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ABSTRACT: Thumba oil with a higher triglyceride content can
be a promising feed for synthesizing a fatty acid alkyl ester as an
alternative to pure diesel. The current study investigates the
emission and performance characteristics of thumba methyl ester
(TME) in compression ignition (CI) engines corresponding to
variable loads and compression ratios (CRs), respectively. TME
was prepared at an optimized pressure of 5 bar by hydrodynamic
cavitation. The properties of TME−diesel blends with varied
volume percentages of biodiesel, such as 5, 10, 15, 20, and 25,
denoted B5, B10, B15, B20, and B25, respectively, were compared
to pure TME (100% biodiesel) and pure diesel (100%). The B20
biodiesel blend has been observed as the optimal one based on the
lower emission composition and higher brake thermal efficiency. For B20 fuel, injection at 23° before the top dead center (TDC)
and a CR of 18 resulted in the lowest brake specific fuel consumption of 0.32 kg/kW h and a maximum brake thermal efficiency of
36.5%. Using titanium dioxide nanoparticles in the pre-stage of TME manufacturing has ultimately reduced the nitrogen oxide,
hydrocarbon, and carbon monoxide emissions. At a CR of 18 and advanced injection 23° before TDC for a CI engine, TME derived
from thumba oil has the potential to be a viable diesel substitute.

1. INTRODUCTION
The domestic, agriculture, transportation, commercial, and
industrial sectors across the globe are primarily dependent on
energy. The increased demand for energy has led to heavy
dependency on fossil fuels because of reliability, adaptability,
higher energy conversion efficiency, and accessible handling
facilities. As fossil fuels are exhaustible and the consumption rate
is too high, severe fossil fuel scarcity is inevitable.1 Second, the
combustion of fossil fuels contributes mainly to the hazardous
emission of particulate matter, hydrocarbons (HCs), nitrogen
oxides (NOx), and carbon monoxide (CO). Therefore, an
alternate source for fuel has become the demand of time to
overcome the fast-approaching energy scarcity and hazards of
environmental pollution. Because of its similar qualities to pure
diesel, biodiesel is the most efficient and renewable fossil fuel
substitute.2 Second, biodiesels may be used in diesel engines
without major engine modifications. Hence, biodiesel has been
considered to be a potential alternate fuel in the recent past due
to its biodegradability, nontoxicity, nonflammability, and
nonexplosive and environment-friendly nature with compara-
tively better combustion attributes than pure diesel. This has
grabbed the attention of researchers as a sustainable substitute to
fossil fuels.3,4

Biodiesels are sulfur-free, mono-alkyl esters of long-chain fatty
acids obtained from edible and inedible oils and animal fats. The
feedstock used for the generation of biodiesel includes oils

derived from sunflower, cottonseed, soybean, rapeseed,
Jatropha, and Karanja.5 The investigations of Sathiamoorthy et
al.6 revealed that the unburnt HC, CO, NOx, and exhaust smoke
emissions could be significantly reduced by blending palmarosa
oil with diesel at different compositions. The biodiesel made
from castor oil resulted in 10% reduction in HC and CO
emissions, with a little rise in the brake-specific fuel consumption
(BSFC).7 Ellappan and Rajendran8 provided a comprehensive
review of eucalyptus oil-blended biodiesel. Sayyed et al.9 used
90% diesel and 10% biodiesel blends from different feedstocks
such as Karanja, Jatropha, mahua, and neem oil to determine the
parameters of a direct-injection compression ignition (CI)
engine. Their experimental investigations revealed significantly
reduced CO emission by around 47% with use of 5% Jatropha
and 5% neem oil.9

Citrullus colocynthis, namely, thumba oil, has been considered
the feedstock for biodiesel synthesis in the present work. It is
abundantly available in the western regions of Rajasthan and
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Gujarat in India. Approximately 1 million tons of thumba seeds
are harvested annually from the arid districts of Rajasthan. The
thumba seeds contain as high as 50% of oil and gave a yield of
450 to 675 kg per hectare.10 Through a catalytic trans-
esterification process, the fatty acid content of thumba oil can
be used to produce biodiesel. However, the thumba oil, instead
of having a pretty good composition of saturated and
unsaturated fatty acids, has been one of the most underutilized
biodiesel feedstock.11 Jain et al.12 used biodiesel with 20%
thumba oil to achieve 1.27% higher brake thermal efficiency
(BTE).
The performance and emissions of a CI engine running on

various fuels are heavily influenced by combustion parameters.
Among such parameters, the compression ratio (CR) is one of
the most vital parameters which influences all characteristics of a
fuel being used.With a higher CR, the cylinder temperature rises
and ignition delay decreases, resulting in smaller BSFC and
higher BTE. Because the fuel atomization process is accelerated
at higher temperatures due to the higher CR, CO and HC
emissions are reduced, while NOx emissions are increased.
However, NOx emissions can be regulated by adopting various
methods, such as exhaust gas recirculation. The combustion
parameters revealed a longer combustion duration and a shorter
ignition delay for the biodiesel blend at a greater CR.13

Due to the lower CR, the delay time lengthens and the peak
cylinder pressure falls, while the exhaust gas temperature rises.
Hence, the BTE can be improved with lower BSFC.14

