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Abstract: The objective of this research work is to evaluate the performance, combustion, and ex-
haust emissions of a variable compression ratio diesel engine utilizing diesel 25% rubber seed bio-
diesel mixture (B25) blended with 25 ppm and 50 ppm of alumina nanoparticle running with dif-
ferent operating conditions. An ultrasonicator was used to make uniform dispersion of alumina (Al)
nanoparticles in the diesel-biodiesel mixture. Biodiesel mixture blended with nanoparticles has
physicochemical characteristics that are comparable to ASTM (American Society for Testing and
Materials) D6751 limitations. The results revealed that the B25 exhibited a lower cylinder peak pres-
sure and lower HRR (heat release rate) than diesel at maximum power. BTE (brake thermal effi-
ciency) of B25is 2.2% lower than diesel, whereas BSFC of B25 is increased by 6% in contrast to diesel.
Emissions of HC (hydrocarbon), CO (carbon monoxide), and smoke for B25 were diminished, while
emissions of NOx (nitrogen oxide) were higher at maximum power. Further, the combustion and
performance of diesel engine were improved with the inclusion of alumina nanoparticles to bio-
diesel blends. In comparison to B25, BTE of B25 with 50% alumina nanoparticles (B25A150) mixture
was enhanced by 4.8%, and the BSFC was diminished by 8.5%, while HC, CO, and smoke were also
diminished by 36%, 20%, and 44%, respectively. At peak load, the maximum cylinder pressure and
HRR of B25 were improved by 4.2% and 6.7%, respectively, with the presence of 50% alumina na-
noparticles in a biodiesel blend (B25A150).
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1. Introduction

Rapid expansion in the transportation industry as a result of modernization and in-
dustrialization raises energy consumption and increases emissions from engines, which
degrade the environment internationally. IC (internal combustion) engines are primarily
employed in the automotive, power generation, and agricultural industries due to their
lower fuel economy. Using fossil fuels results in increasing amounts of HC, CO, and NOx
emissions, all of which contribute to global climate change [1,2]. As a result, numerous
academic researches has been active in the search for alternatives to diesel fuel, such as
alcohols, vegetable oils, and its derivatives. Vegetable oils are biodegradable and non-
toxic; however, they have high viscosity and low volatility, which cause poor atomization
leading to incomplete combustion, engine deposits, high smoke emissions, and low brake
thermal efficiency when used in CI (compression ignition) engines [3]. Transesterification
is the process of converting vegetable oil (triglycerides) into monoester. This process re-
sults in a significant reduction of viscosity and density, thereby improving thermal effi-
ciency and low smoke levels. Converting these oils into biodiesel further increases the
price, making it an unviable fuel for developing countries, such as India. Non-edible oils
such as castor, karanja, neem, rubber seed, and jatropha are available in large quantities
in India, and they can be easily converted to biodiesel at low cost. In this research, the
rubber seed oil is taken as the fuel and alumina nanoparticles as the fuel additive to en-
hance the combustion in a diesel engine. Rubber seed oil produced from the rubber tree
(Hevea brasiliensis) belongs to the Euphorbiaceae family. It originated from South America
and has been cultivated in Southeast Asia since the 18th century [4]. It is a prominent
plantation crop that holds vital economic importance for India. The tree provides not only
rubber latex but also a variety of ancillary products, with rubber seed being one of them.
The oil extracted has application limited to soap and lubricating industries. The rubber
seed oil has 17-20% saturated fatty acids, 17-22% unsaturated fatty acids, and viscosity of
more than 30 cSt. As a result, the rubber seed oil as a fuel has less thermal efficiency and
increased smoke emission compared to diesel [5].

Jun Cong Ge et al. [6] studied the performance of CRDI (Common rail direct fuel
injection) diesel engines with EGR rates and pilot injection timings using palm oil bio-
diesel blends under 25% and 75% engine loads. B30 blend with a 10% EGR (exhaust gas
recirculation) rate, or with a pilot injection timing of 24° BTDC (Before Top-Dead-Center),
can effectively reduce PM (particulate matters) emissions and simultaneously keep NOx
emissions at a low level. Jun Cong Ge et al. [7] investigated the volatile organic com-
pounds (VOCs) in the exhaust emissions from a common rail diesel engine fueled with
diesel and B20 canola oil biodiesel blends at various engine loads. Results indicated that
the regulated emissions of CO, HC, and PM were decreased, and the total VOC emissions
of B20 were lower than those with the other test fuels. Jun Cong Ge et al. [8] investigated
the soot particle distribution and regulated and unregulated emissions in a CRDI diesel
engine using diesel and palm oil biodiesel blends. It was found that all the PM particles
were less than 100 nm in diameter observed by TEM (Transmission electron microscopy),
and the average diameters of primary particles were distributed between 20 and 26 nm.
Unregulated emissions such as trace metals, e.g., Pb, Mn, and Ba, were found in the PM
particles, and the xylene, toluene, and benzene unregulated emissions of B100 were re-
duced compared to diesel.

