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ABSTRACT

Biodiesel is considered one of the alternative replacements to fossil fuels. However, the major challenge asso-
ciated with its application in diesel engines is the higher level of NOy emissions. Fuel modification technologies,
where biodiesel is blended with various additives and fuels, have emerged as a distinguished method in recent
years to improve engine performance and reduce NOy. The study aims to reduce NOy emissions by fuel modi-
fication techniques. Five blends were prepared using Tucuma biodiesel along with ethanol, carbon nanotubes,
and eucalyptus oil. The prepared blends were deployed to a test bed engine at rated speed and by varying loads to
investigate performance, emission, and combustion characteristics. The results revealed that ethanol-blended
fuels such as DE10 and TB10E10 had reduced the NOy emissions by 51.37% and 9%, respectively, at lower
loads compared to diesel. Although the nanoparticle blend exhibited increased NOy emissions compared to
diesel, it demonstrated reductions of 4.1%, 4.56%, 7.2%, and 3.1% at loads of 25%, 50%, 75%, and 100%,
respectively, compared to TB10. The study highlights various tradeoffs observed between operating conditions
and engine parameters for the blends, as detailed in this research. The study found that blends TB10E10 and
TB10E10CNT20 exhibit improved performance close to that of diesel and reduced NOy and CO emissions
compared to that of diesel and TB10. The study recommends further exploring the impact of injection rates with
ethanol-blended fuels as they showed longer ignition delays since advancing the injection can create better
combustion with ethanol blends.

Abbreviations (continued)
NO Nitrogen monoxide
ASTM American Society for Testing and Materials NOy Nitrogen oxides
BSFC Break-specific fuel consumption RSM Response surface methodology
BMEP Brake mean effective pressure TB10 Tucuma 10%-+ Diesel 90%
BP Brake power TB10E10 Tucuma biodiesel 10% + Ethanol 10% +Diesel 80%
BTE Brake thermal efficiency TB10E10CNT20  Tucuma 10% + Ethanol 10% -+Diesel 80%+CNTs 20 ppm
Cco Carbon monoxides TB10E10Eul0 Tucuma 10% + 10% Ethanol +10% Eucalyptus +70% diesel by
CD Combustion duration volume
CNTs Carbon nanotubes TDC Top dead center
DE10 Diesel 90%-+Ethanol 10%
EGT Exhaust gas temperature
FAME Fatty acid methyl esters
HC Hydrocarbons
HRR Heat release rate
D Ignition delay 1. Introduction
KOH Potassium hydroxide
MFB Mass fraction burnt T . . .
MWCNTS Multi-walled carbon nanotubes Biodiesel has shown better replacement for fossil fuels in diesel en-
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transportation, and agricultural sectors to reduce greenhouse gas emis-
sions (Towoju, 2022). Recent research revealed that biodiesel reduces
about 78% of net carbon emissions compared to fossil fuel on its lifecycle
(Atadashi et al., 2010b; Gerpen, 2005). It also lowers emissions such as
carbon monoxide (CO), hydrocarbon (HC), sulfates, particulate matter
(PM), polycyclic aromatic hydrocarbons, and nitrated polycyclic aro-
matic hydrocarbons (Balat and Balat, 2010; Doppalapudi et al., 2021).
However, the primary concern with biodiesel is the elevated levels of
NOy emissions in comparison to those generated by fossil fuels. The
higher NOx emissions can impact human health and the environment
(Boningari and Smirniotis, 2016). For instance, nitrogen oxides diffuse
through the respiratory organs and disrupt the alveolar structures and
their function in the lungs (Sperber, 2012; Li et al., 2018). NOx emissions
also impact the environment, promoting the formation of photochemical
smog, acid rain, and ozone depletion (Guo et al., 2022). Hence, reducing
the NOx from biodiesel is one of the critical aspects that needs to be
addressed.

Biodiesel properties, including higher density, viscosity, and bulk
modulus, significantly influence NOy emissions and contribute to higher
fuel consumption (Azad et al., 2023a; Kose et al., 2021). At the same
injection duration, Szybist et al. (2007) observed more fuel consumption
with biodiesel than diesel because of higher bulk modulus. Compared to
diesel, biodiesel has a 12% lower energy content (lower heating value)
and is responsible for increased fuel consumption by 2%-10% to achieve
the rated power(Atabani et al., 2012; Balat and Balat, 2010). For
instance, Gharehghani et al. (2019) revealed an increased break-specific
fuel consumption (BSFC) for Waste fish oil blend and higher NOy at the
same condition (Gharehghani et al., 2017). Also, biodiesel contains
10%-12% oxygen in its structure, contributing to increased NOy emis-
sions (Atadashi et al., 2010a; Knothe, 2010; Demirbas, 2007). According
to Zeldovich’s mechanism, NO,, specifically nitrogen monoxide (NO), is
formed at elevated temperatures, where nitrogen in the air reacts with
oxygen and forms NO (Rajak et al., 2020). Air contains 78% nitrogen
and 21% oxygen, and further adding biodiesel oxygen percentage to the
total combustion will cause higher NOx with biodiesel than diesel (Hao
etal., 2021). Other factors such as higher cloud points, cetane index, and
pour points of the biodiesel fuels are also responsible for the higher NOy
due to reduced ignition delay and cold start conditions (Tong et al.,
2011; Jena et al., 2010). The fuel properties vary depending on the
feedstock type, and several authors have researched blending biodiesel
with other oxygenated fuels to reduce harmful NOy emissions (Elkelawy
et al., 2019; Shahir et al., 2015a). For example, Rahman et al. (2018),
blended orange oil with diesel, noticed an increased heating value of the
total blend, and reported reduced NOy. In another study, Rahman et al.
(2019) observed that the Eucalyptus-diesel blend showed reduced NOx
compared to the orange oil-diesel blend at full load conditions. Recent
studies also revealed that adding essential oils has affected the fuel’s
physiochemical properties and impacted NOy emissions (Butkus et al.,
2007; Purushothaman and Nagarajan, 2009). Furthermore, adding al-
cohols (oxygenated fuels) is one of the methods to improve the biodiesel
blend’s physical properties and reduce NOyx emissions (Azad et al., 2016;
Rahman et al., 2017).