Vijaykumar et al.15 investigated the behavior of a variable CR
(VCR) engine with the CR varying from 17 to 18 at an
increasing step of 0.5 using mahua oil-blended biodiesel at
different proportions.15 The most favorable characteristics were
noticed at a maximum CR of 18, which was not feasible to
increase further due to vibration issues of the engine. With an
increase in CR from 16:1 to 18:1 in a CI engine employing
hydrogen-enriched biogas diesel, Rocha et al.16 found a decrease
in HC, CO, and smoke opacity emissions, while increasing the
BTE and ignition delay.16 In a CI engine fueled with palmyra oil
methyl ester, Rao and Vara Prasad17 changed the CI from 16:1
to 20:1 to get a 6.91% higher BTE and a 10.2 % lower BSFC. The
HC and CO emissions were lower at a higher CR with a higher
NOx content, which was addressed by adopting the exhaust gas
recirculation approach. Aside from the CR, the injection time of
a diesel engine has a significant impact on the vehicle’s
performance and emissions. The combustion duration is
effectively reduced as the fuel injection is retarded, which
leads to incomplete combustion. As a result, the performance
suffers an adverse impact with lower BTE and higher BSFC.
Simultaneously, the exhaust emissions get affected, resulting in
higher HC and CO contents. A comprehensive review provided
by Rahman et al.18 found that delaying the injection timing
increased the HC and CO emissions, while decreasing NOx
emissions in diesel engines. Injection timing and compression
ratio have major role in reducing the emission with rise in
BMEP.19

Shareef and Mohanty20 reported a reduction in HC and CO
emissions by 26 and 35%, respectively, for a diesel engine
working with dairy scum biodiesel when injected 26° before top
dead center (TDC) compared to the conventional injection.
Nayak et al.21 observed a significant improvement in efficiency
and reduced pollutants when injected 25° before TDC. CakMak
and Özcan22 experimented with biodiesel having 80% diesel and
the remaining being different proportions of canola oil and tert-
butyl ether mixture to study the emission and combustion

behavior. Öztürk et al.23 discovered that the injection timing can
be delayed to address the issue of high NOx emissions in a diesel
engine running on canola-mixed biodiesel with 90% diesel
content.
Refined (esterified) biodiesel, such as thumba methyl ester

(TME), which is readily available in India, according to the
literature, could be a potential alternative sustainable fuel24−26

to unrefined thumba oil16 for diesel engines. However, the
consequences of combusting TME/diesel blends made with
nanocatalysts in a diesel engine have yet to be described in the
literature.27−29 So far, the effects of combusting blends of fatty
acid methyl ester30−32 prepared using homogeneous catalysts
like NaOH or KOH and diesel in the diesel engine have been
reported.33−36 Therefore, the current study is “first of its kind,”
which reports the effects of combusting blends of fatty acid alkyl
ester prepared using a nanocatalyst and diesel in the diesel
engine. However, there is currently no study to support the use
of heterogeneous catalysts in the hydrodynamic cavitation
method for biodiesel synthesis.37,38 The use of a photocatalyst in
the synthesis of biodiesel has not yet been investigated.39 The
current study is the first one which studies it utilizing an
enhanced technology, hydrodynamic cavitation, which can
produce biodiesel that is both cheaper and cleaner.40,41 There
has not been much research done on using UV light and
hydrodynamic cavitation to produce biodiesel,42−45 thus there
are opportunities to experiment in this field.46

The present study is intended to investigate the suitability of
TME as a potential blending element for use in CI engines. TME
was synthesized by transesterifying thumba oil with methanol in
a hydrodynamic cavitation reactor26 based on an earlier
work.24,25 The impacts of CR and spill timing on the
performance and emission parameters of a single-cylinder,
four-stroke VCR diesel engine powered by thumba oil biodiesel
were studied. The BTE, BSFC, and brake-specific energy
consumption (BSEC) were used for performance evaluation.
On the other hand, HC, CO, and NOx emissions have been
considered when analyzing hazardous engine emissions. These
results are compared to diesel to determine whether TME is a
viable replacement for diesel fuel and engine parameters to
achieve optimal performance and emission characteristics.

2. MATERIALS AND METHODS
2.1. Materials. The titanium dioxide (TiO2) nanocatalyst

was synthesized by hydrolysis of titanium isopropoxide with
water as a solvent by the power ultrasound method. Thumba oil
was first extracted from seeds using hexane as the solvent. Its free
use fatty acid content was measured using gas chromatography
with flame -ionization detection (GC-FID) and automatic
injection. Thumba oil’s high fatty acid (FFA) content suggests
that it could be used as an alternative fuel.
2.2. Initial Pretreatment of Thumba Oil and Its

Characterization. It is essential to remove suspended particles
from the raw oil before being used in the operation. The raw oil
was first filtered before being heated to 373 K for 20 to 30 min to
allow the anhydrous oil to undergo alcoholysis. The initial FFA
content was calculated using 0.1 NKOHandwas found to be 1.6
mg KOH/g of raw oil.8 The estimated thermo-physical
properties of the raw thumba oil by following appropriate
ASTM standards were found to be as follows: a specific gravity of
0.918, a cetane number of 45, a flashpoint of 188 °C, a cloud
point of 6 °C, a heating value of 42,780 kJ/kg, and a kinematic
viscosity of 1.4 cSt at 15 °C. GC shows that thumba oil contains
67.43% unsaturated fatty acids and 22.57% saturated fatty acids.
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Oleic and linoleic acids are the most common unsaturated fatty
acids, while myristic, palmitic, and stearic acids are the most
common saturated fatty acids in thumba oil. The acid content of
thumba oil is summarized in Table 1.