Many studies have suggested utilizing biofuel as an alternate fuel for diesel engines,
which results in a reduction of BTE and poor burning characteristics as compared to diesel
[9]. The benefits of biodiesel are compromised by higher NOx emissions and decreased
BTE. Vallinayagam et al. [10] tested the pine oil-diesel mixtures in diesel engines and
found that pure pine oil lowered the emissions of CO, HC, and smoke. An experi-
mental investigation was carried out by Bajpai et al. [11] with a conventional diesel
engine using different blends of Karanja biodiesel such as 5%, 10%, 15%, and 20% by
v/v ratio with diesel at varying engine loads. They reported CO, HC, and smoke emis-
sion (except NOXx) decreases but also BTE decreases with increasing karanja biodiesel
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blends. By considering performance and emission level, they concluded that 10% bi-
odiesel blend was the optimum blend for biodiesel operation. Similarly, Mahanta et
al. [12] also studied the engine performance by using pongamia pinnata methyl ester
as a biodiesel blend at 5%, 10%, 15%, 20%, 25%, and 30% v/v ratio. They also experi-
enced similar results for CO, HC, and smoke (except NOx) emission, with all blends
suggesting that B20 fuel was the optimum blend. Rajan et al. [13] evaluated the per-
formance of diesel engines using biodiesel at various injection pressures and reported
lower levels of exhaust emissions except for NOx at higher Ips (injection pressure).
Ravichandran et al. [14] investigated the engine performance by employing a corn oil me-
thyl ester mixture, which produced greater NOx emissions while lowering other pollu-
tants when compared to diesel.

Different researchers and scientists have studied to reduce NOx emissions with an
oxygenated substance such as alcohol or ether can be added to diesel/biodiesel mixes [15-
17]. DEE (Diethyl ether) is a great combustion booster that has a lower auto ignition tem-
perature. Rajan et al. [16] evaluated engine performance under varied loading conditions
utilizing pure Karanja biodiesel with 10% and 15% DEE blends. They reported that there
is a substantial drop in NO and smoke for pure Karanja biodiesel using 15% DEE mixture
as well as a drop in cylinder peak cylinder pressure and HRR contrast to pure biodiesel.
It has been suggested that the optimal percentage is 15% since it resulted in the best engine
performance [18] analyzed the role of 10% DEE into diesel-biodiesel-ethanol and diesel-
biodiesel-methanol mixtures. Introducing DEE to a diesel-biodiesel-ethanol combination
boosted the period of combustion, cylinder pressure, and BSFC while lowering the emis-
sions of NOx and smoke, according to their findings [19]. Lee and Kim [20] reported that
introducing DEE to diesel in different ratios has no influence on engine BTE. Results also
revealed that HC and CO emissions were diminished with increase in emissions of NOx.

Consequently, several scholars have concentrated their efforts on various nano-
particle blended biodiesel to achieve better performance with a decrease in emissions.
Working characteristics of biodiesel in the engine were improved by the inclusion of na-
noparticles with biodiesel [21-23]. Nandhagopal et al. [24] evaluated the performance
characteristics of an engine operated on biodiesel utilizing TiO: (titanium dioxide) and
ZnO (zinc oxide) nanoparticle emulsions. Their findings resulted in higher BTE and a de-
crease in overall emissions. Nafaji [25] evaluated the impact of varying nanoparticle pro-
portions mixed in biodiesel on the performance behavior of diesel engines and deter-
mined that performance and emissions were equivalent to diesel. Patel and Kumar [26]
investigated the role of Alumina (Al20s) nanoparticles as additives with Jatropha biodiesel
on diesel engines and revealed a significant improvement in BTE as well as a drastic de-
cline in emissions of NO, CO, HC, and smoke. Vellaiyan et al. [27] used an Al2Os nano-
particle additive to study the combustion process of water-emulsified biodiesel used in a
diesel engine. Their findings revealed that water-emulsified soybean biodiesel substan-
tially enhances the cylinder pressure and HRR when contrasted to biodiesel. It also di-
minishes the emissions of NOx, smoke, HC, and CO while increasing total CO2. Srinivasan
et al. [28] studied the combustion process of an engine utilizing neat biodiesel mixed with
25 ppm and 50 ppm alumina and titanium oxide nanoparticles, and their findings indi-
cated that the BTE was raised and the BSFC decreased with 50 ppm TiO:2 nanoparticle
blended biodiesel. Emissions of CO, smoke, and HC were declined, but NOx emissions
were increased when compared to B25.

Arul Mozhi Selvan et al. [29] evaluated the performance of CI engines utilizing diesel
and diesel-biodiesel-ethanol mixtures using CeO (cerium oxide) nanoparticles as an ad-
ditive. It has been observed that adding CeO to diesel ethanol mixtures enhances the over-
all BTE while decreasing CO, HC, NO, and smoke. Annamalai et al. [30] tested an engine
utilizing a Lemongrass oil (LGO))-CeO nanoparticle emulsion and reported that the BTE
was increased with LGO-CeO nanoparticle and its emulsions due to its larger surface area
of nanoparticles. There is a substantial reduction in CO, HC, NOx, and smoke emissions
when compared to LGO and its emulsion and diesel. Yuvarajan et al. [31] investigated the
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combustion process of pure biodiesel coupled with an Ag:O nanoparticle under various
operating conditions. There was an increase in BTE with a drop in BSFC and an improve-
ment in all tail pipe emissions using Ag:0 (silver oxide) nanoparticles. Yuvarajan et al.
[32] analyzed the performance of mahua biodiesel-fueled diesel engine with 100 ppm of
copper oxide nanoparticle (10 and 20 nm) blended with biodiesel and reported that inclu-
sion of 20 nm particle size improves the BSFC (brake specific fuel consumption) and BTE
contrast to 100% biodiesel with 10 nm size of copper oxide nanoparticle, whereas CO,
smoke and HC were diminished, but NOx was increased.

