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HIGHLIGHTS

« Fuel injection pressure & timings affect engine performance, emissions and combustion.
« Rapid combustion, higher cylinder pressure & ROHR at advanced injection timings.

« Superior performance at lower FIP giving lower BSFC & emissions, & higher BTE.

« Emission characteristics improve with advanced fuel injection timings.

« Particulate number concentration in a CI engine increases with increasing engine load.
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For a diesel engine, fuel injection pressure (FIP) and injection timings are very important parameters,
which influence the engine performance, emissions, and combustion. Other injection parameters affect-
ing engine performance are rate of injection, injection pattern, number of injections etc. A single cylinder
research engine was used to experimentally determine the effects of fuel injection strategies and injec-
tion timings on engine combustion, performance and emission characteristics. The experiments were
conducted at constant speed (2500 rpm) with two FIPs (500 and 1000 bars respectively) and different
start of injection (SOI) timings. Cylinder pressure and rate of heat release (ROHR) were found to be higher
for lower FIPs however advanced injection timings gave higher ROHR in early combustion stages. Brake
thermal efficiency (BTE) increased with increased injection pressures while exhaust gas temperature and
brake mean effective pressure (BMEP) increased upto 500 bars. These parameters reduced slightly with
increase in FIP. For advanced SOI, BMEP and BTE increased, while brake specific fuel consumption (BSFC)
and exhaust gas temperature reduced significantly. Carbon dioxide (CO,) and hydrocarbon (HC) emis-
sions decreased however nitrogen oxide (NOX) emissions increased with increasing FIP. Lower CO, and
HC emissions, and significantly higher NOx emissions were observed with advanced injection timings.
Particulate number-size distribution increased with increasing engine load however it reduced with
increasing FIP.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

lates are classified as ‘probable carcinogen’. Under tremendous
pressure to comply with increasingly stringent emission norms

Compression ignition (CI) engines, due to their excellent fuel
efficiency and durability, have become popular power plants for
automotive applications. This is globally the most accepted type
of internal combustion engine used for powering agricultural
implements, industrial applications, and construction equipment
along with marine propulsion. However, emissions from diesel en-
gines have been focused in increasingly stringent emission regimes
because of their adverse health impact on humans. Diesel particu-
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adopted worldwide, mass emissions of particulate matter (PM)
from diesel engines have been significantly reduced by automotive
OEMs by employing improved exhaust gas after-treatment tech-
nologies [1]. In diesel engines, it is rather difficult to lower NOx
and PM emissions simultaneously due to soot-NOx tradeoff. High
NOx and PM emissions are still the main obstacle in the develop-
ment of next generation conventional diesel engines.
Combustion, performance and emission characteristics of diesel
engines depend on several factors like FIP, SOI, fuel quantity in-
jected, number of injections (post- and pilot-), design of combus-
tion chamber and nozzle spray patterns. High-pressure direct
injection (HPDI) seems to be one of the most efficient ways to
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comply with the stringent global emission norms. FIP for different
generation of diesel engines varies from 200 to 2000 bars. Kato
etal.[2] demonstrated using high fuel injection pressures as a means
to reduce PM emissions without increasing NOx emissions. High
FIPs seem to induce a very different spray structure than low FIP
sprays used earlier [3]. This is mainly due to cavitation created in
the nozzles at high FIPs, which results in significantly faster atomiza-
tion [4]. Other studies [5,6] showed that higher FIPs improve fuel-air
mixing, followed by faster combustion, which directly influences
pollutant formation. Diesel spray characterization is usually done
for parameters such as spray tip penetration, spray angle, droplet
velocities, droplet sizes and distributions, and global spray struc-
ture. A good understanding of these characteristics is essential for
increasing the combustion efficiency and reducing the environmen-
tal impact. High pressure difference across the injector nozzle is nec-
essary to atomize the liquid fuel into small droplets in order to
enable rapid vaporization as well for high jet penetration in the com-
bustion chamber [7,8]. Droplets size distribution of a spray funda-
mentally affects CI engine combustion. Smaller fuel droplets
vaporize rather quickly compared to larger droplets however their
penetration is shorter therefore the size distribution needs to be
optimized. Chen et al. reported that small droplets and high penetra-
tion depth of fuel jet enhances the fuel-air mixture quality, which
provides shorter ignition delays and more complete combustion
[8,9]. Lower FIPs gives larger droplet diameters, thus increasing igni-
tion delay during combustion [9]. This also leads to higher cylinder
pressures, which ultimately results in higher NOx emissions. When
FIPs increase, spray droplet diameter distribution reduces. This leads
to improved fuel-air mixture formation because of superior mixing
during ignition delay, therefore smoke and CO emission reduce [10].
However, if FIP is too high, ignition delay period becomes too short.
Hence, possibility of homogeneous mixing decreases and as a result,
combustion efficiency reduces [11]. Bruneaux [12] investigated
spray characteristics of common rail direct injection (CRDI) system
in a high pressure, high temperature cell, which created conditions
existing in a typical diesel engine. An increase of FIP was found to en-
hance the fuel atomization at the nozzle outlet, resulting in more
distributed vapor phase, which improves mixing. Hence the fuel
injection strategy is an important parameter in diesel engines to
optimize the combustion, performance and tailpipe emissions.

