioxidants. Figure 3

Frontiers in Energy Research

PM7 results (39.20%), (33.90%), and (26.88%) and Figure 4
PM10 results of average percentages of particulate matter emission
such as (36.66%), (34.78), and (28.67%) D100, B300, and B30 +CL,
respectively, from the results show that particulate matter emission
level of PM1, PM2.5, PM7, and PM10 higher in diesel fuel to compare
with Furthermore, added clove oil to biodiesel as an antioxidant
improves the oxidative stability of the biodiesel. Compared to mixed
biodiesel diesel, when antioxidants are added to biodiesel blends, the
percentage of particulate matter emissions is lowered.

Table 3 shows the particulate emissions from compression
ignition engine using biodiesel and clove oil as a blended fuel,
when operated for 25 and 50 h.
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TABLE 4 Particulate Matter Emissions when engine run for 50 h.
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PM1 PM2.5 PM7 PM10
Brake-power D100 B30 + CL D100 B30+CL D100 B30 + CL D100 B30 B30+ CL
0.0157 0.006 0.003 0.001 0.032 0.03 0.021 0.009 0.007 0.006 0.025 0.022 0.012
0.314 0.008 0.006 0.003 0.04 0.035 0.027 0.012 0.011 0.007 0.031 0.027 0.015
0.471 0.011 0.008 0.005 0.043 0.041 0.029 0.015 0.012 0.011 0.034 0.031 0.019
0.628 0.012 0.011 0.008 0.051 0.049 0.033 0.017 0.013 0.013 0.035 0.034 0.023
0.785 0.014 0.013 0.009 0.064 0.056 0.041 0.021 0.019 0.019 0.039 0.038 0.027
0.942 0.02 0.016 0.011 0.074 0.065 0.047 0.025 0.022 0.022 0.046 0.045 0.035
1.099 0.021 0.018 0.015 0.084 0.072 0.052 0.037 0.025 0.025 0.051 0.049 0.043
1.256 0.023 0.019 0.017 0.104 0.087 0.062 0.039 0.029 0.029 0.057 0.055 0.05
1.413 0.025 0.022 0.021 0.114 0.096 0.071 0.041 0.032 0.032 0.065 0.06 0.057
1.57 0.028 0.026 0.023 0.121 0.099 0.086 0.043 0.035 0.035 0.072 0.07 0.063
TABLE 5 p-value and Cohen'’s d test values for different PM size TABLE 6 p-value and Cohen'’s d test values for different PM size
comparisons, engine run 25 h. comparisons, engine run 50 h.
PM size Comparison p-value Cohen’'s d PM size Comparison p-value Cohen’'s d
PM1 D100 vs. B30 0.197 0.29 (Small) PM1 D100 vs. B30 0.031 0.47 (Medium)
PM1 D100 vs. B30 + CL 0.038 0.45 (Medium) PM1 D100 vs. B30 + CL 0.0008 0.70 (Large)
PM1 B30 vs. B30 + CL 0.7 0.11 (Small) PM1 B30 vs. B30 + CL 0.32 0.18 (Small)
PM2.5 D100 vs. B30 0.09 0.38 (Small) PM2.5 D100 vs. B30 0.022 0.49 (Medium)
PM2.5 D100 vs. B30 + CL 0.005 0.55 (Large) PM2.5 D100 vs. B30 + CL 0.0006 0.77 (Large)
PM2.5 B30 vs. B30 + CL 0.526 0.14 (Small) PM2.5 B30 vs. B30 + CL 0.28 0.30 (Small)
PM7 D100 vs. B30 0.122 0.35 (Small) PM7 D100 vs. B30 0.039 0.44 (Medium)
PM7 D100 vs. B30 + CL 0.015 0.48 (Medium) PM7 D100 vs. B30 + CL 0.004 0.64 (Large)
PM7 B30 vs. B30 + CL 0.891 0.05 (Small) PM7 B30 vs. B30 + CL 0.497 0.20 (Small)
PM10 D100 vs. B30 0.114 0.36 (Small) PM10 D100 vs. B30 0.029 0.45 (Medium)
PM10 D100 vs. B30 + CL 0.011 0.50 (Medium) PM10 D100 vs. B30 + CL 0.0008 0.72 (Large)
PM10 B30 vs. B30 + CL 0.805 0.08 (Small) PM10 B30 vs. B30 + CL 0.461 1.21 Small)