2.3. Methods. 2.3.1. Alcoholysis for the Synthesis of TME.
Alcoholysis is a chemical reaction that produces fatty acid alkyl
esters by combining oil’s triglycerides with suitable alcohol in
the presence of a catalyst. Among the different heterogeneous
catalysts, TiO2 has been considered in the present work because
it reduces emissions due to its higher oxidation capacity and
thermal conductivity, which renders an ecological advantage.24

TiO2 can hold the energy and supply it to other reacting
components.25 Similarly, methanol is the considered alcohol
because of its quick reaction ability with triglycerides.20

TME was prepared by alcoholizing oil with methanol using
TiO2 nanoparticles as catalysts in the hydrodynamic cavitation
system. The experimental design of the hydrodynamic cavitation
apparatus is shown in Figure 1b. Innocenzi and Prisciandaro,28

Ghayal et al.,26 and Bargole et al.27 investigated the alcoholysis of
waste cooking oils in the hydrodynamic cavitation system using
NaOH or KOH catalysts. Figure 2 depicts a block diagram of the
entire procedure. Steps were carried out as shown in Figure 2
under optimized process conditions (reaction time of 1 h) as
stated in our earlier work.25,26 Considering the objective for
maximum conversion of triglyceride, themolar ratio of methanol
and oil has been maintained at 1:6, which is 100% above the
stiochiometric ratio. For optimum yielding of the TME, suitable
TiO2 catalyst concentration (1.2 wt % in oil), temperature (60
°C), and inlet pressure (5 bar) have been calculated.25,26 Finally,
the products were washed with deionized H2O at 323 K
following gravity settling to separate the TiO2 and solid
impurities. TME was thoroughly investigated using the EN
14103 standard procedure.

2.3.2. Characteristics of TME (Biodiesel). The current
research was carried out to investigate pure diesel (D100),
TME (B100), and biodiesel blends with 5, 10, 15, 20, and 25% of
biodiesel. The biodiesels were named B5, B10, B15, B20, and
B25 based on the content of TME. A proper mixture of the
respective blends was developed by magnetic stirring at around
700 to 850 rpm. Further, complete mixing was achieved with the
help of a probe-type ultrasonicator. The physicochemical
parameters of various blends were calculated using ASTM
criteria. Table 2 summarizes the physical features of the blends
in more detail.
2.3.3. Engine Configuration and Operating Conditions.

The research was aided by a single-cylinder, four-stroke, VCR
diesel engine that ran on pure diesel and thumba oil biodiesel
mixtures. The complete test engine setup schematic diagram is
depicted in Figure 3. The engine is from Kirloskar with a CR of
16, which can be varied from 9 to 18. The engine capacity is 3.7
kW at a rate of speed of 1500 rpm. The detailed specifications of
the test engine setup are summarized in Table 3. To analyze and
record the different performance and combustion parameters,
the IC Enginesoft 9.0 software is installed. The exhaust gas
emissions for unburnedHC, CO, andNOxweremeasured using
an AVL Digas 444 Exhaust Gas Analyzer (NOx). To meet

Table 1. Fatty Acid Content

fatty acids wt %

palmitic acid (C16H34) 9.55
stearic acid(C18H38) 7.70
oleic acid (C18H36) 18.26
linoleic acid (C18H34) 62.06
behenic acid (C21H43) 2.43

Figure 1. (a) Hydrodynamic cavitation setup for biodiesel synthesis.

Figure 2. Steps in TME synthesis.
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baseline characteristics, the engine was also given the ability to
perform with pure diesel at rated speed. Afterwards, the readings
were taken and recorded for various planned fuels correspond-
ing to various brake powers by varying the engine load at an
increasing step of 25% through the dynamometer.
2.3.4. Performance Characteristic Calculations. Perform-

ance characteristics were evaluated as

= [ × ×

× × ]

brake power BMEP length area of piston

no. of power no. of cyclinders /60000 (1)

where BMEP is the brake mean effective pressure. A strain-
gauge-type load cell sensor was used for load sensation, and a
digital load indication was used.

= [ × × ]
[ × ]

brake thermal efficiency brake power (kW) 3600 100

/ mass flow rate (kg/h) calorific value (kJ/kg) (2)

= [ ]
[ ]

brake specific fuel consumption fuel consumption (kg/h)

/ brake power (3)

2.4. Uncertainty Analysis. The uncertainty analysis can
demonstrate the accuracy of an experimental examination.
Uncertainties can occur due to experimental conditions,
improper calibration, and the environment.20 The % un-
certainties of BSFC, BTE, and BP were estimated using the
linearized approximation method.20 The typical uncertainty
values are summarized in Table 4.

By employing the error propagation principle

Table 2. Physicochemical Properties of Prepared Blends

properties B100 B5 B10 B15 B20 B25 diesel ASTM standard

density (kg/m3) 863 831 833 837 838 842 831 ASTM D4052
viscosity @ 40 °C (cSt) 3.49 2.75 2.78 2.95 3.12 3.21 2.6 ASTM D445
heating value (kJ/kg) 30,772 42,492 41,620 41,418 41,265 41,025 43,185 ASTM D5865
flash point (°C) 141 54 56 60 62 63 53 ASTM D93
fire point (°C) 168 64 69 70 73 77 62 ASTM D93
flow rates (kg/h) at 100% load 1.23 1.40 1.42 1.45 1.55 1.62 1.15

Figure 3. Schematic diagram of the engine setup. (1) Diesel tank, (2) fuel control valve, (3) exhaust gas silencer, (4) air filter, (5) airflow indicator, (6)
inlet valve, (7) exhaust valve, (8) charge amplifier, (9) airflow meter, (10) diesel injector, (11) in-cylinder pressure transducer, (12) crank angle
encoder, (13) high-speed combustion data acquisition system, (14) computer, (15) VCR test engine, (16) coupling, (17) exhaust gas analyzer, (18)
exhaust gas probe, (19) dynamometer, and (20) control panel.