These injection parameters also affect the particulate emission
from diesel engines. High compression ratios, along with relatively
high oxygen concentration in diesel combustion chamber delivers
excellent thermal efficiency, and low CO and HC emissions in con-
trast with a comparable gasoline engine [13] however mass of par-
ticulates emitted from diesel engines is generally 10-100 times
higher than SI engines [14-16]. Particulates are of concern from
engine performance, durability and harmful environmental impact
perspective. Higher particulate emissions result in reduced fuel
economy because of fuel loss due to incomplete combustion. Inter-
action of these particulates results in increased wear of the engine
components. Agarwal et al. [16] carried out experiments to inves-
tigate the characteristics of particulates and concluded that lubri-
cating oil contaminated by diesel soot is a key factor responsible
for higher engine wear [17].

Particulates have adverse environment impacts such as they af-
fect human and live-stock health, lead to poor visibility, and soil
the buildings. While attempting engine optimization, it is required
to consider particulate numbers as well, along with particulate
mass. Methods used for reducing the particulate mass such as
increasing FIP, use of variable geometry turbochargers (VGT) and
diesel particulate filters (DPF), tend to increase particulate num-
bers by reducing their size, which is likely to be more harmful
for human health [18,19]. A serious study on the diesel particulate
characterization is important because a significant proportion of
diesel particulates have aerodynamic diameters less than 1 pum.

Diesel particulates in this size range have a high probability of
being inhaled and deposited in the respiratory tract, and poten-
tially cause respiratory diseases and consequently damage the
lungs [20,21].

Particles emitted from diesel engines can be completely charac-
terized by gravimetric measurements, particle number-size distri-
bution, particle surface area-size distribution, particle volume-size
distribution, soluble organic fraction (SOF), elemental trace metals,
elemental carbon (EC), organic carbon (OC), total carbon, and poly-
cyclic aromatic hydrocarbons (PAHs) [22-26]. Agarwal et al. [16]
reported an increase in particle number concentration at lower en-
gine loads and particle number concentration reduction at higher
engine loads with addition of 20% biodiesel to diesel.

In the present investigation, a flexible single cylinder research
engine was used to experimentally evaluate the effect of fuel injec-
tion timings and FIP on combustion, emissions and performance.
Mineral diesel was used as test fuel. This engine is capable of pre-
cisely controlling fuel injection parameters such as FIP, SOI and in-
jected fuel quantity and the effect of variations in these parameters
on engine combustion, performance and emission characteristics is
evaluated. For particulate size and number distribution, engine ex-
haust particle sizer (EEPS) was used.

2. Experimental setup and procedure
2.1. Experimental setup

Schematic of the experimental setup is shown in Fig. 1. The
experiments were conducted on a single cylinder research engine
(AVL, 5402) equipped with fuel conditioning system, lubricating
oil conditioning system and coolant condition system for experi-
mental investigations in controlled conditions. For controlling the
load and speed of the engine, AC dynamometer (Wittur Electric
Drives, 2SB 3) was coupled with the research engine. The engine
was equipped with common rail direct injection system, with ad-
vanced features for controlling the FIP and SOI timing. FIP could
be varied up to 1400 bars and this system was capable of multiple
injections (2 pilot injections and 2 post injections in addition to the
main injection). State-of-the-art intake air measurement system
(ABB Automation Products, Sensyflow P) and gravimetric fuel
flow-meter (AVL, 733S.18) were used. Cylinder pressure was mea-
sured using a piezoelectric pressure transducer (AVL), which was
connected to a charge amplifier (AVL) and finally to a high speed
combustion data acquisition and analysis system (AVL, Indismart)
for exhaustive combustion investigations. Test engine specifica-
tions are given in Table 1.