Ethanol is widely used as a transportation fuel due to its low viscosity
and good cold-flow properties (Wei et al., 2018; Datta and Mandal,
2017; Hulwan and Joshi, 2011; Halder et al., 2019). For instance, Paul
et al. (2017) reported that The addition of 15% ethanol to Pongamia
biodiesel resulted in decreased viscosity and demonstrated improved
fuel atomization, leading to higher in-cylinder pressure and a higher
heat release rate (HRR). Ethanol contains approximately 34% oxygen
content by weight and can be produced from renewable sources (Mir-
hashemi and Sadrnia, 2020). The lower heating value of the ethanol
escalates fuel vaporization inside the chamber and reduces the com-
bustion temperatures (Shahir et al., 2015b; Ashok et al., 2019). Ac-
cording to Vergel-Ortega et al. (2021), there was a decrease in NOy by
5% and 8.3% when the ternary blend (palm, sunflower oil, and diesel)
was mixed with 2% and 4% ethanol. In addition, Guarieiro et al. (2009)
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observed a decrease in NOy emissions by 30% and 84% at 1800 rpm and
2000 rpm with the addition of 10% ethanol to the diesel blend. Several
studies revealed that decreased NOy emissions are possible with the
biodiesel and ethanol blends (Wei et al., 2018; Datta and Mandal, 2017;
Saleh and Selim, 2017; Alptekin et al., 2015; Zhu et al., 2010a; Yilmaz
and Sanchez, 2012; Yilmaz et al., 2014; Shanmugam et al., 2011; Fer-
reira et al., 2013). However, some studies have shown increased NOy
emissions with the biodiesel and ethanol blends (Emiroglu and Sen,
2018; Alptekin, 2017; Hulwan and Joshi, 2011; Turkcan, 2018; Shi
et al., 2005; Shi et al., 2006; Barabas et al., 2010). There is a delicate
tradeoff with the combustion parameters that affect the NOx emissions
with ethanol-biodiesel blends. On the other hand, adding nanoparticles
to biodiesel fuels has improved the combustion rates, revealed better
performance and reduced NOy (Annamalai et al., 2016; Basha and
Anand, 2011, 2014; Banapurmath et al., 2014).

Carbon nanotubes (CNTs) as additives to biodiesel have improved
combustion characteristics due to their high thermal conductivity and
high energy density (Zhu et al., 2010b). For instance, Heydari-Maleney
et al. (2017) it investigated the effect of CNTs on biodiesel blends. This
study reported an increase in brake thermal efficiency (BTE) by 13.97%
and reduced the CO, HC and soot emissions by 5.47%, 31.72%, and
6.96%, respectively. El-Seesy et al. (2017) conducted engine tests with
Jatropha biodiesel by blending it with CNTs, and the study reported that
a dose level of CNTS with 20 mg/1 with Jatropha B20 has reduced NOx,
CO, and UHC by 35%, 50%, and 60%, respectively (El-Seesy et al.,
2017).

Much work has been done on biodiesel-ethanol blends; still, there is
limited useful literature comparing the NOy emission reduction among
modified blends. The novelty of this study lies in its comprehensive
comparison of different modified biodiesel blends and their effective-
ness in reducing NOx emissions. The study specifically examines bio-
diesel blends by blending the biodiesel with ethanol, carbon nanotubes,
and eucalyptus oil offering a unique perspective on how these additives
interact and influence emission characteristics. The study has chosen a
10% ethanol blend ratio as suggested by the authors Khoobbakht et al.
(2016) and Vergel-Ortega et al. (2021). From the experimental studies
conducted by Hosseini et al. (2017), Suresh et al. (2023) and Venkatesan
et al. (2023), NOy emissions were found to increase with the increase in
CNTs concentrations in the blend. The experimental tests conducted by
Najafi and Shadidi (2024) and Solmaz et al. (2021) with CNT 25 ppm
and Murugesan et al. (2023) with CNT 20 ppm as additives to the bio-
diesel showed reduced NOy compared to the higher quantities of CNT
concentrations in the blend. Hence, CNTs at 20 ppm were added to the
biodiesel-ethanol blend to study the effects of combustion variations in
diesel engines to reduce NOx. Moreover, pure eucalyptus oil (10% by
volume) is added to the biodiesel ethanol blend to examine the impact of
fuel oxygen content on NOx emissions. The study has extracted some
valuable conclusions from the blends by incorporating combustion
patterns, fuel exergy, and energy analysis into NOy emissions.

2. Materials and methods
2.1. Materials

This study investigated the impact of various biodiesel blends and
additives on diesel engine performance, emission, and combustion. The
following is the detailed list of materials utilized in the study. Tucuma
bio-oil was acquired from a USA-based supplier, Nature In Bottle, and it
was converted to biodiesel using a transesterification process. High-
grade potassium hydroxide (KOH) and methanol were obtained from
Westlab Pty. Ltd. Australia to conduct the transesterification reaction. In
addition, blue gum Eucalyptus is purchased from Australian Wholesale
Oils to prepare the blends. Furthermore, multi-walled nanotubes
(outside diameter ~10-20 nm) with 99% purity were obtained from the
Carb lab tech supplies for the blend preparation. Furthermore, ethanol is
supplied by local supplier Sydney Solvents and diesel fuel is obtained
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from the Ampol Petroleum Company and used for engine operations and
biodiesel blend preparations.