Based on the literature and experimental studies of various researchers, the analysis
of metal oxide nanoparticle additive added with biodiesel revealed that nanoparticle en-
hance the engine operating characteristics and emission characteristics. CO, HC, and
smoke emissions were considerably reduced to an appreciable limit by the use of nano-
particle added biodiesel. Hence, the current research objective is to evaluate the perfor-
mance characteristics of a CI engine fueled with a B25 combined with alumina nanoparti-
cles in various concentrations such as 25 ppm and 50 ppm (particle per million), and the
results were compared to base fuels.

2. Materials and Methods
2.1. Rubber Seed Tree

Rubber tree (Hevea brasiliensis) belongs to Euphorbiaceae family. It originated from
South America and has been cultivated in Southeast Asia since 1876. The tree grows rap-
idly at altitudes below 200 m at temperatures of about 27-30 °C [2]. It is a prominent plan-
tation crop that holds vital economic importance for India. The tree provides not only
rubber latex but also a variety of ancillary products, rubber seed being one of them. The
production of rubber seed is 150 kg/ha in India. The average oil yield from the seed is
from 40% to 60% of the kernel by weight. The oil extracted has application limited to soap
and lubricating industries. Rubber seed oil has 17-20% saturated fatty acids, 17-22% un-
saturated fatty acids, and viscosity of more than 30 cSt [4].

2.2. Preparation of Rubber Seed Oil Biodiesel

Transesterification is a process of lowering the viscosity of vegetable oil in which raw
rubber seed oil (RSO) combines with alcohol in the presence of a catalyst to generate mono
ester. In this study, RSO (methanol catalyzed by sodium hydroxide) is used to obtain RSO
biodiesel. The amount of sodium hydroxide needed as an impetus for each liter of rubber
seed oil was determined to be 10 g (by titration). For each liter of RSO, 200 mL of methanol
and 10 g of sodium hydroxide were added, and the chemical reactions were kept at 65 °C,
stirring at a constant speed 500 rpm for 60 min. Two layers were formed; solid glycerol
sediment in the bottom and the liquid mono ester is on the top the flask. The ester was
then rinsed with hot distilled water to remove methanol from biodiesel. Table 1 lists the
essential characteristics of biodiesel and diesel fuel. The heating value of biodiesel was
found by using bomb calorimeter. Rubber seed oil biodiesel has a calorific value of 38,830
kJ/kg, which is 9.4 percent lower than regular diesel. The Redwood viscometer was used
to measure the kinematic viscosity, and the value obtained for RSME (root-mean-square
error) was 5.19 centistokes, which is 38% higher than diesel. The biodiesel’s flash point
and fire point were determined using the Pensky Martin equipment. Because of its high
viscosity, biodiesel had a greater flash and fire point than diesel fuel.

Table 1. Fuel’s properties.

Properties Diesel RSO RSME ASTM
Density (kg m) 830 920 882 D4052
Kinematic viscosity 3.4 52 4.7 D445

Flash point (°C) 52 175 157 D93
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Fire point (°C) 60 184 163 D93
Calorific value (MJkg™) 43 36.55 38.83 D240
Cetane number 48 38 52 D976
Oxygen (wt) - 11 11 D943

2.3. Preparation of Nanoparticles
2.3.1. Alumina Nanoparticles

Alumina nanoparticle was produced using the sol-gel approach. Deionized water
and aluminum nitrate were decomposed with citric acid in a concentration ratio of 0.5
(citrate/nitrate = 0.5) during the procedure. Over several hours, the solution was continu-
ally agitated at 60 °C until it formed a golden yellow sol. The mixture was then warmed
to 80 °C while being constantly stirred until a crystalline gel formed and dried for 12 h in
a 90 °C furnace.

2.3.2. Preparation Biodiesel-Nanoparticles Mixtures

The alumina nanoparticles with an average size of 50 nm were procured from Reinste
Nano Ventures Private Ltd., New Delhi, India. Nanoparticles, in particular, have a large
surface. Figure 1 shows pictures taken using a scanning electron microscope (SEM) to ex-
amine the structure of Al2Os nanoparticles. SEM (scanning electron microscope) scans of
both nanoparticles show that they are spherical in shape, have a smooth surface, and have
an average particle size of 50 nm. Span80 was used as a surfactant and to create a sufficient
binding with the base fuel to make nanoparticles stable in liquid fuel. Ultrasonication is a
great way to enhance particle dispersion and create more homogeneous and stable mix-
tures. A measured quantity of nanoparticles (25 ppm and 50 ppm) and a 2 mL Span80
solution were introduced to biodiesel to form a sustainable biodiesel-alumina nanoparti-
cle mixture, which was then stirred for 45 min with an ultrasonicator set to 30 kHz. In this
study, the test fuels B25A125 (25% RSME and 25 ppm AL:Os nanoparticles) and B25A150
(25% RSME and nanoparticles) were utilized. Figure 1 is an SEM picture of an alumina
nanoparticle. The altered biodiesel was analyzed four strokes direct injection air cooled
diesel engine at different loads, giving no time for the deposit to form. Hielscher’s ultra-
sonic processing bath was used to perform proper feasibility tests on the ultrasonicator.

