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Abstract: An injection mechanism which is split injection
was found to reduce emissions in Diesel engines. In this
mechanism, split injection proportion and split injection
timing was varied and analyzed to reduce engine emissions.
Injection proportion was varied at 25% of the pilot and 75%
of the fuel as main injection and timing as 54° ATDC (after
top dead center) and 40° ATDC for split injection. Since a
homogeneous mixture occurs in this pilot injection, com-
bustion is hecoming complete for Diesel Engine. Hence, BTE
was increased by 1.5% for timing 40° ATDC and 12° BTDC
(before top dead center) and reduced by 1.4% for timing 54°
ATDC and 12° BTDC. The reduction in BTE for 54° ATDC is
because the increase in timing increases cooling effect of air
and combustion rating was reduced. Also, combustion takes
place at low temperature itself due to homogeneous mixture.
So, NOx emission was also reduced by 8.4% and 18.6% for 40°
ATDC and 54° ATDC injection timing respectively. The other
emissions like HC and CO were also observed to be reduced
upto 35% and 11% respectively due to increase in homoge-
neous mixture in Diesel Engine.

Keywords: injection timing; low temperature combustion;
NOx emission; split injection.

1 Introduction

In Diesel engines, the thermal efficiency is higher compared
to Gasoline engines due to high compression ratio. But en-
gine emissions are very high since the heterogeneous
mixture of fuel and air happens in diesel. Since Diesel is
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injected at the end of the compression stroke, it does not
have sufficient time to mix with air so that homogeneous
mixture cannot happen (Edara et al. 2018). Diesel fuel is
thicker and less volatile than gasoline, making it more
difficult to mix with air. In a diesel engine, the fuel is
injected into the combustion chamber at high pressure and
temperature, which causes it to vaporize and mix with the
air quickly. However, the mixing process is not as thorough
as in a gasoline engine, where the fuel and air are mixed
before entering the combustion chamber. Due to this design
difference, diesel engines do not allow as much time for fuel-
air mixing as gasoline engines do. Due to this heterogeneous
mixture, combustion cannot be completed. So, HC, CO and
smoke emissions are increased in the Diesel engine. More-
over, due to the in-cylinder temperature which is increased,
NOx emission also increased (Sindhu, Prasad Rao, and
Murthy 2018).

For reducing emissions, emission control mechanisms
such as catalytic converters are not efficient. Generally, two
methods can be adapted as Homogeneous charged compres-
sion ignition (HCCI) and premixed charged compression
ignition (PCCI) for reducing emissions and increasing effi-
ciency. HCCI cannot be used for this technique since control
mechanisms of engine is not proper for HCCL. HCCI engines
have a limited operating range, where at high loads and
speeds, the rates of heat release and pressure rise increase,
result in knocks, and at low loads, malfunction may occur.
Therefore, PCCI method can be adapted. In HCCI combustion,
well-mixed air and fuel enter the combustion chamber and
are compressed to the point of auto-ignition. HCCI and diesel
combustion are combined in PCCI, which introduces fuel
during the compression phase. EGR may be used more in PCCI
combustion than HCCI (Edara et al. 2019).

The premixed charged compression ignition can be
implemented by splitting the diesel injection as: pilot & main
injection. Pilot injection is first injection where some part of
diesel (around 20%-25%) was injected first and in main in-
jection, remaining part of diesel was injected (Gogulothu and
Chandra Reddy 2015). Pilot injection may be used for a wide
range of purposes; however its major uses are to reduce
emissions and noise. In order to speed up engine starters,
cylinder pressure can be increased using a pre-injection or
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early pilot, which increases cylinder pressure toward the end
of the compression stroke. Hence, heterogeneous mixture of
diesel and fuel can be converted to a homogeneous mixture.
Due to homogeneous mixture, combustion may be complete.
And, emissions like HC, CO can also be reduced. Since the
homogeneous mixture happens, temperature may also be less
compared to conventional concept (Biffiger and Soltic 2015).
Hence, NOx emission can also be reduced.

Various researchers analyzed the concept of split
injection mechanism in diesel engine. With DI and IDI diesel
engines, split injection has been demonstrated to be an
effective technique for simultaneously reducing particulate
and NOx emissions when the injection timing is optimized. It
is described as the process of dividing the primary single
injection profile into two or more injection pulses with a
specified period of time between each injection. (Zheng, Tian,
and Zhang 2015) finalized that 25% of pilot injection is opti-
mum for split injection concept in diesel engine to reduce
engine emissions and improve efficiency by analyzing various
split injection proportion.