Table 3. Details of the Engine Setup

name single-cylinder, four-stroke VCR diesel engine with
a dynamometer,

supplier Kirloskar oil engine LTD, Sangli
type of Engine single-cylinder vertical, four-stroke cycle
direction of rotation clockwise/anticlockwise
bore 0.080 m
stroke 0.11 m
cubic capacity 0.5 × 10−3 m3

nominal CR 10 to 18
fuel timing by the spill 23° BTDC
the exhaust valve closes
(ATDC)

4.5°

exhaust valve opens
(BBDC)

35.5°

inlet valve closes
(ABDC)

35.5°

inlet valve opens
(BTDC)

4.5°

Table 4. Accuracy and Uncertainty

parameter accuracy uncertainty

NOx ±12 ppm ±0.25
CO ±0.03% ±0.25
HC ±12 ppm ±0.25
BTE ±0.4 ±1.2
BSFC ±4 g/kW h ±1.2
BP ±0.04 kW ±0.4
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= [[
+
+
+
+
+ ]

=

total uncertainty squareroot of (uncertainty of BP)

(uncertainty of BTE)

(uncertainty of BSFC)

(uncertainty of NOx)

(uncertainty of HC)

(uncertainty of CO)

1.745

2

2

2

2

2

2

It is well within the acceptable limit.14,20

3. RESULTS AND DISCUSSION
Laboratory-scale studies were carried out to investigate the
appropriateness of TME as a diesel alternative and the impacts
of CR and injection timing on emission characteristics to arrive
at the best possible result. The tests were carried out in two
stages. The first phase of studies was used to identify the ideal
blend, while the second phase was used to determine
performance characteristics by adjusting load and emission
characteristics at different CRs and injection timings.
3.1. TiO2 Synthesis and Characterization. With static

suspension, the smallest crystalline size of 8 nm was produced at
pH = 2. The amount of H2O and calcination temperature
employed significantly impact the TiO2 nanocatalyst shape.

5Fig-
Figure 4a,b depicts the SEM examination of nanocatalysts
generated at various precursor to solvent ratios, and EDAX
analysis, as shown in Figure 4c,d, showed the existence of Ti and
O as important elemental components.
3.2. Determination of the Optimal Blend. The studies’

early stages were examined to determine the best TME blend in

terms of emission and performance. The studies were conducted
with a VCR engine at 1500 rpm and a fixed CR of 18 for diesel
and TME blends with TME compositions ranging from 5 to 25%
and 100% by volume. The investigation was carried out with a
load varying from 0 to 100%, with an interval of 25%. Various
TME blends, such as B5, B10, B15, B20, B25, and B100, and
D100 were synthesized, and their effects on different engine
characteristics were studied to obtain an optimized blend ratio.
Finally, their experimental performances are compared with that
of the diesel.
3.3. TME, TME−Diesel Blends, and Diesel Perform-

ance. 3.3.1. Brake Thermal Efficiency.The BTE is a measure of
the ability of an engine to convert the chemical energy content of
the fuel into useful mechanical work available at the crankshaft.
Under normal operating circumstances, the BTE of an
automotive engine primarily depends on the amount of fuel
consumed and the heating value of the corresponding fuel. As
depicted in Figure 5a, BTE is increased with the rise in load on
the diesel engine for pure TME, TME−diesel blends, and diesel.
At full load, the brake power developed by all fuels was
approximately identical. Table 2 illustrates the heating values.
The flow rates to the engine cylinder at 100% load were 1.15 kg/
h for diesel, 1.23 kg/h for TME, 1.40 kg/h for B5 blend, 1.42 kg/
h for B10 blend, 1.45 kg/h for B15 blend, 1.55 kg/h for B20, and
1.621 kg/h for B25 blend. As a result, at 100% load, BTE for pure
TME blends is lower than diesel.
According to the performance tests implemented, it is

discerned that BTE for TME blends is less than that of pure
diesel at 100% load. The experimental performance indicates
that BTE is 40.5% for pure diesel, corresponding to the 100%
load engine operating conditions. In comparison, it varies from
39.2 to 34.3% for B5 to B25, respectively, which indicates a slight
decrease in BTE with an increase in TME%. On the other hand,
The BTE for 100% biodiesel is 30%, which shows a decrease in
BTE with a rise in TME %.
The BTE of the diesel engine increases with the engine load

irrespective of the fuel. Simultaneously, the BTEwas observed to
be decreasing with the increase in the content of TME in the
biodiesel blend. The primary reason behind the decrease in BTE
with the increase in thumba oil content is the higher density and
viscosity and lower heating value and adiabatic flame temper-
ature of the biodiesel blend than pure diesel. The combustion
process becomes improper, leading to lower output power with
the increase in viscosity of the fuel. Simultaneously, the lower
heating value of the oxygenated biofuel blend reduces the BTE,
resulting in a lower BTE with the increase in thumba oil content.
However, there was a very small reduction in BTE by 0.7% as the
thumba oil content increased from 15 to 20% in the biodiesel
blend. Almost similar behavior of BTE for all the fuel blends was
observed at other loads. Similar trends in the variation of BTE
have been reported in the literature by different researchers for
other kinds of biodiesels.
Shareef and Mohanty20 reported a drop in BTE with the rise

in dairy scum biodiesel from 10 to 30% at all load conditions.
Patil et al.1 observed exactly similar experimental conditions to
the current study of BTE and reported the same BTE
considerations for neat rubber oil methyl ester at full load
conditions, injected 23° before TDC. Patil and Patil32 observed
similar effects and reported them. The brake thermal efficiency is
shown to improve as the load on the diesel engine increases for
pure sunflower oil methyl ester at 100% load, injected 23° before
TDC. Chako et al.34 reported that multiple injections for both
diesel and biodiesel blends that exhibit a decrease in BTE. The