An exhaust gas emission analyzer (AVL, 444) was used to mea-
sure CO, CO,, HC, NOx in the exhaust. For particulate size-number
distribution, EEPS spectrometer (TSI, EEPS3090) was deployed. This
instrument can measure particle sizes ranging from 5.6 nm to
560 nm with a maximum measurable number concentration of
108 particles/cm® of engine exhaust. It has sizing resolution of 16
channels per decade comprising of total 32 channels. Number con-
centration of particulates in the engine out exhaust is higher than
the maximum measuring range of EEPS therefore diesel exhaust is
diluted 560 times using a rotating disk thermo-diluter (Matter
engineering, md19-2e), before entering the EEPS.

2.2. Experimental procedure

Effects of fuel injection parameters on combustion, perfor-
mance, emissions and particulate size-number distribution were
investigated by varying fuel injection timings and FIPs at different
engine loads. During the experiment, lubricating oil and coolant
temperatures were maintained at 80 °C and 60 °C respectively
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Fig. 1. Schematic of the experimental setup.

Table 1
Technical specifications of the test engine.

Engine parameter Specification

Engine model AVL 5402
Number of cylinders 1

Cylinder bore/stroke 85/90 mm

Swept volume 510.7 cc

Compression ratio 17.5

Inlet ports Tangential & swirl inlet port
Maximum power 7 kW

Rated speed

Fuel injection pressure

Fuel injection system

High pressure system
Engine management system
Valves per cylinder 4 (2 inlet, 2 exhaust)
Valve train type DOHC cam follower
Liner type/base Wet

4200 rpm

200-1400 bars

Direct injection

Common rail CP4.1 BOSCH
AVL-RPEMS + ETK7 BOSCH

using lubricating oil conditioning system and coolant conditioning
system. Temperature of fuel at the inlet of high pressure fuel pump
was maintained at 20 °C using fuel conditioning system. Engine
torque was increased by increasing the fuel injection pulse dura-
tion. FIP and SOI timing were controlled using INCA based engine
management system (EMS), which has flexibility for user defined
control of various fuel injection parameters. SOI timing and injec-
tion duration were also measured by acquiring signals for the
injector opening current during fuel injection process. Experiments
were performed at two FIPs, 500 and 1000 bars at constant engine
speed of 2500 rpm. At 500 bars FIP, SOI timing was varied from 15°
BTDC to 9.375° BTDC. At 1000 bars FIP, SOI timing was varied from
9.375° BTDC to 4.875° BTDC because further advancement of SOI
timings was increasing the rate of pressure rise beyond safe limits.
The SOI timings were determined after complete engine sweep
over the entire range of parameters.

For engine performance analysis, brake specific fuel consump-
tion (BSFC) and brake thermal efficiency (BTE) were calculated
from measured fuel consumption rate, torque and speed data.
Brake specific mass emissions were calculated from measured
raw exhaust emission concentrations. For combustion analysis,
variation of cylinder pressure with crank angle position was re-

corded for 200 consecutive combustion cycles using high speed
data acquisition system. For elimination of cycle-to-cycle combus-
tion variability, average of these 200 combustion cycles was ana-
lyzed to calculate rate of heat release (ROHR) and mass burn
fraction (MBF) durations.

For measurement of particulate size-number distribution, ex-
haust gas was diluted by sheath air by using thermo-dilutor. Con-
centration of particulates in engine exhaust was calculated by
accounting for the dilution factor. Particulate size-number distri-
bution data was recorded for 1 min at 1 Hz frequency and average
of these 60 particulate size-number distribution sweeps was ana-
lyzed and presented in various graphs in the following section.

3. Results and discussion

The results of the experiment are given separately in the sub-
sections on combustion analysis, performance analysis, emission
analysis and particulate analysis.

3.1. Combustion analysis

Cylinder pressure data analysis is the most effective tool to ana-
lyze engine combustion behavior because cylinder pressure history
directly influences power output, combustion characteristics and
engine-out emissions. In this study, cylinder pressure data was ac-
quired w.r.t. crank angle using a high speed data acquisition sys-
tem. Using this data, P-0 diagrams can be drawn, which provide
information about the ‘start of combustion (SOC), ‘rate of pressure
rise (ROPR)’, ROHR as well as maximum cylinder pressure (Ppax).