Before Top Dead Center, or BTDC, refers to the location
of the crankshaft and pistons where the initiation of engine
combustion takes place. Because BTDC is a hit of a tongue
twister, it is most frequently referred to as the “Advance”
timing position. ATDC, also known as after top dead center, is
the opposite of BTDC. This defines an igniting process that
starts once the piston has already descended into the cylin-
der bore and reached TDC.

Another parameter, split injection timing can also be an
important factor in improving performances. Pilot injection
timing can be varied from 40° ATDC to 54° ATDC for
improving efficiency based on many researchers. (How et al.
2018) analysed and adopted 54° ATDC for pilot injection and
12° BTDC for main injection as timings to improve efficiency.
Finalized that 40° ATDC is optimum for pilot injection timing
to reduce emissions.

Nanotechnology may be used in a variety of automobile
parts, including paint, batteries, fuel cells, tires, mirrors, and
windows. The performance of existing tech for the automo-
tive sector is improved by the introduction of nanotechnol-
ogies. The primary benefits of implementing nanotechnology
in automobiles are the requirement of lighter and stronger
body parts to improve safety and fuel efficiency, as well as the
improvement of fuel consumption efficiency and, subse-
quently, the achievement of better performance over a longer
period of time. Moreover, nanoparticle fuel additives can
significantly improve the efficiency of combustion fuels and
reduce carbon dioxide emissions (Shafique and Luo 2019).

Hence, in this research, CRDI diesel engine was split into
pilot injection and main injection with varying split injection
proportion from 5% to 45% pilot injection proportions. Split
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injection involves dividing the total fuel injection into
smaller injections, with the first injection igniting the air in
the combustion chamber and the second injection providing
the bulk of the power. The timing and quantity of fuel
injected in each stage is adjusted to achieve split injection
proportions ranging from 5% to 45% pilot injection pro-
portions. These experiments can help determine the optimal
split injection proportion for a particular engine and oper-
ating conditions, leading to more efficient and cleaner
combustion and improved fuel efficiency and lower emis-
sions. Also, split injection timing was varied into: 40° ATDC
pilot and 54° ATDC for pilot injection timing and main
injection timing as 12° BTDC (Breda et al. 2019; Costa et al.
2016). By adopting these data, engine emissions were
reduced by 8.4% in 40° ATDC pilot and 18.6% in 54° ATDC
pilot.

2 Experimental setup

The test was conducted in single cylinder CRDI diesel engine to deter-
mine emissions and efficiency. The Common Rail Direct Injection (CRDi)
method uses a single, common line called the common rail to directly
inject fuel into the cylinders of a diesel engine. All of the fuel injectors
are interconnected to an identical rail. An engine that is controlled
electronically stores its fuel under variable pressure in a cylinder or
“rail” that is connected to each of the engine’s fuel injectors through a
separate pipe, forming a “common rail” for all of the injectors. The
components that are presented in the CRDI engine is fuel injection
pump, high-pressure pipe, injection nozzle, feed pump, fuel filter and
engine control unit. The specifications of Kirloskar single cylinder diesel
engine were mentioned in the following Table 1.

Several steps are taken to measure the emissions and efficiency
from a single CRDI diesel engine. Firstly, fuel consumption must be
determined by measuring the fuel flow rate or the amount of fuel used
over a set time. Secondly, the engine’s power output can be determined
either through a dynamometer or by measuring the torque and speed of
the engine. To calculate the engine’s efficiency, divide the power output
by the fuel consumption. Thirdly, emissions can be measured by
analyzing the engine’s exhaust gases with an exhaust gas analyzer for
various pollutants such as CO, NOx, and PM. Lastly, to assess the engine’s
performance, compare the emissions and efficiency measurements with

Table 1: Engine specifications.

Type Four stroke, single cylinder CRDI
vertical water cooled diesel engine (VCR)

Rated power 3.5kw

Rated speed 1500 rpm

Bore Dia (D) 87.5 mm

Stroke (L) 110 mm

Compression ratio 17.5:1

C.V. of fuel for diesel 42,500 kj/kg

Density of diesel 840 kg/m’
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Determining the performances of conventional diesel engine

A 4

altering split injection proportions and determine the

performances

|

injection engine and find the optimum data

v

The optimized data was tested again with varying split injection
timing as 40° ATDC and 54° ATDC pilot injection timing

Convert conventional diesel engine into split injection engine by }

{ Compare both performances of conventional diesel and split

A 4

Compare the data of split injection timing and optimize the
parameter where the performances can be improved

Figure 1: Methodology - experimental set-up.

industry standards or previous measurements. The reduced emissions
and improved efficiency were determined by optimizing the engine into
split injection in the following method (Figure 1).