Figure 4. SEM images of TiO2 nanoparticles at solvent to precursor
ratios of (a) 40 and (b) 60; EDAX plots at solvent to precursor ratios of
(c) 40 and (d) 60.
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current study’s experimental results are consistent with those
reported by many other researchers.30−32

3.3.2. Brake Specific Fuel Consumption. BSFC variation
with load for pure TME, TME−diesel blends, and diesel is
depicted in Figure 5b. The BSFC of pure diesel (0.25 kg/kW h)
was found to be somewhat smaller than that of pure TME (0.35
kg/kWh) andTME blends (0.26 to 0.33 kg/kWh) at 100% load
engine running circumstances. This is because, at a constant
speed of 1500 rpm at 100% load, pure diesel had a lower mass
flow rate than all other mixtures. Because the brake power
generated at zero loads was smaller, the BSFC for all fuels drops
as the engine load increases. However, as load rises from 25 to
100%, brake power rises faster than the amount of fuel burned
per unit hour.

BSFC increases with a rise in percentage composition from 5
to 25% of TME in the diesel. The current study performance has
the same considerations as reported by many researchers.12−15

This is because brake power for TME, TME−diesel blends, and
diesel is almost the same at any load condition. The diesel’s
lower density, viscosity, and higher heating value give 100%
combustion with low BSFC, compared to the TME blends. Due
to the increased density, viscosity, and decreased heating value
with increased TME, complete agitation of fuel and air is not
possible.15,16 The start of the combustion of TME−TME diesel
blends occurred very close to TDC because of the addition of
comparatively low cetane number (25) fuel. This indicates that
the ignition delay period was lower for neat diesel (cetane

Figure 5. (a) BTE with load; (b) BSFC with load; and (c) BSEC with load.
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number 50). Due to the increased ignition delay period, the
possibility of knocking has increased.
According to Shareef and Mohanty,20 BSFC increases as the

quantity of dairy scum methyl ester in the diesel increases. Patil
and Patil31 observed exactly similar experimental conditions to
the current study and reported the same BSFC considerations
for neat rubber oil methyl ester at full load conditions, injected
23° before TDC. Patil and Patil32 found comparable results,
reporting that BSFC rose from 5 to 20% when butanol was
added to SOME-butanol blends. Chako et al.34 observed that at
1100 bar, the BSFC decreased by 21.5% for B20 with a single
injection, whereas with multiple injections, it gave a 34.7%
reduction. This variation is induced by the improved
combustion of the pilot fuel at higher FIP, thus generating
higher in-cylinder pressure. The current study’s experimental
results are consistent with those reported by many other
researchers15,16

3.3.3. Brake Specific Energy Consumption. BSEC is the
product of BSFC (kg/kW h) to the heating value ((kJ/kg)) of
the fuel. BSEC variation with a load for pure TME, TME−diesel
blends, and diesel is depicted in Figure 5c. At 100% load engine
operating conditions, the BSEC of pure diesel (9069 kJ/kW h)
was found to be lower than that of pure TME (12309 kJ/kW h)
andTME blends (11,048 to 14,359 kJ/kWh). This is because, at
a speed of 1500 rpm and 100% load, the flow rate of pure diesel
was found to be lower than that of all other mixtures. Because the
brake power generated at zero loads was smaller, BSEC for all
fuels diminishes as the load on the engine increases. However, as
load grows from 25 to 100%, brake power increases faster than

the increasing quantity of gasoline consumed per unit hour.
Chako et al.35 reported that B20 possessed lower BSEC than
D100.
BSEC nearly increases with an increase in the proportion from

5% to 20% of TME. The experimental performances have similar
considerations as reported by many researchers.17,18 This is
because the brake power for TME, TME−diesel blends, and
diesel is almost the same at any load condition. The diesel’s
lower density and viscosity and higher heating value give 100%
combustion, resulting in lower BSEC compared to the TME
blends.
From the current section of performance characteristics, it

may be concluded that the brake power developed by all the
blends was discovered to be almost nearly equal. The BTE of
pure TME was higher than that of TME−diesel blends and
diesel at 100% load under engine operating circumstances.
However, at the full load, BSFC was shown to be lower for pure
diesel than for pure TME and other mixtures. Also, the BSEC of
pure diesel was less than that of pure TME and TMEblends. As a
result, running the VCR diesel engine at full load with either
pure diesel or pure TME will be beneficial. However, this can be
finalized after analyzing the emission characteristics in Sections
2.4 and 3.5.
3.4. Impact of Injection Timing. The retarded injection

timing gives away a minor ignition delay and lowers the fuel
burning rate. As a result, the temperature and pressure in the
cylinder are observed to be relatively high.12 The injection of
fuel between 19 and 27° before TDC at an interval of 2° and

Figure 6. (a) Impact of injection timing (spill timing) on HC emissions; (b) CO emissions; (c) NOx emissions; and (d) CO2 emissions.
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Figure 7. (I−VII) Effects of CR on HC emissions for various blends.
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standard injection timing of 23° before TDC have been
considered to study the impact of injection timing.
3.4.1. Impact on HC Emissions. Because of the higher oxygen

concentration, TME and TME mix fuel emit less HC due to
inefficient combustion and a shorter ignition delay. During the
delay interval, the injector’s incorrectly matched fuel−air
combination contributes to HC emissions from the engine.13