2.2. Biodiesel conversion and blend preparation method

Tucuma bio-oil is converted to biodiesel using the transesterification
process (Bhuiya et al., 2015; Azad, 2017). To achieve higher yields, the
transesterification reaction was carried out in optimized conditions
using the response surface methodology (RSM) technique. The RSM
technique, coupled with the Box- Behnken design, is generated to record
high-order responses using four parameters: time, temperature, catalyst
concentration, and methanol ratio. A total of 27 test runs were con-
ducted to optimize these four parameter references, and an optimized
condition was recorded at 7:1 methanol to oil molar ratio, 0.5% (w/w)
KOH catalyst amount, 70 min reaction time, and 53 °C temperature
conditions. After the reaction, glycerol was separated from the mixture,
and the remaining biodiesel was water-washed using demineralized
water. The washed biodiesel was then heated at 110 °C to remove any
water particles present in the fuel, and finally, the pure biodiesel was
extracted with 99.6% yield at the optimized condition.

The fatty acid methyl esters (FAME) analysis is carried out as per
AOCS Ce 1a-13 standards using gas chromatography (GC) and mass
spectrometry testing equipment. The GC test results show the Tucuma
biodiesel contains mainly oleic (44.87%), palmitic (25.69%), linoleic
(12.56%), and stearic (11.8%) fatty acids. The physicochemical prop-
erties of pure biodiesel samples were tested by following the corre-
sponding American Society for Testing and Materials (ASTM) standards
and are presented in Table 1.

Five blends were prepared by varying the blend percentages and
keeping the baseline fuel as diesel. All the blends were prepared in
percentage volume that means DE10 (10% Ethanol + 90% diesel by
volume), TB10 (10% Tucuma +90% diesel by volume), TB10E10 (10%
Tucuma +10% Ethanol + 80% diesel by volume), TBI0E10CNT20 (10%
Tucuma +10% Ethanol + 20 ppm of CNTs + 80% diesel by volume) and
TB10E10Eul0 ((10% Tucuma +10% Ethanol +10% Eucalyptus + 70%
diesel by volume). The diesel, biodiesel, and ethanol blends were pre-
pared in a batch of 4 L using a 5-L conical flask with the help of a
magnetic stirrer. Except for the CNTs blend mixture, all the blends were
stirred for 60 min by maintaining stirrer speed at 500 rpm with tem-
peratures ranging around 26 + 1.5 °C. The blends were stored in closed
containers for 12 h to verify the layer separation and no layer separation
was recorded. In the case of CNTs, intense blends were prepared over-
night by maintaining the stirrer speed at 700 rpm and used promptly to
avoid any settling of CNTs in the blend. The physicochemical properties
of the prepared blends were also presented in Table 1.
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2.3. Engine experiment setup and test details

Fig. 1 illustrates the schematic representation of the engine test rig
operated by the data acquisition system. The engine tests were per-
formed on a 4-cylinder, four-stroke Kubota V3300 commercial engine
and the technical specifications are presented in Table 2. The engine was
connected to an eddy current dynamometer, which was used as the
loading device. Engine torque, speed, and mass flow rates are measured
during the test, and the engine performance parameters, including brake
power (BP), brake thermal efficiency (BTE), brake specific fuel con-
sumption (BSFC), and brake mean effective pressure (BMEP), were
evaluated using standard equations. A standalone piezoelectric pressure
transducer (H32218-GPA, Optrand, MI, USA) was mounted on the cyl-
inder head to gauge the pressure inside the chamber. The pressure was
recorded as the average of a hundred consecutive cycles (cycle refers to
0 °CA to 720 °CA) and was delivered with respect to the degree crank
angle. The emissions were measured using a CODA (Andros 6241A,
California, USA) exhaust gas analyzer. The equipment uses nondisper-
sive infrared technology and measures emissions such as CO, CO5, HC,
and NOy accurately and instantaneously. The measuring range and ac-
curacy of the instrument are detailed in Table 2.

The test experiments were carried out using the SAE J1995 engine
test standard, where the engine was kept operated at a constant speed of
2400 rpm, and the load were varied as 25%, 50%, 75%, and 100% load.
The engine was kept running for 10 min in each test condition before the
data was recorded to ensure its stability. After each run, the leftover fuel
was pumped out from the tank, and new fuel was sent to the cylinder. At
least three sets of data were recorded for each operating condition of the
experiment at different time intervals to ensure the precision of the
recorded data.

2.4. Associated theories and equations

The following performance and combustion parameters are used for
the analysis.

1) Brake power (BP) is the power accessible at the engine shaft output,
and the engine BP can be calculated using equation (1) (Odibi et al.,
2019).

27aNT

~60x1000 W) .

Where BP is in kW, T is the engine’s torque in N.m, and N is the
engine speed in rpm.