Eddy Current Dynamometer was used to determine the perfor-
mances. Eddy current dynamometers operate on the basis of Faraday’s
Law of electromagnetic induction. According to the law, an emf is
produced on a set of conductors every time there is a relative displace-
ment between the conductors and the magnetic field. It is known as
dynamically induced emf. Eddy current dynamometers produce eddy
currents in order to measure an engine’s torque. They are often utilized to
generate braking torque in the automobile industries. These instruments,
commonly referred to as eddy current dynos, have the benefits of inex-
pensive maintenance, high levels of control, and simple design. It was
connected to 5 Gas Analyser for finding engine emissions and AVL smoke
meter for smoke emissions. The AVL Smoke Meter utilizes the filter paper
technique to calculate the filter smoke number (FSN, as defined by ISO
10054), and the soot concentration in mg/m?>. A wide range of applications
are made possible by the variable sample volume and thermal condi-
tioning of the exhaust gas. Moreover, users can utilize shop air to
completely purge the whole fuel line from the input through the mea-
surement block and back to the sample probe. When compared to dia-
phragm pump purging, it delivers an increasing pressure. The main
benefit of this is that particle deposits in the device and sample lines are
eliminated. 5 Gas Analyser can measure HC and NOx for range from 0 to
4000 ppm and CO for range 0-10% by volume. AVL smoke meter can
measure smoke range of 0-100 Hatridge smoke unit (HSU).

3 Results and discussion

The split injection proportion was varied as 25% pilot and
75% main in injection process. The injection timing was

varied for 54° ATDC and 40° ATDC for pilot injection and 12°
BTDC for main injection based on (How et al. 2018). The
results were found out and discussed here.

3.1 Performance characteristics
3.1.1 Brake thermal efficiency

From the Figure 2, it is to be noted that the brake thermal
efficiency for Diesel with single injection is comparatively
higher than that of split injection by 1.5%. This is because of
the high compression ratio and high pressure in single
injection (Li et al. 2016a).

In split injection mechanism, the premixed charge was
introduced and required less temperature to be burnt for
complete combustion. Premixed charge is an advanced low-
temperature combustion technique in which the injected
fuel is premixed with the induction charge and then com-
busted by compression-induced auto-ignition. Premixed
fires produce fewer polluting species, particularly less coal
and CO. Nevertheless, it has stability issues and can emit
more NO in conditions of higher flame temperatures. Hence,
the brake thermal efficiency is slightly less than single
injection (Li et al. 2016b, 2019; Wang et al. 2015).

The thermal efficiency is different for two different
injection timings (40° ATDC and 54° ATDC). For 40° ATDC,
Diesel was injected earlier compared to 54° ATDC so that the
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Brake Thermal Efficiencies for single

and split injections
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1 2 3 4 5
H BTE (12 BTDC) 0.23 17.15 25.27 29.88 32.92
B BTE (54 ATDC and 12
BTDC) 0.21 16.98 24.4 284 32.24
Figure 2: Brake thermal efficiencies for
BTE (40 ATDC and 12
( BTDC) an 0.21 17 24.81 29.71 32.41 comparison of single injection and split
injection timings of 40° ATDC and 54° ATDC.

fuel for 40° ATDC will get more time to mix with air. A pilot
injection timing of 40° ATDC is more effective in reducing
engine emissions compared to a single injection with an
injection timing of 54° ATDC, because a pilot injection with a
40° ATDC timing reduces the ignition delay period, leading to
more controlled and complete combustion, resulting in
lower emissions of pollutants like NOx and particulate
matter. The reason why fuel injected at 40° ATDC has more
time to mix with air compared to 12° BTDC is due to the
different stages of the combustion process. During engine
operation, fuel is injected into the cylinder at specific posi-
tions in the engine cycle. At 40° ATDC, the piston has moved
further away from the spark plug, allowing the fuel more
time to mix with the air as it enters the combustion chamber.
This longer mixing time results in a more homogeneous air-
fuel mixture that burns more efficiently. However, when
fuel is injected at 12° BTDC, the piston is closer to the spark
plug, which reduces the time available for the fuel to mix
with the air. As a result, the mixture may not be as uniform,
which can lead to incomplete combustion and increased
emissions. Thus, the timing of fuel injection in the engine
cycle plays a crucial role in determining the mixing time
available for fuel and air, which can affect combustion effi-
ciency. Hence, the thermal efficiency for 40° ATDC and 12°
BTDC has higher thermal efficiency than 54° ATDC by 0.5%.