-
10,0k X10,000 1pm WL 10 2mm

Figure 1. SEM image of alumina nanoparticle (50 nm).
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2.4. Test Engine Setup and Procedure

The engine test was conducted on a Kirloskar diesel engine and connected to a dy-
namometer to apply the load. Figure 2 depicts a schematic diagram of the engine test bed.
The loads were provided by changing the current, which created magnetic resistance on
the shaft’s movement. The speed of the engine was controlled by a centrifugal governor.
The engine speed was regulated by a centrifugal governor. Table 2 depicts the main spec-
ifications of the engine. Two different fuel tanks were utilized to store diesel and biodiesel
fuel. The engine’s quantity of fuel consumed by the engine was measured by a stopwatch
for the time taken to 10 cc of fuel. To investigate the temperatures at various points on the
engine, a K-Type thermocouple was employed. An AVL-444 gas analyzer was used to
measure CO, HC, and NO emissions, and an AVL-437C smoke meter was used to measure
smoke in the tail pipe.

‘a
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USRSV S T
: = '
L.. Air .
- |
r 1) & [r-»
¥ - onte - J et |
xr ¥ 1 =
‘ aoc [CAY: {"M"
ﬂ"g}"'l-lr inad

\‘“"E Engine — Eddy current .
_ dynamometer ce
| |

1. Air flow sensor 2. Fuel flow sensor 3.Pressure sensor
4. Diesel tank 5. Biodiesel tank 6. Five gas analyser
7. Smokemeter 8. Speed sensor 9. Crank angle encoder

Figure 2. Engine test rig.

Table 2. Test engine technical details.

Make Kirloskar
Type of cooling Air
Bore diameter 87.5 mm
Stroke length 110 mm
Brake power 4.44 kW
Compression ratio 17.5:1
Speed 1500 rev m™!
Fuel injection timing 230 before TDC
Injection pressure 200 bar

In the cylinder head, a piezoelectric pressure sensor was fitted to get the combustion
pressure-crank angle history, an electro-optical sensor was utilized to determine TDC lo-
cation, and the crank angle was gauged using a crank angle encoder. Cylinder pressure,
crank angle, and TDC position are captured by a high-speed computer-based data
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acquisition system were employed. Table 3 represents the range and accuracy of the de-
vices. After 5 min of loading, the performance and emission parameters of each fuel were
evaluated to confirm that the measured parameters did not alter. Each test was run three
times, and the average readings were obtained for computation. The relevant performance
parameters, emissions, and smoke opacity for each load were documented.

Table 3. Instruments uncertainty.

Instrument Measurement Range Accuracy Uncertainty
Cco 0-10% Vol +0.03% *0.2%
CO2 0-10% Vol #0.1% +0.15%
AVL DI 444
VL DI Gas 4dd C HC 0-20,000 ppm  +10 ppm +0.2%
Five gas analyzer
02 0-22% Vol +0.1% +0.5
NOx 0-5000 ppm +50 ppm #1
AVL 437 k
37Csmoke ity (%) 0-100% 0.1 1%
meter
Crank angle encoder 720° *1% *0.2%
Pressure sensor 0-250 bar +1% *0.2%

2.5. Uncertainty Analysis

The current engine testing included a variety of errors caused by calibration, equip-
ment accuracy, ambient circumstances, and observer error, among other things. Uncer-
tainty analysis is performed in order to acquire correct findings. The propagation of the
uncertainty approach, often known as the root mean square approach, was used to calcu-
late the engine system uncertainties [33]. The formula was used to determine the uncer-
tainty of the engine performance parameters.

(aR >+(aR )+ +(6R )2
wg = |[[=—w —w et (—w
R dx, * dx, * ox, "

R is a given function that is influenced by independent factors like x1, x2, x3...xn. Fur-
thermore, wr is defined as the overall percentage error, whereas w1, ws, ... w. are the errors
in the independent variables [33]. The percentages of errors for varying amounts are sum-

marized in Table 3. An error analysis was performed using Taylor’s theorem to verify the
accuracy of the test findings. The overall degree of uncertainty is represented by,

N =

Overall uncertainty = \/[(BTE)Z + (BSFC)2 + (HC)? + (CO)%? + (NOx)? + (Smoke)?] =

JI(1.0)2 + (1.0)2 + (0.2)2 + (0.1)2 + (0.2)2 + (1.0)?] =+1.76%

3. Results and Discussion

Initially, the test was conducted with diesel and B25, and then, the test was repeated
with B25A125 and B25AI50 fuel blends. The engine performance, emissions, and combus-
tion parameters were measured for fuels, and the results were compared with base fuels.