Table 1
Fuel properties of Tucuma biodiesel fuels as per ASTM standards.
Property Test Tucuma ASTM D6751 Diesel DE10 TB10 TB10E10 TB10E10CNT20 TB10E10Eul0
reference biodiesel standard biodiesel blend blend blend blend blend

Density (15 °C) in ASTM D1298 879.1 860-890 832 870.19 874.39 865.2 865.48 868.87
kg/m3

Viscosity (40 °C) in ASTM D445 4.0 1.9-6.0 mm?/s 4.1 3.71 4.01 4.04 4.04 3.64
mm?/s

Calorific value in ASTM D240 39.87 - 41.77 40.293 41.58 43.4446 43.439387 37.711
MJ/kg

Cetane index ASTM D613 48.2 Min™ 47 44 - - - - -

Flashpoint (°C) ASTM D93/ 186 Min™ 100 62 43.38 47.78 46.82 46.81 42.54

1P 34

Acid value ASTM D664 0.47 - - - - - - -
(mgKOH/g)

Carbon % 85.10 76.59 81.80 84.25 87.76 87.77 80.14

Oxygen % 0.00 0 3.47 1.24 4.71 4.71 5.84

Hydrogen % 14.80 11.05 14.63 14.43 15.44 15.44 13.95

o/C 0.00 0.16 0.04 0.01 0.05 0.05 0.07

H/C 0.17 0.14 0.18 0.17 0.18 0.18 0.17
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Fig. 1. Engine test setup and testing instruments.

Table 2
Specification of the engine with an eddy current dynamometer and emission
analyzer.

Engine Specification Accuracy of emission analyzers

Engine model Kubota V3300 Parameter Accuracy
(range)

Type Vertically water- 0O, (0-25%vol) +0.1 %

cooled abs

Number of cylinders 4 NOy (0-5000 +20 ppm
vol ppm) ab

Bore x stroke (mm) 98 x 110 HC (0-3000 +4 ppm ab
ppm vol)

Total displacement and 0.003318 m® and CO (0-15%vol) +0.02 %

compression ratio 22.6:1 abs
Injection timing and 16 °CA BTDC and CO, (0-20%vol) +0.3 %
injection pressure 13.73 Mpa abs

2) Brake thermal efficiency (BTE) is the amount of work produced from
the fuel energy supplied and is estimated from equation (2) (Nabi
et al., 2019b).

BP

BTE=
my x Fuel calorific vale

(%) ()
Where my is the mass flow rate of the fuel in kg/hr.

3) Brake-specific fuel consumption (BSFC) is the fuel consumption rate
with respect to engine power, and it can be calculated using equation
(3) (Odibi et al., 2019).

my

BSFC=
SFC BP

(kg / kW.h) 3)
4) Brake mean effective pressure is estimated from equation (4).
BP x 60

BMEP = (bar) @
LxVx (%’) x No. of cylinders x 100

Where L denotes the stroke length (m), V represents the piston vol-
ume (m?), N is the rotational speed, and n is 2 for four-stroke engines.

5) The in-cylinder heat release rate (HRR) is determined from the
pressure values utilizing the first law of thermodynamics, as repre-
sented in equation (5) (Kishore et al., 2024; Azad et al., 2023b; Nabi
et al., 2019a).

dQnet  y dv 1 dP( J ) )

o y-1Pda ;-1 "a \Cca

Where Qp, represents HRR (J/°CA), y is the ratio of specific heats, p
denotes the in-cylinder pressure at the given crank angle (Pa), and v
represents the in-cylinder volume in (m>).

6) Mass fraction burnt (MFB) inside the cylinder helps to identify the
start and finish of the combustion, and it can be calculated using
equation (6) (Mendera et al., 2002; Yin et al., 2023).

> 0Ar
MFB =2 6
STA, (6)

where Ap is the pressure rise during the combustion, and “n” is the
number of crank angle intervals between the start and finish of
combustion.

2.5. Energy and exergy analysis

2.5.1. Fuel energy analysis

In this analysis, the energetic efficiency and energy loss will be
determined by the balance of input and output masses and energies in a
control volume system. Using the first law of thermodynamics, the
steady state of a system is presented in equation (7).

Energyin = Energyou @

In a diesel engine, the input energy amount of fuel energy supplied and
has been expanded in equation (8).

E,;n = mf X LHVf (8)

Where m fis the mass of the fuel, and LHV is the calorific value of the fuel

The generated power is primarily intended for power generation
purposes. Any outputs other than power generation are categorized as
losses. The output energy produced is distributed among brake power,
cooling water system, exhaust gases and unaccounted losses. The un-
accounted energy is the loss, which is any output other than the power
generated. The output energy is expressed in equation (9).

Eaut = EBP + E(:w + Eeg + Eu.naccounted (9)

Where Egp is the shaft power can be calculated using Equation 10

_2XmxXNxT

Egp = 60,000 aon
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Where N is the speed in rpm, T is the engine torque in N.m.
The heat energy distributed to the cooling water (Eqy) and exhaust
gases (Eeg) is calculated using equations (11) and (12).

Eoy =11 X Gy () X AT an
Where m, is the mass flow rate of the cooling liquid and CP,, is the heat
capacity of the coolant liquid, and AT is the difference between the inlet
and output temperatures of the cooling pipe.

Eeg = (Tfla +mf) X Cp (eg) X AT (12)

Where CP(,y) is the heat capacity of the coolant liquid.

2.5.2. Exergy analysis

The quality of the energy transfer can be characterised using the
exergy analysis (Krishnan and Rajkumar, 2022). Exergy is the energy a
system possesses, and the exergy balance can be calculated using
equation (13) for the given control volume.
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was determined using equation (15) (Odibi et al., 2019).

EXchem =1.0401 +0.1729 (%I) +0.0432 (g) +0.2169 (ﬁ)

() C

2.6. Uncertainty analysis

(15)

Verifying measured data uncertainty involves evaluating both the
uncertainty of the measuring equipment and the system’s accuracy.
Various factors contribute to uncertainties, such as instrument mal-
functions, calibration inaccuracies, test environment conditions
(whether steady-state or unsteady-state), testing methodologies, and
data interpretation. The total uncertainty accounts for the combination
of all individual uncertainties related to the parameters under investi-
gation. The overall percentage of uncertainty was determined using
equation (16) (Sharma and Murugan, 2015; Mosarof et al., 2016;
Manimaran et al., 2023; Venu et al., 2022; Azad et al., 2023b).