3.1.2 Brake power

Figure 3 shows that Brake power for Diesel in single injection
is comparatively higher than split injection by 1.45%. The

pressure in the single injection is higher than split injection
and hence increases power.

In particular, split injection with injection timing of 40°
ATDC is higher brake power while comparing with 54° ATDC.
The premixing charge in the gap of this 14° ATDC provided
increase in pressure to attain 0.58% more power than 54°
ATDC.

The more pressure and higher compression ratio in sin-
gle injection created impact in thermal efficiency and power
in high amount than for split injection. But high pressure also
increases NOx emission which could be reduced by split
injection.

3.2 Emission characteristics

Splitinjection plays a major role in reducing emissions such as
HC, CO, NOx and smoke. In single injection, Diesel is injected
at the end of compression stroke and creates heterogeneous
mixture due to which air and diesel cannot be mixed properly.
Hence, emissions like HC and CO are increased. These emis-
sions can be reduced by adopting split injection concept in
Diesel engine (Yang and Zeng 2018).

3.2.1 Hydrocarbon and carbon monoxide

It is evident from Figures 4 and 5 that hydrocarbon and
carbon monoxide emissions were reduced for split injection
compared to single injection for Diesel engine. Since pre-
mixed charge in Diesel for 25% of fuel in pilot injection
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converts heterogeneous mixture into homogeneous mixture,
combustion could be complete in split injection. To improve
engine performance and efficiency in split injection, the fuel
in the pilot injection undergoes a transformation from a
heterogeneous mixture to a homogeneous mixture. This is
achieved by injecting the fuel at high pressure and ve-
locity, which atomizes the fuel and creates small fuel
droplets that mix more thoroughly with the air. The

HC emission for single and split

Figure 3: Brake power for comparison of single
injection and split injection timings of 40° ATDC
and 54° ATDC.

resulting homogeneous mixture promotes more even
combustion and stabilizes the flame kernel created by the
pilot injection, improving the ignition and combustion of the
main injection. Hence, hydrocarbon and carbon monoxide
emissions were reduced by 7.1% and 6.8% respectively.
While comparing pilot injection timings of 54° ATDC and
40° ATDC, the early injection of Diesel in 40° ATDC has suf-
ficient time for mixing with air compared with 54° ATDC.

mjectlons
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—g 60
Y 50
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30
20
10
0
m HC (12 BTDC) 37 38 49 63 70
B HC (54 ATDC and 12
BTDC) 35 37 48 61 67
m HC (40 ATDC and 12
BTDC) 34 36 47 59 65

Figure 4: HC emission for comparison of single
injection and split injection timings of 40° ATDC
and 54° ATDC.
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CO emission for single and split

injections
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CO (40 ATDCand 12 BTDC)| 0038 | 0.068 | 0.174 | 0441 | 0.802 ;nr{edfjo”::scs.p"tmjemo"timmgs of40°ATDC

Hence, hydrocarbon and carbon monoxide emissions are
less in 40° ATDC by 2.9% and 3.1% respectively.

Hydrocarbon emissions can support various industrial
operations, to reduce waste. Moreover, it indicates incom-
plete combustion. Hydrocarbon emissions cause ground-
level ozone, which harms humans and the environment.
Carbon monoxide may be utilized as a fuel in some indus-
trial operations, decreasing waste. Carbon monoxide is a key
contributor to air pollution and can harm the ecosystem,
particularly in cities. Hydrocarbon and carbon monoxide
emissions are hazardous to humans and the environment
but have certain advantages. Internal combustion engine
efficiency and sustainability depends on reducing these
emissions.