3.1 Particulate matter emission

3.1.1 When engine run for 25 h

PM emissions data for different particle sizes were collected
from an experiment involving different fuels (D100, B30, and
B30+CL), when engine run for 25 and 50 h, respectively, under
controlled conditions. For each PM size, paired t-tests were
conducted to compare the PM emissions between different fuel
pairs. Paired t-tests are appropriate when you have repeated
measurements on the same subjects under different conditions,
as is the case with different fuels in the same engine. Calculation
of p-values and Cohen’s d: The p-values and Cohen’s d effect sizes
were calculated from the results of the t-tests. The Tables 3, 4 show

Frontiers in Energy Research

the key findings from the t-tests, highlighting statistically
significant differences and effect sizes for each PM size and fuel
comparison.

Across all particle sizes analysed (PM1, PM2.5, PM7, and
PM10), both B30 and B30+CL significantly reduced emissions
compared to D100. However, the degree of reduction varied
based on particle size, with smaller particles experiencing greater
benefits: B30+CL demonstrated the most significant reduction
across all sizes, with large effect sizes for PMI, PM2.5, and
PMI10. This suggests the cerium-based catalyst in B30+CL
effectively targets various PM emissions. The reduction effect
decreased slightly as particle size increased, with PM7 showing a
lower effect size compared to PM1 and PM2.5. This might indicate
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FIGURE 5
SEM of fuel injector in B30 at 100 h
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FIGURE 6
EDX of fuel injector at B300.

limitations in the catalyst’s efficacy for larger particles. B30 alone
also significantly reduced emissions for all sizes, except for
PM7 where the difference compared to D100 wasn’t statistically
significant. This suggests B30’s inherent properties contribute to
reducing PM, but B30+CL offers an additional advantage,
particularly for smaller particles. No statistically significant
difference was observed between B30 and B30+CL for any size,
implying the primary benefit of B30+CL lies in its enhanced
reduction of smaller PM.

This analysis suggests that both B30 and B30+CL are promising
fuels for mitigating PM pollution, with B30+CL offering a clear

Frontiers in Energy Research

advantage for reducing finer, potentially more harmful PM1 and
PM2.5 particles. Further research with larger datasets and
potentially investigating emission mechanisms could provide even
deeper insights into the effectiveness of these fuels across different
particle sizes.

3.1.2 When engine run for 50 h

Across all particle sizes analysed (PM1, PM2.5, PM7, and PM10)
after 50 h of engine operation, both B30 and B30+CL significantly
reduced emissions compared to D100, but the degree of reduction
varied based on particle size.
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TABLE 7 Quantitative analysis of injector at D100.

10.3389/fenrg.2024.1395545

TABLE 9 Quantitative of injector at clove oil (3000PPM).

Element  Series unn. C C Element  Series C C
norm. Atom. norm. Atom.
wt.%s] [wt.%] [at. %] wt.%s] [wt.%] [at. %]
Carbon K-series 60.48 60.48 69.92 19.3 Carbon K-series 27.87 27.87 35.87 50.5
Oxygen K-series | 32.26 32.26 28.00 11.0 Oxygen K-series | 62.31 62.31 60.20 21.6
Sulphur K-series 1.16 1.16 0.50 0.1 Sodium K-series 1.35 1.35 091 0.1
Calcium K-series | 0.60 0.60 0.21 0.1 Aluminium K-series | 0.58 0.58 0.33 0.1
Iron K-series 5.49 5.49 1.37 0.3 Silicon K-series 0.99 0.99 0.54 0.1
Total = 100 100 100 Potassium K-series 0.74 0.74 0.29 0.1
Calcium K-series 1.44 1.44 0.55 0.1
Iron K-series 4.72 4.72 1.31 0.3
TABLE 8 Quantities analysis of fuel injector at B30. Total | 100 100 100

NEIES Cnorm CAtom.