Us = \/Urc® + Ussic® + Usrs® + Usc® + Uco,” + Uco® + Uno,” + U® + Ucerg” + Usnr” + Urina®

= \/ (0.10)* + (0.70)* 4 (0.90) + (0.30)* + (0.02)* + (0.80)* + (0.10)* + (0.8)> + (0.0.6)> + (0.9)* N

Exe?‘g)’ in — Exergy out = EXestruction (1 3)

Exergy is the input exergy from the fuel and can be calculated using
equation (14) (Nabi et al., 2020).

Exergyin =my X LHVpg X EX€rgy chem 14

where, Exergy yem is the chemical exergy associated with the fuel, which

Pressure (bar)
64.6

56.3

,=+1.8% (16)

(0.05)

3. Results and discussions
3.1. Emission analysis
3.1.1. Effect of NOy emissions concerning loads
Fig. 2 illustrates the percentage increase and decrease in NOy emis-

sions compared to diesel fuel. The difference in NOy emission rates is

MFB (%)
1.00

z . 56.3 bar &6 o T Ta0mm -
B 39.7 TBIO| Peak [ ) ooy g
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Crank angle (°CA)

Fig. 2. Variation of NOy emissions with respect to loads correlates with HRR and MFB combustion parameters at lower load conditions.
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higher between low and high loads. Mainly, Fig. 2 highlights the cyl-
inder pressure and MFB contours of DE10 and TB10 at 25% load as they
have shown higher and lower NOy than diesel and other blends. At 25%
loads, the highest decrease in NOy is noted with DE10 (51.37%), fol-
lowed by TB10E10 (9%) and TB10E10Eul0(1%), respectively. The
TB10 and TB10E10CNT20 showed increased NOx by 28.4% and 23%,
respectively, compared to diesel. It is because the in-cylinder thermal
state is poor at low loads, and combustion efficiency decreases (Ma et al.,
2024; Pedrozo et al., 2016). The MFB plots show higher mass fractions
are noticed for TB10 than DE10 MFB. Fig. 2 shows higher peak HRR and
pressure values are noted for TB10 compared to DE10; this indicates that
unregulated rapid combustion occurs at a lower load with a biodiesel
blend. Hence, TB10 showed higher NOy compared to all other fuels at
lower loads. Besides, adding ethanol to the TB10 has decreased the NOx
compared to normal TB10. The main reason behind this is the presence
of ethanol, which has created a cooling effect inside the chamber and
reduced NOy (Shahir et al., 2015b). Because of the high latent heat of
vaporization, ethanol absorbs heat from the chamber during fuel at-
omization and vaporization, reducing the combustion temperatures
(Paul et al., 2016, 2017). Similar results were also noted by Guarieiro
et al. (2009), He et al. (2003) and Agarwal (2007). Followed by TB10;
TB10E10CNT20 showed higher NOy at all loads. Though the addition of
CNTs showed reduced NOy compared to TB10, the emissions are higher
with the ethanol blend TB10E10. For example, Elkelawy et al. (2023)
observed a decrease in NOy by adding CNTs to the biodiesel blends (B40)
compared to their respective normal biodiesel blends test runs. More-
over, less NOy is also noticed when Eucalyptus oil is added to the blend.
This is mainly due to the lower heat release (refer to HRR graph Fig. 10)
rates caused by poor combustion. The lower calorific value (as per
Table 1) of the blends have caused lesser heat release rate (Devan and
Mahalakshmi, 2009).

A higher magnitude of NOy is observed at higher loads, as shown in
Fig. 3. The higher NOy is observed for TB10 (315 ppm), followed by
TB10E10CNT20 (305 ppm), TB10E10 (294 ppm), diesel (291 ppm),
TB10E10EulO (281 ppm) and DE10 (270 ppm). Higher NOy at high
loads is mainly due to the difference in the thermal state of the in-

Pressurc (bar)
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cylinder atmospheric conditions, which increases the combustion
flame temperature. The TB10 and diesel showed higher heat release
rates, but TB10 showed higher NOy than diesel. The higher NOy is
mainly due to higher amounts of fuel getting injected, increasing the
oxygen inside the chamber (Graboski and McCormick, 1998). For
instance, Zhu et al. (2013) observed a decrease in NOy emissions with a
decreased intake of oxygen concentration. Fig. 3 shows higher mass
fractions are noticed for the TB10 compared to DE10. Moreover, the
mass fractions are higher at 100% load compared to 25% load (Figs. 2
and 3). From the numerical analysis conducted by Doppalapudi and
Azad (2024), NO emissions are directly correlated with the mass frac-
tions inside the chamber. Their simulation results revealed that high NO
concentrations were observed in the fuel mass fraction regions. Hence,
higher NO concentrations are observed near the high fuel mass fractions
at 100% load. After the fuel injection, the liquid fuel phase gets con-
verted to the vapour phase, where the fuel will be distributed more
extensively (Li et al., 2011; Doppalapudi et al., 2023a). However, with
high loads, the time available for this phase change through fuel at-
omization and evaporation is less and causes rapid combustion (Palash
et al., 2013). During the rapid combustion, higher flame fronts formed
across the cylinder and caused higher NOx emissions (Geng et al., 2017).
Despite the higher oxygen availability in the TBIOE10EulO blend, it
showed lesser NOyx than diesel, TB10 and TB10E10 due to prolonged
premixed combustion. As shown from the HRR graph (Fig. 13) at 100%
load, TB1OE10EulO0 peak HRR is noticed after TB10, which has
increased the premixed combustion period. Hence, the prolonged pre-
mixed combustion has reduced the NOy emissions. Azad et al. [51]
presented that the NOy generation rate mainly happens during the
premixed combustion period. Similar results are also noted in the studies
where high-oxygenated blended fuels showed reduced NOyx emissions
(Mao et al., 2011; Nabi, 2010; Sendzikiene et al., 2006). Hence, factors
like ID, mass fractions and premixed combustion play a significant role
in NOy emissions.