3.1. Combustion Analysis

3.1.1. Cylinder Pressure

CI engine peak pressure is governed by the beginning of the burning rate and con-
trolled by the quantity of fuel burning during premixed burning stage. Ignition delay in-
terval and mixture preparation also control premixed burning. Figure 3 depicts the differ-
ences in cylinder pressure versus crank angle for all test fuels. Peak pressure and occur-
rence at peak power circumstances for diesel, B25, B25AI125, and B25A150 are 69 bar at 6°
aTDC, 64.5 bar at 9° aTDC, 68 bar at 7° aTDC and 71 bar at 5° aTDC, respectively.
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Figure 3. Changes in cylinder pressure with CA.

The lower cylinder pressure for B25 is due to its low energy content and greater vis-
cosity when compared to diesel. For biodiesel blended with nanoparticles B25A125 and
B25A150, the cylinder pressure was increased due to more oxidation of biodiesel-nano-
particle mixture resulting in improved combustion leads to shorter delay period and in-
creased cylinder pressure [30,34]. Furthermore, combining alumina nanoparticles and bi-
odiesel resulted in a significant improvement of cylinder pressure as contrasted to a diesel
and biodiesel mixture. This boost in cylinder pressure might be responsible for an in-
creased surface area of nanoparticles and additional O2 molecules in biodiesel, which
helps to speed up biodiesel oxidation. Furthermore, the enhanced air-fuel mixture pro-
motes fuel burning within the cylinder [35]. At peak load, the cylinder pressures for diesel
and B25 were 69 bar and 64.5 bar, respectively; however, when alumina nanoparticles
were mixed with B25 blend in the fractions of 25 ppm and 50 ppm (B25AI25 and B25A150),
the cylinder pressures were 68 bar and 71 bar, respectively.

3.1.2. Heat Release Rate (HRR)

The HRR is computed as the combination of pressure work and the working fluid’s
change in internal energy [36]. The HRR is replicated by computing the chemical energy
of fuels and representing the rate of post-combustion heat energy [34]. The HRR achieves
its highest value at full load, demonstrating that as load grows, so does the rate of air and
fuel mixing, resulting in a higher measure of HRR during the premixed and mixing con-
trolled combustion phases. Due to its greater energy content than B25, diesel has a higher
heat release rate than B25.

Figure 4 displays the changes in HRR with a crank angle for all test fuels. At peak
power, the HRR reaches its maximum value. Diesel clearly has a larger HRR than B25 due
to its higher energy content; an increased HRR is obvious because of the rapid combustion
of diesel in the premixed stage, and biodiesel exhibited lower HRR. By incorporating na-
noparticles into biodiesel, oxidation is increased, resulting in improved combustion and
fewer deposits on the surface of the wall [28,34]. The HRR for nanoparticle-biodiesel
blends was also shown to be greater than those of biodiesel and diesel. The incorporation
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of Al2Os nanoparticles into B25 reduces the delay period and facilitates quicker combus-
tion initiation. At peak power, the HRR for diesel and biodiesel is 70 J/°CA and 65 J/°CA,
respectively, but the HRR for nanoparticles-biodiesel blends B25A125 and B25A150 is 71
J/°CA and 73 J/°CA, respectively. Basha et al. [35] established a similar pattern of results
when combining biodiesel with nanoparticles.

~
W

=)
(=)

[N
()]

W —E—B100A50

w
[—}

[y
)]

Heat release rate (J/ °CA)

-30 -20 -10 0 10 20 30 40 50 60 70
Crank angle (deg.)

Figure 4. Changes in HRR with crank angle.

3.1.3. Cumulative Heat Release

Figure 5 depicts the fluctuation in CHRR for various fuels with reference to CA at
peak load. The greatest CHRR was reported for B25A150 (636 J]/°CA), which is 11.2%, 7.4%,
and 7.6% greater than diesel, B25 and B25A125, respectively. The CHRR pattern of test
fuels revealed substantial fluctuation in the ignition delay period, resulting in excess fuel
storage during premixed combustion duration, resulting in higher CHRR levels. Maxi-
mum CHRR of diesel and B25 are 572 J/°CA and 592 J/°CA, respectively, and for B25A125
and B25A150, it is 617 J/°CA and 663 J/°CA, respectively. These findings were similar to
the earlier findings of Basha and Anand (2011) for biodiesel with nanoparticle mixtures.
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Figure 5. CHRR versus crank angle.