3.2.2 Nitrogen oxide

From the Figure 6, it is shown that NOx emission for split
injection with 40° ATDC is having lesser than that of single
injection. NOx emission occurs due to high peak cycle tem-
perature. Since the split injection of Diesel has homogeneous
mixture with air, it required less temperature to combust.
Split injection is a technique used in diesel engines that
involves dividing the total fuel injection into two or more
smaller injections, with the first injection being the pilot
injection and the second injection being the main injection.
The pilot injection is responsible for igniting the air in the

combustion chamber, while the main injection provides the
majority of the power. One of the benefits of split injection is
that it creates a more uniform mixture of fuel and air in the
combustion chamber, resulting in more complete combus-
tion and improved fuel efficiency. Furthermore, split injec-
tion requires less temperature to combust compared to
single injection. Consequently, less temperature is required
to ignite the fuel, which reduces the occurrence of engine
knock and lowers the amount of nitrogen oxides (NOx)
emissions produced. Due to low peak cycle temperature in
the premixed charge of Diesel in split injection, NOX emis-
sion is lesser in amount by 2.3%.

Comparing 40° ATDC and 54° ATDC injection timing of
pilot injection, NOx emission for injection timing of 40° ATDC
has lesser amount than for 54° ATDC since 40° ATDC has
sufficient time to mix with air. Hence, it required even less
temperature involved in combustion and NOx is also
reduced by 1.2%. Due to the increasing pressure and
temperature, the NOx and CO2 emissions increase with
higher compression ratios. On the other hand, at higher
compression ratios, the specific PM emission and smoke
opacity are less. It has been observed that CO emission
lowers when compression ratio increases. This is so that
more air and, consequently, more oxygen are accessible in-
side the cylinder for efficient combustion as the compression
ratio improves. It has been established that when the
compression ratio increases, the engine’s intake capacity also
increases.
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NOx emission for single and split

injections

1200

1000

800

600

NOx (ppm)

400

200

H NOx (12 BTDC) 316 725 944

963 980
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BTDC) 291
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Figure 6: NOx emission for comparison of
single injection and split injection timings of
40° ATDC and 54° ATDC.

939 957

3.2.3 Smoke emission

Smoke emission occurs due to incomplete combustion of
fuel. In single injection of Diesel, it is not having sufficient
time to mix with air and smoke increases while comparing
with splitinjection (Premixed charge of Diesel mixes with air
efficiently and thus reduces smoke) (Figure 7). When diesel
fuel is injected into a combustion chamber in a single

injection, it may not have enough time to mix with air before
combustion, which can lead to incomplete combustion and
increased smoke. In contrast, split injection, which divides
the fuel injection into multiple smaller injections, provides
more time for the fuel to mix with air before combustion,
resulting in better combustion efficiency and reduced
smoke. Insufficient residence time, inadequate temperature,
poor air-fuel mixing, and little overall extra air are the main

Smoke emission for single and split

Injections
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_ 60
£ 50
S
s 40
& 30
20
10
0
H Smoke (12 BTDC) 6.2 33.7 45.3 66.4 74.5
B Smoke (54 ATDC and 12
BTDC) 5.2 30.8 44.1 65.2 72.7
Figure 7: Smoke emission for comparison of
u D 12
smoke (4§TAD1(-Z)C and 42 275 | 426 | 645 | 701 | singleinjection and split injection timings of
40° ATDC and 54° ATDC.




8 —— G.Balamurugan and S. Gowthaman: Evaluation of performances in DI Diesel engine

causes of incomplete combustion. Dust or carbon mon-
oxide are produced when a portion of the carbon during
incomplete combustion is not totally oxidized (CO). Complete
combustion utilizes fuel inefficiently and produces harmful
levels of carbon monoxide.

In split injection mechanism, the injection timing of
Diesel in pilot injection varies smoke emission as per
Figure 7. Since 40° ATDC injection timing has more time to
mix with air, it has lesser emission of smoke compared with
54° ATDC (Yousefi, Guo, and Birouk 2018; Yousefia et al. 2019;
Zhang, Yu, and Bai 2015).

DE GRUYTER

Hence, smoke is less in amount for split injection for
pilot injection 40° ATDC compared with single injection and
split injection for pilot injection of 54° ATDC by 5.9% and 3.5%
respectively.

3.3 Combustion characteristics

From the Figures 8-10, it is evident that the pressure for
single injection is maximum (66.47 bar). It is because that the
compression ratio for single injection is more than split in-
jection for Diesel combustion (Zhou et al. 2018).

Pressure - Crank Angle Diagram for

single injection

70
60
50
40

30

Pressure (bar)

(e}

-400 -300 -200 -100 0 100

Crank Angle (deg.)

200

375

300 400

Figure 8: P-8 Diagram for single injection of
diesel.