3.1.2. Effect of ignition delay (ID) on NO, emissions
Fig. 4 presents the effect of ID on NOy emissions with respect to
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Loads. At first, ID increased at 50% loads and then decreased at 75%
loads, again decreasing at 100% load. A similar trend with the ID is also
presented in the previous study conducted by Yoon et al. (2022). Higher
ID is observed at 50% loads because the chamber conditions are ineffi-
cient for complete combustion. Factors like low compression tempera-
tures, lower air-fuel turbulences, and decreased fuel evaporation rate
have reduced the in-cylinder temperatures and increased the ID period
(Mustayen et al., 2022). At lower loads, a longer ID is noted for DE10.
Higher latent heat of vaporization of ethanol prolongs the ID by limiting
the peak temperature formation inside the chamber and reducing the
NOy emissions. At the same time, as shown in Fig. 5, CD is lower for the
DE10, and reduced CD revealed lower NOy. From the review conducted
by Doppalapudi et al. (2023b) stated that reduced NOy is observed with
fuels that showed longer ID and shorter CD. On the other hand, shorter
ID and more extended CD are noted for the TB10E10Eu10, and NOy was
reduced at all loads. Besides, shorter ID is observed for the
TB10E10CNT20 compared to TB10 and TB10E10, where the higher
combustion temperatures and pressures build during the premixed
stages and increase the NOy emissions. For instance, Ooi et al. (2023)
conducted engine tests by blending palm oil with multi-walled CNTs at
varying speeds. The study reported that with the addition of CNTs, ID
was reduced, and NOy was increased by 21% with the addition of 25
ppm to the B20 blend. Solmaz et al. (2021) reported that MWCNTs
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conductivity is 2000 times greater than that of diesel, promoting faster
fuel evaporation. Consequently, as the concentration of MWCNTs in the
fuel blend rises, the mixture preparation improves by shortening the ID,
leading to increased NOy levels (Gharehghani and Pourrahmani, 2019).
An increase in NOy emission with the addition of MWCNTSs to the bio-
diesel was also reported in Solmaz et al. (2023), Kocakulak et al. (2023)
and Hosseinzadeh-Bandbaftha et al. (2023). However, Elkelawy et al.
(2023) revealed that the addition of CNTs has dramatically reduced NOx
emissions because of lower CD, which has reduced the residence time of
the combustion.

3.1.3. Influence of performance parameters on NO, emissions

Fig. 6 presents the relationship between performance characteristics
and NOy emissions with respect to engine load conditions. As shown in
Fig. 6 (a), NOy emissions increase with the increase in fuel-specific
chemical exergy. For all the fuel blends, NOy emissions increased with
the increasing BMEP to 6 bar and started decreasing with the growing
BMEP (Fig. 6 (b)). Lower NOy for DE10 is due to the lower pressures
developed at lower BMEP, which has reduced the HRR. Similar results
were also reported in by Chen et al. [75] at 1000 rpm with varying BP.
Fig. 6(c) depicts the relation between the BSFC and NOy emissions,
where the NOy emissions are proportional to the specific fuel con-
sumption. DE10 has shown less consumption at low loads; hence, lower
ranges of NOy are observed. Fig. 6(d) presents the relationship between
EGT temperatures and NOy emissions. As stated before, NOy emissions
are formed mainly because of the in-cylinder temperatures caused by
rapid combustion. The study considered the EGT as the peak cylinder
temperatures inside the chambers at the respective loads to correlate the
relation between the EGT and NOy emission. Both EGT and NOy increase
with increasing loads. TB10 showed higher EGT and higher NOy at all
loads, whereas diesel showed higher EGT at 75% of loads and less NOx
than TB10. This is mainly due to higher oxygen content in the com-
bustion chamber with TB10 than diesel. On the other hand,
TB10E10Eul0 has higher oxygen content among all the fuels; however,
their NOy emissions are lower. Here, the combustion rates, such as
shorter ID and more extended CD, prolonged the premixed combustion
and decreased the NOy emissions.

3.1.4. Tradeoff between CO and COz emissions

Fig. 7 demonstrates the percentage change in CO and CO; emissions
compared to diesel at different load conditions. Ethanol blended fuels
showed higher CO emissions at low load conditions; the emissions
decreased with the increasing load. At 25% load, ethanol blended
samples such as DE10, TB10E10, TB10E10CNT20, and TB10E10Eul0
have showed increased CO by 196%, 50.3%, 19.39%, and 55.15%,
respectively, compared to diesel. TB10 showed reduced CO at all loads;
however, at high loads, the CO emissions increased by 41%. The main
reason is that the higher acid value of the Tucuma has caused higher CO
emissions. Higher CO emissions with CNTs and Eucalyptus blends were
noticed at 25% loads with the Tucuma-ethanol blends. The presence of
CNTs in the fuel has increased the combustion rate and has reduced the
CO emission at higher loads. At higher loads, increased CO, emissions
are noted for all the fuels because at higher temperatures, CO emissions
oxidized to form CO, (Binboga, 2022). Diesel fuel emits higher CO
emissions due to the absence of oxygen in its structure, but the addition
of ethanol (35% oxygen content by weight) has shown an increase in CO
emissions at 25% 50%, and 75% load conditions. This demonstrates the
effect of heating value on the emissions. As discussed before, due to the
lower heating value of the ethanol, at low loads, the combustion tem-
perature is lower, hence the higher CO emissions. As a result, lower CO2
emissions are noticed with the ethanol blends. Similar behaviour was
also observed with the TBIOE10Eul0, where higher CO emissions are
noticed at lower loads and decreased with the increasing loads.