The HC emissions with diesel at baseline injection timing and
various blends at the injection of 19 to 27° before TDC are
depicted in Figure 6a. HC emissions at full load conditions for B
25 were 16, 17.5, 15, 20, and 30 ppm at injection timings of 19,
21, 23, 25, and 27° before the TDC, respectively. HC emissions
were observed to increase after standard injection timing of 23°
before TDC. Similar observations were made for all the blends.
For forwarded injection, the extended ignition delay improves

the turbulence intensity, fuel spray atomization, and combustion
temperature and lowersHC emissions. The longer ignition delay
follows better spray penetration and fuel−air mixing before the
ignition phase. This faster combustion rate in the premixed
region increases the combustion temperature and reduces HC
emissions.12 The retardation in injection follows a rise in HC
emissions due to poor combustion diffusion. However, the HC
emission at injection 23° before TDC is the lowest and is about
13.5% less than that of pure diesel. Shareef andMohanty20 found
that the emission and combustion parameters of DSB20 with
injection at 26° before TDC were better than the diesel with
injection at 23° before TDC. Similar experimental results were
reported by Patil and Patil31 Chako et al.34 reported on
unburnedHCwith engine load and FIP. B20 shows 26.3% lower
HC emissions than diesel with a single injection at 4.15 bar
BMEP.
3.4.2. Impact on CO Emissions. Figure 6b depicts the effect

of injection timing on CO emissions from the VCR engine for
various blends. The experimental investigation indicates that the
CO emission for diesel at an injection timing of 23° before TDC
is around 12% higher than the B25 blend. The CO emission for
blend B25 was found to be 0.06% at 23° before TDC, while the
same was found to be 0.059, 0.06, 0.085, and 0.11% for
injections at 19, 21, 25, and 27° before TDC, respectively. CO
emissions were observed to be increased after the standard
injection timing of 23° before TDC. Similar observations were
made for all the blends. Because of the increased cylinder
temperature and more CO to CO2 with the lower oxygen
content in B20 fuel, higher CO emissions are emitted when
injected 23° before TDC for all blends.29

The advanced injection incorporates proper fuel−air mixing,
protracts the physical delay period, and enhances the oxidation
process. The retarded injection generates inactive combustion as
the delay period lowers and simultaneously increases CO
emissions.20 Because of the increased cylinder temperature and
more CO to CO2 with the higher oxygen content in B25 fuel,
lower CO emissions are emitted when injected 23° before TDC
for all blends.29 Shareef and Mohanty et al.20 studied reported
CO emissions for dairy scum oil biodiesel-20 when injected 26°
before TDC. At full load conditions when injected 23° before
TDC, Patil and Patil31 studied comparable experimental results
and observed that neat rubber oil methyl ester-15 emits less CO
than neat diesel and specific butanol blends. The use of TiO2 in
the pre-stage has wholly eliminated the post-step of adding
nanofluid combined with different blends that aim to reduceHC
and CO emissions. Chako et al.34 observed that for D100, CO
was reduced by up to 12.1%, whereas with B20, a 26.8%
reduction was obtained. Since the post fuel itself needs sufficient

oxygen for proper combustion, the B20 has the upper hand over
feed D100 when it comes to the utilization of postinjection.
3.4.3. Impact on NOx Emissions. The oxygenated methyl

esters give off higher NOx emissions compared to diesel. Proper
monitoring of the spill timing should be implemented to control
NOx emissions. The impact of spill timing on NOx emissions of
the VCR engine for the various blends is depicted in Figure 6c.
The cylinder temperature and pressure reach a high value near
the TDC, giving NOx formation due to 100% complete
combustion. The NOx emissions for B25 increased from 1175
to 1280 and 1320 ppm as the injection timing was increased
from 19 to 23 and 27° before TDC, respectively. NOx emissions
were observed to be decreased to 1080 ppm for retarded
injection at 25° before TDC. However, NOx emissions were
again increased to 1320 ppm as the timing was increased from 25
to 27°.
The fuel spray gets slowed down due to retarded fuel injection

and generates incomplete combustion. As injection timing is
forged ahead from 23 to 25° before TDC, the NOx emission
decreases by around 15.6%, while upon forging ahead the
injection timing from 25 to 27°, the NOx emission increases
significantly by 20%. Hence, injection timing beyond 25° is not
addressable concerning NOx emission. Patil and Patil31

observed similar conditions in the case of NOx emitted by
burning neat rubber oil methyl ester-15 and selected butanol
blends at full load conditions injected 25° before TDC. Shareef
andMohanty20 also reported that beyond injection at 26° before
TDC, it is not advisable concerning NOx emissions for the dairy
scum biodiesel-20 case, and delayed combustion decreases the
cylinder temperature and pressure, resulting in a lower output
power.13 Chako et al.34 reported that the B20 blend of waste
cooking biodiesel exhibited a maximum increase of 10% in NO
emissions with a single injection, whereas the introduction of
pilot fuel in the multiple injection strategy has significantly
reduced (25%) the NOx emissions for both D100 and B20.
3.4.4. Impact on CO2 Emissions. The impact of injection

timing onCO2 emissions of the VCR engine for various blends is
depicted in Figure 6d. The experimental investigation indicates
that the CO2 emission for diesel at an injection timing of 23°
before TDC is around 7.3% lower than that of the B25 blend.
The CO2 emission for blend B25 was found to be 4.1% at an
injection timing of 23° before TDC, while the same was found to
be 4, 4.12, 4.2, and 4.1% for injection timings of 19, 21, 25, and
27° before TDC, respectively. CO2 emissions were observed to
be increased after the standard injection timing of 23° before
TDC. Similar observations were made for all the blends.
3.5. Combined Impact of Variable CRs and Injection