Pressure - Crank Angle Diagram for
pilot injection at 54 deg. ATDC

70

60

50

40

Pressure (bar)

-400

-300

-200 -100 100

-10
Crank Angle (deg.)

200

300
Figure 9: P-8 Diagram for pilot injection (split
injection) of 54° ATDC.
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Pressure - Crank Angle Diagram for
pilot injection at 40 deg. ATDC
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>
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Comparatively, pilot injection of 40° ATDC required less
compression ratio with respect to 54° ATDC for complete
combustion. Hence, pressure required for 40° ATDC is less in
amount (64.54 bar) compared with 54° ATDC (65.57 bar). Split
injection is a fuel injection mechanism that utilizes two
separate injections of fuel to promote complete combustion
in an engine. By initiating combustion early through a small
pilot injection, reducing nitrogen oxide emissions through
cooling, providing precise control of the fuel injection pro-
cess, and reducing noise and vibration, split injection effec-
tively enables the engine to burn fuel more completely and
efficiently.

Since high compression ratio and high pressure directly
impacts knocking characteristics and NOx emission, the pilot
injection timing of 40° ATDC have less knocking character-
istics compared with pilot injection timing of 54° ATDC and
single injection of Diesel (it has less peak pressure of 1.57%
and 2.9% compared with 54° ATDC and single injection of
Diesel respectively). The most suitable timing for pilot in-
jection in diesel engines to decrease emissions depends on
several factors, including engine load, speed, fuel injection
pressure, fuel properties, and combustion chamber geome-
try. However, a pilot injection timing of 40° ATDC is more
effective in reducing engine emissions compared to a single
injection with an injection timing of 54° ATDC, because a
pilot injection with a 40° ATDC timing reduces the ignition
delay period, leading to more controlled and complete
combustion, resulting in lower emissions of pollutants like

5025

300 400

Figure 10: P-8 Diagram for pilot injection (split
injection) of 40° ATDC.

NOx and particulate matter. Moreover, the early introduc-
tion of fuel into the combustion chamber with a 40° ATDC
pilot injection timing allows for more comprehensive mixing
with air before the main injection occurs, resulting in more
complete combustion and fewer emissions. On the other
hand, a single injection with a 54° ATDC injection timing may
lead to incomplete mixing of fuel and air, longer ignition
delay period, and incomplete combustion, which results in
higher emissions.

4 Conclusions

The split injection was introduced by pilot injection and

main injection where pilot injection timing was varied as 54°

ATDC and 40° ATDC based on (How et al. 2018). The findings

are discussed here:

(1) Brake Thermal Efficiency is higher for single injection by
1.5% than for split injection since there is high pressure
for single injection.

(2) Brake Power is high for single injection by 1.45% than for
premixed charge due to high compression ratio in single
injection.

(3) When compared to single injection and pilot injection
timing of 54° ATDC, hydrocarbon emission was reduced
by 7.1% and 2.9% for pilot injection timing of 40° ATDC
due to more time to mix with air for pilot injection
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timing of 40° ATDC and it was compared to pilot injec-
tion timing of 54° ATDC.

(4) Carbon monoxide emission was reduced by 6.8% and
3.1% for split injection varying timing of 40° ATDC while
comparing with single injection and pilot injection
timing of 54° ATDC since the combustion is nearly
complete as the mixing of air is better for 40° ATDC.

(5) Nitrogen oxide emission was also reduced by 2.3% and
1.2% for 40° ATDC pilot injection timing with respect to
single injection and split injection timing of 54° ATDC
due to low peak cycle temperature and pressure for 40°
ATDC since the compression ratio for 40° ATDC is less.

(6) Smoke emission is lesser for 40° ATDC injection timing
of pilot injection compared with single injection and
pilot injection timing of 54° ATDC by 5.9% and 3.5% due
to combustion is nearly complete in 40° ATDC pilot
injection.

(7) Peak pressure is less in 40° ATDC by 2.9% and 1.57% in
comparison with single injection and pilot injection
timing of 54° ATDC due to which NOx and knocking are
less in 40° ATDC pilot injection timing.

From the results, we could find that the pilot injection timing
of 40° ATDC for Diesel injection is optimum for reducing
engine emissions than single injection of Diesel and injec-
tion timing of 54° ATDC. But the power output is compara-
tively less than single injection. Hence, the 40° ATDC
injection timing can be adopted with varying injection
pressures also since the injection pressure variation can
improve power output.
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