3.1.4. Ignition Delay

In terms of crank angle, the ignition delay is defined as the time between the start of
combustion and the start of injection into the engine. It depicts the whole pre-combustion
process at the beginning, and at the end, it shows fuel evaporation and vaporization, a
greater combining rate and its atomization of fuel [36]. Change in ignition delay as a func-
tion of load for all test fuels are fuels are illustrated in Figure 6. It indicates that, when
compared to all other fuel mixtures, diesel has a higher ID under all load conditions. At
peak load, the shortest ID is found for B25A150, which is 3 °CA, 2 °CA, and 1 °CA less
than diesel, B25, and B25A125, respectively. Furthermore, under peak load, B25AI25 has a
smaller ID than diesel and B25. Diesel had a longer ignition delay than the other test fuels,
whereas the alumina nanoparticles fuel mixtures had a shorter ID [21,34]. This would
happen because higher energy content with enhanced surface tension and concentration
offers improved atomization, leading to a lower delay period. At peak power, the ID for
diesel and B25 are 10 °CA and 9 °CA, respectively, but it is 8 °CA and 7 °CA for B25A125
and B25A150.
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3.1.5. Combustion Duration (CD)
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Figure 7 demonstrates the change in CD and brake power for all fuels. Due to the
turbulence of air motion throughout the cylinder and fuel properties, the combustion du-
ration was regulated by crank angle duration ranging from 10% to 90% mass burnt (Hey-
wood, 2018). At peak load, the combustion duration for diesel is 44 °CA and for B25 is 47
°CA, but it is 49 °CA and 46 °CA for B25AI125 and B25A150, respectively. When compared
to diesel, B25, and B25AI25, the combustion duration for B25A150 is shortened by 2 °CA,
5 °CA, and 3 °CA, respectively. It is also worth noting that at peak load, B25A125 has a
lower CD than diesel and B25. This reduction in combustion time might be attributed to
the increased surface area, which contributes to more oxidation of alumina nanoparticle
mixed biodiesel, resulting in improved combustion [21,28].
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3.2. Performance Analysis
3.2.1. Brake Thermal Efficiency

BTE is a measure of the amount of chemical energy of the fuel is converted into pro-
ductive work (Annamalai et al., 2016). BTE is influenced by heating value, and fuel usage
influences BTE [36]. Figure 8 depicts the change in brake thermal efficiency (BTE) with
regard to BP for diesel and biodiesel with nanoparticle combinations. It is noted that BTE
ranges from 13.4 to 32.5% for tested fuels. BTE for B25 ranges from 13.4 to 29.5% between
no load and peak load. BTE for diesel varies from 15.2 to 30.8% and varies from no load
and peak load. BTE improves with rises in load due to reduced heat transfer and greater
cylinder wall temperature. The BTE of B25 was lower than that of diesel owing to the low
energy content and higher viscosity of biodiesel, which leads to poor burning of fuel. Fur-
thermore, all biodiesel-nanoparticle combinations were shown to have greater BTE than
biodiesel mix. BTE for B25A125 rises from 13.9 to 30.3%, whereas BTE for B25A150 rises
from 15.8 to 31.2% at no load to peak load. This could be attributed to nanoparticle ab-
sorption in biodiesel mixtures, which causes additional atomization following the nano
explosion event of fuel mixing and facilitates entire combustion (Sivakumar et al., 2017).
Because nanoparticles-biodiesel mixture has a shorter physical delay, a faster evaporation
rate, a longer flame sustained, and a greater flame temperature, they improve BTE [35,37].
Moreover, Al2Os nanoparticles enhance combustion and BTE by lowering ignition latency
and boosting cylinder depth of penetration and mixture momentum in the combustion
chamber.
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Figure 8. Brake thermal efficiency versus BP.

3.2.2. Brake Specific Fuel Consumption

BSFC is a measure of fuel efficiency that indicates the ratio of consumption rate to
brake power. For engine operation, a lower BSFC level is preferred. The BSFC is a meas-
uring scale used to evaluate engine efficiency in converting thermal energy from a fuel
into required braking power [37]. Because of its lower energy content and higher kine-
matic viscosity, the B25 biodiesel blend has a greater BSFC than diesel. As a result, more
fuel must be used to provide the same amount of power. Figure 9 show that all four bio-
diesel-nanoparticle combinations had lesser BSFC than biodiesel mixture B25.
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The addition of 25 and 50 ppm of alumina nanoparticles with B25 reduces the BSFC
to 0.31 kg/kWh and 0.3 kg/kWh, respectively, compared to B25 (0.32 kg/kWh). The phys-
ical properties of nanoparticles are responsible for the reduction in BSFC, which provide
an excess of oxygen throughout the whole combustion process. The nanoparticles prevent
the development of carbon deposits, which reduces cylinder friction and, as a result of the
reduction in SFC [34]. Lower BSFC is also owing to the beneficial impact of Al2Os nano-
particles, which undergo catalytic oxidation reactions. Furthermore, the inclusion of alu-
mina nanoparticles in biodiesel mix increases the evaporation rates and improves bio-
diesel combustion. At full load, the BSFC of diesel, B25, B25A125, and B25AI150 is 0.29
kg/kWh, 0.32 kg/kWh, 0.31 kg/kWh, and 0.3 kg/kWh, respectively. Moreover, BSFC found
for B25A150 is 0.33% and 6.3% lower than diesel and B25, respectively, at maximum
power. Because of the increased oxidation of B25-nanoparticle mixes, these results are
equivalent to those reported by Annamalai et al. [30] when nanoparticles were enriched
with biodiesel mixture.

3.3. Emission Analysis
3.3.1. Carbon Monoxide Emissions (CO)

Carbon monoxide emissions are created as a result of the decreased oxygen present
during burning [30,34]. Figure 10 indicates the effect of CO emission with BP for diesel,
B25 mixture, and nanoparticle fuel mixes. Carbon monoxide is generated as a result of
poor fuel-air mixing, concentrated rich zones, and a shortage of readily available oxygen
for burning [36]. CO emissions vary between 0.04 and 0.07% from no load to full load for
the tested fuels. For B25, CO emissions vary from 0.3 to 0.14% between low loads and peak
power. Diesel CO emissions range from 0.05 to 0.14% between low loads and full load. As
seen in the graph, CO emission reduces with increasing up to 75% of the load but rapidly
jumps at peak load due to an increase in the higher injection of fuel, leading to poor burn-
ing. CO emissions produced by the B25 at full load are much lower than those produced
by pure diesel. This could be because the oxygen atom present in the fuel accelerates the
oxidation, resulting in better burning of biodiesel.
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Figure 10. Carbon monoxide versus BP.