Timings. 3.5.1. Impact on HC Emissions. The unburnt HCs
due to incomplete combustion are the main cause of greenhouse
effects. Figure 7I−VII depicts the HC emissions from the CI
engine fueled with B5, B10, B15, B20, and B25 at various CRs.
Lower emissions were attained with the B20-fueled CI engine.
Similarly, for CR 17 and 18, the HC emissions increase from 16
to 24 ppm and 17 to 23 ppm for the same B25 fuel over the same
range of BMEP. Figure 7I−VII also depicts HC emissions
decreasing with increased CR for all the fuels corresponding to
the same BMEP. The experimental analysis indicates that 29, 20,
and 16 ppm of HC emissions were obtained for B20 at 5 bar
BMEP, corresponding to CR values of 16, 17, and 18,
respectively, at a specific injection timing of 23° before TDC.
Similar observations were made for all the blends The oxygen-
rich content of TME leads to smooth and improved combustion,
resulting in reduced HC emissions Figure 7I−VII also depicts
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Figure 8. (I−VII) Effects of CR on CO emissions for various blends.
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Figure 9. (I−VII) Effects of CR on NOx emissions for various blends.
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Figure 10. (I−VII) Effects of CR on CO2 emissions for various blends.
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the HC emissions from the CI engine fueled with TME(B100)
and diesel(D100) at various CRs. In the case of B20 and B100,
respectively, the results reveal a notable reduction in HC
emissions of 15 and 29% when CR 18 is used instead of diesel.
Figure 7I−VII also depicts the utilization of TiO2 nanoparticles
as a catalyst in the pre-stage of TME synthesis, which has
significantly reduced HC emissions compared to diesel. These
findings show that using TiO2 reduces HC emissions in the long
run due to its increased oxidation capacity, giving it an
environmental advantage over alternative catalysts.5 The use
of TiO2 in the pre-stage has wholly eliminated the post step of
adding nanofluid combined with different blends that aim to
reduce emissions. Based on HC emissions, a CR of 18 was the
optimum one.
Patil and Patil32 reported decreasedHC emissions while using

sunflower oil methyl ester with an optimum CR of 18 compared
to a 20 %butanol blend. Similar effects were seen by Patil and
Patil,31 who found that HC emissions increase as the proportion
of butanol in the blend increases from 5 to 20% at any load state,
with a drop in the Cetane number and the air-fuel ratio.
Furthermore, Patil and Patil32 discovered the likelihood of an
increase in affluent local areas of a blend−air mixture in the
combustion chamber.
3.5.2. Impact on CO Emissions. CO emissions occur in CI

engines due to poor fuel combustion inside the chamber. Figure
8I−VII: depicts the CO emissions from the CI engine fueled
with B5, B10, B15, B20, and B25 at various CRs. Lower
emissions were attained using the B20-fueled CI engine. The
air−fuel mixture subjected to combustion is inadequate for
lower BMEP (low engine load conditions), resulting in lower
CO emissions. At higher BMEP values, the air−fuel mixture
subjected to combustion is adequate and restricts the oxidation
of CO to CO2 by engendering more CO emissions.20 As the CR
increases, complete combustion occurs at a higher cylinder
pressure and temperature and reduces CO emissions.
Simultaneously, the rise in combustion temperature causes
rapid oxidation of CO to CO2, resulting in significantly reduced
CO formation. Similar observations were made for all the
blends.
Figure 8I−VII: also depicts that CO emissions decrease with

increased CR for all the fuels corresponding to the same BMEP.
At maximum load, The CO emissions for the B20 biodiesel
blend were 0.13, 0.09, and 0.056 at CR 16, 17, and 18,
respectively, at a specific injection timing of 23° before TDC.
Compared to diesel, the CO emissions are reduced by 2.3% for
CR 16 and by 15% for CR 18 with B25 biodiesel. The results
show an illustrious fall in CO emissions by 15 and 22% in the
case of B25 and B100, respectively, with CR 18 compared to
diesel. Figure 8I−VII also depicts that the use of TiO2
nanocatalyst in the pre-stage of TME synthesis has significantly
reduced CO emissions compared to diesel due to its improved
oxidation capability. It seems the use of TiO2 in the pre-stage has
completely eliminated the post-step of the addition of nanofluid
combined with different blends, which aims to reduce emissions.
The low cylinder temperature and more dilution of residual
gases with oxygen cause improper air−fuel mixing, causing
increased CO emissions at lower CR. The exact reverse
phenomenon was observed with higher CR. Based on CO
emissions, a CR of 18 was the optimum one.
Patil and Patil31 studied similar experimental results with an

ideal value of CR of 18 with sunflower oil methyl ester and
observed increased CO emissions in the case of a 20% butanol
blend because themass flow rate was higher than plain diesel and

other selected fuels. Yuvarajan et al.30 investigated the use of
TiO2 nanofluid in mustard oil methyl ester mixing, which
resulted in lower CO emissions.
3.5.3. Impact on NOx Emissions. N2 becomes chemically

reactive, and the probability of the formation of NOx increases
rapidly as the in-cylinder temperature increases beyond 1473 K.
Figure 9I−VII depicts the NOx emissions in the exhaust of the
VCR engine fueled with B5, B10, B15, B20, and B25 at various
CRs. Generally, the NOx emissions increase with the CR due to
more fuel consumption and high temperatures inside the
cylinder, leading to increased NOx emissions. The NOx
emissions rise with an increase in CR for all fuels corresponding
to the same BMEP, as shown in Figure 9I−VII. The
experimental analysis indicates that NOx emissions increased
from 680 to 1200 ppm for B20 as the CR increased from 16 to 18
at 5 bar BMEP at a specific injection timing of 23° before TDC.
Similar observations were made for all the blends. The increased
BMEP is primarily responsible for increasing the NOx emissions
at higher CR. The increased combustion temperature drives
forward the oxidation reaction rapidly to formNOx. Besides, the
higher retention time for the exhaust gases inside the chamber
and prolonged combustion lead to increased NOx emissions.
The higher oxygen content of biodiesel, with cylinder pressure,
temperature, and the entire oxidation reaction, results in
increased NOx for all blends at higher CRs. Even though NOx
emissions are higher for TME, they can be reduced by an exergy
mechanism.20