Fig. 2 shows the variation of cylinder pressure and ROHR w.r.t.
crank angle at different engine loads and SOI timings. Maximum
cylinder pressure increases with increasing fuel quantity injected.
It happens due to richer mixture formed inside the chamber, which
burns more rapidly in early stages of combustion (premixed com-
bustion) and remaining fuel burns in later stages (diffusion com-
bustion) and requires longer duration. ROHR curve also follows
similar pattern and richer mixture conditions burns with longer
combustion duration. Advancing SOI leads to longer ignition delay,
which promotes premixed combustion and higher maximum
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Fig. 2. Cylinder pressure and ROHR variations for different injected fuel quantities and SOI timings at constant FIP of 500 bars.
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Fig. 3. Cylinder pressure and ROHR variations for different injected fuel quantities and SOI timings at constant FIP of 1000 bars.

cylinder pressure and higher ROHR peak can be seen. When SOI was
retarded and it came closer to top dead center (TDC) in compression
stroke, ignition delay became shorter, which led to higher fuel frac-
tion burning in diffusion combustion thereby lowering maximum
cylinder pressure. Due to this shorter ignition delay, pressure peak
was smaller and it also shifted away from TDC position in expansion

stroke as compared to earlier SOI conditions. This shift was clearly
visible in ROHR curves where the peak of the curve shifted away
from TDC in expansion stroke with retarded injection.

Fig. 3 shows the cylinder pressure and ROHR curves for varying
injection conditions at 1000 bars FIP. It was similar to Fig. 2 how-
ever one can notice knocking conditions especially at higher engine

Please cite this article in press as: Agarwal AK et al. Effect of fuel injection timing and pressure on combustion, emissions and performance characteristics
of a single cylinder diesel engine. Fuel (2013), http://dx.doi.org/10.1016/j.fuel.2013.03.016




AK. Agarwal et al./Fuel xxx (2013) XxX—XXX 5

50

&80 0 FIP = 500 Bars
//qu //\

g
40 1 sumerp JE s Y
10% MBF (227 1
50% MBF Z1_ 1R
90% MBF 22 B8

30 |
20 4

10 4

Crank Angle Position (Degree)

Fuel Quantity Injected per Stroke (mg)

Fig. 4. MBF variations with varying fuel injection quantities and SOI at FIP of 500 bars.

50

FIP = 1000 Bars

Crank Angle Position (Degree)

Fuel Quantity Injected per Stroke (mg)

Fig. 5. MBF variations with varying fuel injection quantities and SOI at FIP of 1000 bars.

45 45

FIP=500 bars FIP=1000 bars
40 - 40
S 354 S 354
5 :
T 304 T 30+
= =
[a] a
S 254 S 254
3 3
£ 20 £ 204
o o
o o
15 —=— S0I=9.375 BTDC 15 —=— S0I=4.875 BTDC
—e— S0I1=12.750 BTDC —e— S0I=7.125 BTDC
10 —4— S0I=15.000 BTDC a0 —— 80I=9.375 BTDC
9I 1I2 1I5 9I 1'2 1'5
Fuel Quantity Injected per Stroke (mg) Fuel Quantity Injected per Stroke (mg)

Fig. 6. Combustion duration for varying fuel injection quantities at different SOI at two FIPs.

loads. This knocking tendency increased with advanced injections ROHR. Higher FIP (1000 bars) gave extremely high ROHR. This
due to availability of more fuel quantity in early stages of combus- was due to finer fuel atomization at higher FIPs, which promoted
tion, which promoted erratic combustion due to extremely high mixing and increases ROHR [7,10].
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Fig. 4 shows that combustion duration increased with greater
fuel quantity injected. It happens mainly due to longer diffusion
combustion. There was very small variation in crank angle position
at MBFsq because in almost every condition, premixed combustion
happened at the same rate and the fuel burned very quickly in pre-
mixed combustion. However SOI timings significantly affected pre-
mixed mass burn fraction. For advanced injection timing (15°
BTDC), injection delay was high, which increased ROHR in pre-
mixed combustion phase (Fig. 2) hence combustion duration was
shorter. This tendency decreased with retarding SOI conditions.

Similar experiments were performed at 1000 bars FIP (Fig. 5). In
this case also, almost similar results were obtained however com-

bustion duration decreased significantly due to significantly higher
ROHR compared to 500 bars FIP (Fig. 4). It can be noticed that crank
angle position at MBF;o was quite close to TDC for 1000 bars FIP,
which indicated relatively lower ignition delay for higher FIPs
[9,27]. This conclusion can be drawn by comparing the data for
SOI 9.375 BTDC only, because this was the only common SOI con-
dition at both FIPs.

Crank angle position for MBFsq was quite similar for both FIPs
however total combustion duration (MBFg,—-MBF;) for 500 bars
FIP was significantly higher compared to 1000 bars FIP due to com-
bustion of a large part of injected fuel in diffusion combustion
phase, as seen in Fig. 6.
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Fig. 8. Mass emissions of regulated emission with engine load for varying SOI at two FIPs.