At full load, CO emission of B25AI25 and B25A150 is 0.09 percent and 0.07 percent,
respectively. Furthermore, increasing the concentration of nanoparticles in biodiesel
mixes reduces CO emissions owing to the influence of catalytic response, which improves
biodiesel oxidation and results in full combustion. Additionally, this is owing to the ben-
eficial impact of Al2Os nanoparticles, which experience catalytic oxidation reaction, there-
fore empowering the air-fuel mixing rate. Furthermore, at peak load, the diesel engine
runs on biodiesel-nanoparticle combinations, which create reduced CO emissions as com-
pared to the B25 blend. This is because of additional oxygen in AI203 nanoparticles, which
improves oxidation and results in improved combustion and lower CO emissions.
[21,30,34]. At peak load, diesel, B25, B25AI25, and B25A150 had average CO emissions of
0.14%, 0.11%, 0.09%, and 0.07%, respectively. The CO emissions of B25A150 are 36% and
22% lower than B25 and B25A125, respectively, at maximum load.

3.3.2. Hydrocarbon Emissions (HC)

The main factors that influence HC emissions are spray behaviors, fuel qualities, and
air—fuel ratio; due to limited oxygen present during burning, HC emissions are generated.
Figure 11 illustrates the change of HC emission with brake power for diesel, biodiesel
blends, and their nanoparticle mixtures. At peak load, according to the graph, the HC
emission for the B25 is 28 ppm, while the diesel emission is 32 ppm. The addition of an
extra O2 molecule in the molecular structure promotes oxidation and, therefore, leads to
improved combustion, resulting in lower HC emissions. HC emissions from no load to
peak load range from 7 to 32 ppm for tested fuels. From no load to peak load, HC emis-
sions for diesel range from 11 to 32 ppm and for B25, it ranges from 9 to 28 ppm, respec-
tively. HC emissions for B25 are diminished by applying 25 and 50 ppm of alumina nano-
particles, lowering them from 8 to 24 ppm and from 7 to 20 ppm, respectively. Alumina
nanoparticles performed as oxidation catalysts, which boosted the HC oxidation resulting
in lower HC emission [37].
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Figure 11. Hydrocarbon emission versus BP.

Furthermore, when compared to biodiesel, biodiesel with nanoparticle mixture had
lower HC emissions (B25). HC emissions are 24 ppm and 20 ppm for B25 with 25 ppm
and 50 ppm alumina nanoparticle mixes, respectively. This is likely owing to an increased
surface to volume ratio, enhanced enzymatic performance, and better fuel-air mixing rate,
all of which result in a shorter ignition delay. In general, regardless of the proportion of
nanoparticles, HC concentrations were lower than diesel and biodiesel mixtures. The in-
clusion of additional oxygen in the nanoparticles speeds up biodiesel oxidation, resulting
in better combustion. The activation energy of nanoparticles in the mixes also burnt the
carbon deposits on the wall, leading to decreased HC concentrations (Prabhu and Anand
2016). At peak power, diesel, B25, B25A125, and B25A150 had average HC emissions of 32,
28, 24, and 20 ppm, respectively. Additionally, the HC emissions for B25A150 are 38, 29,
and 17 lower than diesel, B25, and B25AIl25, respectively, at peak power conditions.
Prabhu and Anand [21] discovered comparable HC emissions patterns with biodiesel-na-
noparticle combinations.

3.3.3. Nitrogen Oxide Emission (NO)

The main reason for NO generation is a longer residence period and a higher com-
bustion temperature [34]. Nitrogen oxides are nitric oxide (NO) and nitrogen dioxide
(NO2) gases involved in reacting chemically in the atmospheric air at elevated combustion
temperatures (Heywood 1998). Greater NOx emissions were produced as a result of
higher fuel injection to achieve high power, and the inherent O2 concentration contained
in biodiesel increases oxidation, resulting in an elevated peak temperature. The fluctua-
tion in NO emission with BP for diesel, biodiesel, and different dosages of nanoparticle
mixtures is depicted in Figure 12. For all test fuels, NO emissions were obtained in the
range from 214 to 1164 ppm. From the graph, NO emissions obtained for diesel in the
ranges from 214 to 872 ppm from 0 kW to 4.4 kW power. NO emissions for B25 range from
242 to 960 ppm between 0 kW and 4.4 kW power.
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Figure 12. Nitrogen oxide emissions versus BP.