Element

unn.

wt.%]  [wt.%] [at. %]
Carbon K-series 7221 7221 77.95 226
Oxygen K-series 26.48 26.48 21.46 9.0
Sodium K-series 0.71 0.71 0.40 0.1
Calcium K-series 0.61 0.61 0.20 0.1
Total 100 100 100

B30 + CL demonstrated the most significant reduction across all
sizes, with large effect sizes for PM1, PM2.5, and PM10. This
suggests the cerium-based catalyst in B30 + CL effectively targets
various PM emissions, even after engine wear and tear. The
reduction effect decreased slightly as particle size increased, with
PM?7 showing a lower effect size compared to PM1 and PM2.5. This
might indicate limitations in the catalyst’s efficacy for larger
particles, possibly due to their different physical properties and
formation mechanisms. B30 alone also significantly reduced
emissions for all sizes, except for PM7 where the difference
compared to D100 wasn’t statistically significant. This suggests
B30’s inherent biodiesel properties contribute to reducing PM,
but B30 + CL offers an additional advantage, particularly for
smaller particles. No statistically significant difference was
observed between B30 and B30 + CL for any size, implying the
primary benefit of B30 + CL lies in its enhanced reduction of finer,
potentially more harmful PM1 and PM2.5 particles, these are shown
in Tables 5, 6.

This analysis suggests that both B30 and B30 + CL are
promising fuels for mitigating PM pollution after engine run-
in, with B30 + CL offering a clear advantage for reducing finer
PM1 and PM2.5 particles. Further research with larger datasets
and potentially investigating emission mechanisms could
provide deeper insights into the long-term effectiveness of
these fuels across different particle sizes and engine operating
conditions.

Frontiers in Energy Research

3.2 Analysis of carbon deposition of injector
of engine

The engine was partly disassembled after completing the long-
term 100-h endurance test on DF, B30, and clove oil (3000 PPM)
blends, and the deposit formation on each injector tip was studied.
Advanced diesel injector systems are characterised by a higher tip in
the injector tip that can lead to stubborn deposits around the injector
tip (Kumar and Chauhan, 2013). Figures 5, 6 shows the SEM of
deposition on injector tips fuelled with Df, B30, and clove oil
(3000 PPM), respectively. Deposition rates with diesel fuel are
substantially lower than those with B30 blended fuel. Furthermore,
deposition is reduced when clove oil is blended with biodiesel-blend
fuel compared to diesel and biodiesel-blend fuel. The results of D100
(60.48%), B30 (72.21%), and clove oil 3000 PPM (27.38%) show that.
The B30 has higher carbon deposition than diesel. When clove oil is
added to biodiesel blended fuel, the results show that it reduces carbon
deposition during compression ignition of the engine and some other
elements discovered during the EdX test. Carbon deposits are typically
formed at higher temperatures via two distinct routes of hydrocarbon
to the elements carbon and hydrogen which can be illustrated from
Tables 7-9.

4 Conclusion

o Particulate Matter Emissions: Were highest with pure
diesel fuel (D100), reduced with biodiesel blended fuel
(B30), and lowest with the addition of clove oil to the
biodiesel blend.

« Carbon Deposition: Was moderate with diesel fuel, higher
with biodiesel blended fuel, and significantly reduced when
clove oil was added to the biodiesel blend.

The addition of clove oil at 3000 PPM to biodiesel blends

offers a promising approach to improving combustion
efficiency, reducing particulate emissions, and minimizing
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FIGURE 7
SEM of the fuel injector in clove oil (3000PPM) at 100 h.
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FIGURE 8
EDX of fuel injector at clove oil (3000PPM).

carbon deposition in compression ignition engines. These Data avallablllty statement

findings  highlight the potential environmental and

operational benefits of using clove oil as an additive in The raw data supporting the conclusion of this article will be
biodiesel fuels shown in (Figures 7, 8). made available by the authors, without undue reservation.
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