3.1.5. Variation of HC emissions with varying loads
Fig. 8 presents the variation of HC emissions for different biodiesel
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fuels compared to diesel fuel. Higher HC emissions are noticed with the
DE10 blend at low loads, decreasing with the increasing load. Compared
to diesel, HC emissions are increased for DE10 by 333%, 125%, 50% and
25.2% at 25% load, 50% load, 75% load and 100% load conditions.
Mofijur et al. (2015) observed an approximately 500% increase in HC
emissions with 15% ethanol blended fuel compared to the standard
diesel. Similar behaviour is also noticed in the studies of Ferreira et al.
[77] and Fang et al. (2013). A reverse trend is seen with the
TB10E10Eu20, TB10E10 and TB10E10CNT20 blends, where the HC
emissions increase with the increasing load conditions. TB10E10
showed a 50% increase in HC at 25%,50% and 75% load conditions; at
100% load, a 75.2% increase in HC emissions is noted compared to
diesel. At higher loads, a 150% increase in HC emissions is noticed for
the TB10E10Eul0 blend compared to diesel. The presence of lower

TB10E10CNT20
B 1B10E10Eu10

HC emissios ratio with diesel (%)
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Fig. 8. Variation of HC emissions with respect to loads.

active radicles in the blend and limited time availability for the com-
bustion at higher loads have caused an increase in HC emissions. In the
previous studies conducted by Rahman and Fattah (2023) and Gad et al.
(2021), the addition of pure essential oils has reduced HC emissions
compared to diesel. However, in this study, the increased emissions with
pure essential oil blends are due to mixtures of turmeric, ethanol,
eucalyptus, and diesel fuel. The fuel’s higher density and lower calorific
value have affected the hydrocarbons thermal breakdown, thereby
increasing the HC emissions.
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3.2. Combustion analysis

3.2.1. In-cylinder pressure analysis

Fig. 9 illustrates the variation of cylinder pressure for the tested fuels
at 25% load, 50% load, 75% load and 100% load conditions. The figure
shows that two peaks are noticed for the pressure curves, where the
maximum peak is seen at 360 °CA (when the piston is at TDC), and the
second peak is caught during the combustion stroke. Among all, DE10
showed lower peak pressures at 25% load, and DE10 showed higher
pressures across the combustion stroke. As mentioned earlier, adding
ethanol has reduced the in-cylinder pressures due to the vaporization
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Fig. 11. Comparison of HRR at 50% for different fuel blends.

cooling of ethanol. Similar results are also observed in studies Tsang
et al. (2010) and Padala et al. (2013). At 50%, 75% and 100% test load
conditions, DE10 showed lower pressure rates during the combustion
stroke than all other fuels. At 25% load, DE10 and TB10 showed similar
peak pressures of 57.15 bar and 57.45 bar, respectively. However, with
the increasing loads, biodiesel blends such as TB10, TB10E1O,
TB10E10CNT20 and TB1OE10EulO showed higher peak pressures
compared to diesel and DE10. For instance, the second peak pressures at
50% load are in the order of TB1I0E10CNT20 (59.78 bar), TB10(59.26
bar), TB10E10Eul0 (57.64 bar), TB10E10 (56 bar), diesel (55.20 bar)
and DE10 (42.14 bar), respectively.
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3.2.2. In-cylinder heat release rate (HRR) analysis

Figs. 10-13 illustrate the heat release rates for diesel and biodiesel in
different blends. As depicted in Figure 10, a higher heat release rate is
noticed for the diesel fuel 268.5 J at 373°CA. At lower loads, the in-
cylinder combustion temperatures are low, which makes it difficult for
the biodiesel blends to get combustible. Following diesel,
TB10E10CNT10 showed peak HRR at 254.7 J at 376°CA. The presence
of CNTs has increased the combustion rates; however, the mixture
showed a longer ID due to the ethanol blending. Rajpoot et al. (2023)
observed reduced ID with the addition of CNTs to soybean biodiesel
compared to diesel. This is due to the higher thermal conductivity of
CNT nanoparticles, which has enhanced the combustion process. Both
DE10 (203 J/°CA) and TB10E10 (200 J/°CA) have shown reduced peak
HRR and longer ID compared to all the tested blends. As shown in
Fig. 11, higher heat release rates are noticed for the TB10 (306.5J at 373
°CA) and TB10E10Eu10 (311 J at 376 °CA) compared to diesel (279 J at
377 °CA) and other blends at 50% load conditions. Early start of com-
bustion (SOC) is noticed for TB10 and TB10E10EulO compared to
diesel. This advancement in SOC is mainly due to higher oxygen content,
fewer aromatics, and a higher cetane number in the biodiesel blends

10
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(Rodriguez et al., 2011; Kuti et al., 2013). Similar results were also re-
ported by Oztiirk and Can (2022) at low and partial load conditions,
where advancements in ID is noticed for biodiesel blends compared to
diesel.

DE10 showed higher HRR rates at higher loads as the combustion
improved for ethanol blends at higher loads. At 75% load (Fig. 12), peak
HRR is noticed for DE10 295.2 J at 378 °CA with a longer ignition delay.
Lower cetane number of the ethanol prolonged the ID period. Due to the
higher temperature conditions at high loads, the prolonged ID provides
time for the premixed combustion and increases the HRR. Similar results
are also reported by Zhu et al. (2011) and Kumar et al. (2006).