Yuvarajan et al.30 investigated using TiO2 nanofluid in
conjunction with mustard oil methyl ester to minimize NOx
emissions. Patil and Patil32 investigated comparable exper-
imental results with a CR of 18 using sunflower oil methyl ester
and found that neat diesel had higher volumetric efficiency than
other fuels, resulting in increased NOx generation with diesel
combustion at higher loading circumstances. Similar effects were
seen by Patil and Patil,31 who found that HC emissions increase
as the proportion of butanol in the blend increases from 5 to 20%
at any load state, whereas cetane number and air-fuel ratio
decrease. Patil and Patil32 found that pure diesel burned more
efficiently than sunflower oil methyl ester and butanol-sunflower
oil methyl ester mixtures. As a result, when diesel fuel was
burned, more diatomic nitrogen was dissociated to monoatomic
nitrogen (N), resulting in more NOx than when butanol−
sunflower oil methyl ester blends were burned.
3.5.4. Impact on CO2 Emissions. Figure 10I−VII depicts the

CO2 emissions from the CI engine fueled with B5, B10, B15,
B20, and B25 at various CRs. Lower emissions were attained
with the B20-fueled CI engine. The presence of CO up to 0.15%
in the exhaust gas, which was a clear indicator of complete
combustion of all fuels at roughly 100%, backs up this theory. At
the full load and higher CR, CO2 emissions from neat TMEwere
lower than those of pure diesel and all blends. B25 had higher
CO2 emissions than neat TME and neat diesel. According to
Patil and Patil,32 increasing butanol from 5 to 20% in the
butanol−SOME blend increased CO2 emissions. In the current
investigation, no similar phenomenon was discovered. At the full
load, Patil and Patil31 found that neat rubber oil methyl ester
emits less CO2 than neat diesel and selected butanol blends.
Low CO, HC, and particle matter emissions were caused by

biodiesel’s high cetane number, but NOx emissions increased
when compared to conventional diesel. The low degree of
unsaturation of the fatty acid in the biodiesel feedstock and the
long, straight carbon chain were the causes of the high CN. It
was also noted that high CN in the biodiesel shortened the
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ignition delay and increased the residence duration of the
combustion process, leading to incomplete combustion and low
emissions as a result. Table 5 shows comparative performance
with other studies.
3.5.5. Role of TiO2 in Performance and Emission Character-

istics. When compared to diesel, biodiesel made with a TiO2
nanocatalyst had a lower CO emission of 0.06%. Compared to
diesel, biodiesel had roughly 35% lower HC emissions. When
compared to diesel, the SOx and NOx emissions have been
significantly reduced because of the usage of the TiO2
nanocatalyst. The emission data indicate that TiO2 is ultimately
more effective at reducing HC, SOx, and NOx emissions than
other catalysts because of its improved oxidation capability and
improved thermal conductivity.5s the process progresses, TiO2
binds the energy inside it and delivers it to the reaction mixture,
which improves the reaction’s oxidation potential, thermal
conductivity, and conversion. TiO2 nanoparticles were used in
the pre-stage biodiesel synthesis, resulting in lower HC, CO, and
NOx emissions and providing an ecological advantage over
conventional catalysts. Thus, the post-step of the addition of
nanofluid to various biodiesel blends in the VCR diesel engine
has been eliminated.

4. CONCLUSIONS
TME biodiesel has been studied for its performance and
emission characteristics. In the four-stroke VCR diesel engine,
seven fuels have been tested under similar operating conditions,
including pure TME, five TME−diesel blends, and pure diesel.
Diesel possessed low BSFC at 100% load conditions, while the
BTE of B20 has been found to be more promising than the other
examined six fuels. However, the NOx emissions were observed
to increase by 9.23% compared to diesel. The injection timing of
23° before TDC and a CR of 18 were observed to be the most
optimal in performance and emission studies. When compared
to diesel, B20’s HC and CO emissions were 13.5 and 12% lower,
respectively, with a CR of 18 and injection timing of 23° before
TDC. Based on the performance and emission characteristics,
B20 is the optimal biodiesel composition compared to B5, B10,
B15, B20, B100, and D100. Because of its better oxidation
capability and improved thermal conductivity, TiO2 nano-
particles were used in the pre-stage biodiesel synthesis, resulting
in lower HC, CO, and NOx emissions and providing an
ecological advantage over conventional catalysts. Thus, the post-
step of the addition of a nanofluid to various biodiesel blends in a
VCR diesel engine has been eliminated.
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Table 5. Comparative Performance with Other Studies

Sr
No parameters current study Shareef and Mohanty20 Patil and Patil31 Chacko et al.34
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D100
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D100

B5, B10, B15, B20, B100, D100 B20, B100, D100

3 system of ester synthesis hydrodynamic cavitation BR BR BR
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6 CR 18 18 17 18
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8 CO 12% for B20 (31 PPM) 6.9% for DSB20 11% for B20 10% for B20
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