NO emissions for B25 are reduced by the introduction of 25 and 50 ppm of alumina
nanoparticles, resulting in NO concentrations ranging from 268 to 1084 ppm and from 296
to 1164 ppm between no load and peak load conditions. Moreover, NOx concentrations
were minimized when the engine was run by biodiesel-alumina nanoparticle mixtures.
This is owing to the catalytic characteristic of Al2Os nanoparticles, which allows the inter-
action to be performed, and the end products to be produced with thermal degradation
of hydrocarbon molecules is kept to a minimum. The inclusion of nanoparticles speeds up
the combustion process by raising cylinder pressure and leads to higher combustion tem-
perature, which promotes the NO concentration [21,37,38]. At peak power, diesel, B25,
B25A125, and B25A150 had average NO emissions of 872, 960, 1084, and 1164 ppm, respec-
tively. Moreover, at peak power, the NOx for B25A150 was improved by 33%, 21%, and
7% as compared to diesel, B25, and B25A125, respectively.

3.3.4. Smoke Opacity

Because of the insufficient quantity of oxygen available for burning, smoke opacity
is formed [34,37]. Figure 13 illustrates the fluctuations in smoke with BP for all tested fuels.
The smoke opacity varied with increasing load, as shown in the figure, and smoke ranged
from 6 to 45% for all tested fuels. Smoke obtained for B25 ranged from 8 to 34% from zero
loads to maximum load of 4.4 kW, whereas for diesel smoke emissions ranged from 9 to
45% from low load to maximum load. Because biodiesel provides more fuel-borne oxy-
gen, which promotes oxidation, the smoke obtained for B25 is lower than diesel at peak
load [39-42]. At peak load, the smoke produced by diesel and B25 is 45 and 34%, respec-
tively.
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Figure 13. Smoke opacity variations against BP.

At peak load, combining 25 and 50 ppm of Al:Os nanoparticles to B25 decreased
smoke emissions by 7-25% and 6-20%, respectively. The inclusion of alumina nanoparti-
cles to B25 resulted in a reduction in ignition delay, improved evaporation, and enhanced
ignition properties [30]. The presence of excess oxygen in Al2Os nanoparticles serves as an
oxidation catalyst, resulting in a significant improvement in carbon oxidation and, as a
result, a reduction in smoke output. Furthermore, integrating nanoparticles with biodiesel
blend reduces the opacity of the smoke, enhances the evaporation, and enhanced fuel-air
mixing results in a shorter igniting delay and quicker oxidation of B25 mixture [37-39]. At
peak load, diesel, B25, B25A125, and B10025A150 have average smoke emissions of 45, 34,
25, and 20%, respectively. Moreover, at peak load, smoke for B25A150 was decreased by
56%, 42%, and 20% when compared to diesel, B25, and B25A125, respectively [39,43-47].

4. Conclusions

In the present study, rubber seed 0il methyl ester—diesel mix was mixed with alumina
nanoparticles at different dosage levels. The physical-chemical properties of biodiesel
were evaluated. The engine working characteristics of a DI diesel engine were examined.
The following conclusions were established obtained from the experimental observations.

Enhancing the BTE of B25 by 25 and 50 ppm of alumina nanoparticles boosts the BTE
from 0 to 30.3% and from 0 to 31.2%, respectively. Moreover, the inclusion of 25 and 50
ppm of alumina nanoparticles with B25 decreased BSFC compared to B25.

e Emissions of CO for B25 decreased to 0.09% and 0.07%, respectively, by using 25 and
50 ppm of alumina nanoparticles. Furthermore, introducing 25 and 50 ppm of alu-

mina nanoparticles to B25 diminished HC emissions from 24 ppm and 20 ppm, re-
spectively.

e Applying 50 ppm of alumina nanoparticles to biodiesel mixtures enhanced NO emis-

sion due to better heat capacity and enzymatic activity of nanoparticles as compared
to B25. The inclusion of alumina nanoparticles to B25 resulted in a shorter ignition
delay, improved evaporation, and lower HC emissions.

¢ Smoke opacity was decreased to 25% and 20%, respectively, by putting 25 and 50

ppm of aluminum nanoparticles to B25. The use of nanoparticles enhanced oxidation
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stability, heat capacity, and catalytic activity, all of which enhanced biodiesel com-
bustion.

e At peak load, using nanoparticles with biodiesel decreased ignition delay and en-
hanced the cylinder pressure and HRR. Furthermore, the inclusion of nanoparticles
in biodiesel decreased combustion duration owing to the higher surface area, result-
ing in increased fuel oxidation and hence better combustion.

e Opverall, the biodiesel blend with alumina nanoparticle mixed fuel combination may
be regarded as potential alternative fuels for usage in diesel engines. Nanoparticles
improve engine power while simultaneously lowering the engine’s specific fuel con-
sumption by decreasing the CO, HC, and smoke emissions.
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Abbreviations

CcI Compression ignition

BP Brake power

BTE Brake thermal efficiency
BSFC Brake-specific fuel consumption
CcO Carbon monoxide

CcO2 Carbon dioxide

HC Hydro carbon

NOx Oxides of nitrogen

HRR Heat-release rate

CRDI Common rail direct injection
1D Ignition delay

CD Combustion duration

P Injection pressure

IT Injection piming

bTDC Before top dead centre

ppm Parts per million

B25 25% Biodesel + 75% Diesel

B25Al125 25% Biodesel + 75% Diesel + 25 ppm of Alumina
B25AI25 25% Biodesel + 75% Diesel + 50 ppm of Alumina
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