3.3. Fuel exergy, energy and performance analysis

3.3.1. Comparison of BTE and fuel exergy with varying load

Fig. 14 illustrates the relation between the fuel exergy and the BTE at
varying loads. Fig. 14 depicts that BTE increases with the increasing
loads till the 75% load condition, and a decrease in BTE is observed at
the 100% load condition. On the other hand, fuel exergy increased with
the increasing loads. At 100% load, higher fuel exergy is noted for
TB10E10 (601.56 kW), followed by diesel (594.13 kW), TB10E10Eul0
(593.9 kW), TB10 (591.8 kW), TB10E10CNT20 (585.7 kW) and DE10
(538.53 kW), respectively. As shown in Fig. 14, at one specific load
condition, BTE and fuel exergy are inversely proportional. For instance,
at 25% load, TB10E10EulO showed a lower exergy of 180.33 kW
compared to all other fuels, but at the same load, the blend showed a
higher BTE of 23.93% than all other blends, including diesel. Similarly,
DE10 showed a lower fuel exergy (538.53 kW) rate at 100% load,
whereas higher BTE is noted for DE10 (32.24%) than other fuels. TB10
showed better BTE than others, but at 100% load condition, TB10
showed a 2.7% decrease in BTE compared to diesel. At 75% load con-
dition, DE10, TB10, TB10E10 and TB10E10CNT20 showed an increase
in BTE by 5.3%, 4.75%, 0.5% and 2.71%, respectively, compared to
diesel. At 25% load, TB10E10Eul0 showed a 9% increase in BTE
compared to diesel, whereas, at 100% load, the same blend showed a 6%
decrease in BTE compared to diesel. The reduced BTE at higher loads is
due to the lower calorific value and reduced time availability for better
combustion.

3.3.2. Comparison of BSFC and fuel energy with varying load

Fig. 15 compares fuel energy and specific fuel consumption at
different load conditions for the tested fuel blends. Among all the blends,
diesel has higher fuel energy; hence, the lesser BSFC values are noted in
all load conditions. DE10 blend has lower specific fuel energy, but the
higher BSFC is noted for DE10 only at 25% load. Next to diesel, at 75%
and 100% load, DE10 showed less BSFC than others. This is because
higher activation temperatures are required for the combustion of
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ethanol blends. Hence, as per the HRR graphs Figs. 10-13, ethanol
composition in fuel has shown higher cylinder pressures and heat release
rates at higher loads. A similar pattern is also reported in the studies of
Barabas and Todorut (2011) and Barabas et al. (2010). Higher BSFC is
noted for ethanol blended fuel than the TB10 operation. TBI0E10Eul0
has shown higher BSFC than all other fuel blends at varying load con-
ditions. This adverse effect is mainly due to its lower calorific value than
others, as presented in Table 1. The addition of nanoparticles to the
TB10E10 blend has shown reduced BSFC at higher loads compared to
the TB10E10 blend alone. For instance, at 75% load, TB10E10CNT20
showed a 21.5% reduction in BSFC compared to TB10E10; however, the
same blend showed a 2.16% increase in BSFC compared to TB10. On the
other hand, higher viscosity is noted for the TB10, TB10E10 and
TB10E10CNT20 compared to diesel. This is mainly due to the higher
viscosity of the blends. During the injection, the higher kinematic vis-
cosity of the fuel affects the fuel atomization and evaporation process,
resulting in poor combustion. Similar results are also noticed in studies
by Chammoun et al. (2013), Shehata and Razek (2011), and Rajan and
Senthilkumar (2009).

4. Conclusions and recommendations

This study specifically aimed at reducing NOx emissions from diesel
engines using Tucuma biodiesel. Fuel modifications, such as blending
Tucuma biodiesel with ethanol, carbon nanotubes (CNTs), and euca-
lyptus oil, were carried out on a 4-cylinder tractor engine under different
load conditions, and the conclusions are as follows.

1) Ethanol blends showed less CO at low loads due to low-temperature
formation, that caused lower CO oxidation. Further addition CNTs
enhanced the combustion rates and lowered CO emissions compared
to ethanol and biodiesel blends. Higher HC is noticed for ethanol-
blended fuels at low loads and was decreased with increasing
loads. On the other hand, TB10E10EulO showed increased HC
emissions with the increasing loads.

Higher NOyx is observed for TB10 (315 ppm), followed by

TB10E10CNT20 (305 ppm), TB10E10 (294 ppm), diesel (291 ppm),

TB10E10EulO (281 ppm) and DE10 (270 ppm). A shorter ID and

longer CD were noted for the TB10E10Eul0 and showed reduced

NOxy at all loads. DE10 has shown less fuel consumption at low loads

and lower NOy ranges.

3) Ethanol blended fuels have shown less effect on combustion at low
loads, but higher HRR rates are observed at high loads. Longer ID is
seen with ethanol blend but with the addition CNTs to the blend has
reduced the ID period. Diesel has shown peak pressure rates and HRR
at low loads, but at high loads, TB10 has shown peak pressure rates
and high HRR. At 75% loads, TB10E10 showed increased pressure
rates compared to all the blends.
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4) At 75% load conditions, DE10, TB10, TB10E10, and TB1I0E10CNT20
exhibit higher BTE by 5.4%, 4.75%, 0.6%, and 2.71%, respectively,
compared to diesel. Compared to all the blends, TB10E10EulO
showed higher BSFC except for 25% load conditions due to poor
calorific value.

The study recommends working on TB10E10 and TB10E10CNT20,
as they have shown reduced NOy and CO emissions compared to the
biodiesel blend (TB10). Moreover, injection advancement studies are
much needed as the ethanol-blended fuel showed longer ID with greater
reductions in NOy emissions.
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