3.2. Performance analysis

Experiments were performed to analyze exhaust gas tempera-
ture (EGT), BSFC and BTE at two different FIPs (500 and 1000 bar)

and three different SOI timings.

Fig. 7 shows that the EGT always increased (in all six experi-
mental conditions) with increasing engine load (BMEP) because
of the increased fuel quantity injected. However higher exhaust
gas temperatures were seen for lower FIP (500 bar) compared to
higher FIP (1000 bar). It happened due to larger droplet size
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Fig. 9. Particulate size-number distribution for varying fuel injection pressures and start of injection timings.

distribution inside the combustion chamber, which promoted het-
erogeneous combustion, while finer droplet size distribution at
higher FIP gave relatively better fuel-air mixing and smoother
combustion [7-10,27,28]. EGT was found to be lower for advanced
SOI conditions due to main heat release occurring closer to TDC in
the expansion stroke, which provided enough time for hot gases to
expand and cool down before the exhaust valves were opened. This
caused superior heat utilization and more cooling of combustion
products hence reduced exhaust gas temperature. Similarly, BSFC
decreased in all experimental conditions with increasing engine

load. This reduction in BSFC can be explained by the fact that as
the engine load increases, there was continuous improvement in
combustion quality and efficiency. Cylinder pressure increased
with increasing engine load and increasing injected fuel quantity,
which burned more efficiently therefore fuel consumption per unit
brake power produced i.e. BSFC decreased. For advanced injection
timings, a large amount of evaporated fuel accumulates in the
combustion chamber during the ignition delay period, and burns
quickly, which leads to rapid heat release rate and causes sudden
increase in temperature and pressure in the cylinder. As most of
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the fuel burns in premixed combustion phase, it causes very high
peak heat release rate and hence power output increases. At very
high FIP (1000 bars), BSFC was higher than lower FIP (500 bar)
due to relatively inferior combustion characteristics, which led to
lower power output at 1000 bars FIP. BTE followed exactly reverse
trend as that of BSFC and increased with increasing engine load in
all experimental conditions. BTE was seen to be significantly lower
at very high fuel injection pressures. It happened due to smaller
droplet size distribution and larger jet penetration of the fuel
spray, which enhanced mixing and reduced ignition delay period
[7-10,27-29] but got into knocking regime. Shorter ignition delay
led to knocking and fluctuations in cylinder pressure and temper-
ature (Figs. 2 and 3) and shorter combustion duration (Figs. 4 and
5). This result also showsed that BTE increased with advanced SOI
due to similar reasons as BSFC.

3.3. Emission analysis

Fig. 8 describes the mass emission characteristics of different
exhaust gases (CO,, CO, HC and NOx) for different engine loads
at varying experimental conditions. The results showed that BSCO,
emissions decreased with increasing engine load however ad-
vanced SOI further reduced BSCO, emission, which indicated to-
wards more efficient combustion with advanced fuel injection
timings, which is an observation similar to the one made in
Fig. 7. BSCO, emissions increased significantly at higher injection
pressures due to poor combustion characteristics including knock-
ing, which led to lower thermal efficiency (Fig. 7) as well as higher
BSCO, emissions.

BSCO and BSHC emissions both follow the same trend. BSCO
and BSHC emissions also decreased with increasing engine load.
It happened due to higher cylinder gas temperatures at higher en-
gine loads, which led to more efficient combustion of fuel at higher
temperature, producing lower quantities of these emissions. At
similar BMEP, CO and HC mass emissions decreased with increas-
ing FIP due to superior fuel-air mixing in the combustion chamber
[9,10,27,28]. Advanced SOI improved air-fuel mixing due to avail-
ability of more time for mixing process; therefore this led to lower
CO and HC mass emissions as well.

Formation of NOx is highly dependent on the maximum tem-
perature of the burning gases, oxygen content, and residence time
available for the reactions to take place at these extreme condi-
tions [10,30,31]. Fig. 8 shows that mass emission of NOx decreased
with increasing engine load due to relatively higher increase in
power output as compared to raw NOx emissions. BSNOx emis-
sions increased significantly with increasing FIP due to higher
ROHR during premixed combustion phase (Figs. 2 and 3). Similarly
advanced SOI also increased BSNOx emissions due to higher igni-
tion delay and more time available for NOx chemistry to take place,
which ultimately increased the BSNOx emissions. It is interesting
to note that BSNOx emissions were higher for 1000 bars FIP com-
pared to 500 bars FIP. This was because at 500 bars FIP, longer time
available for NOx chemistry to take place dominated and at
1000 bars FIP, higher ROHR dominated the NOx chemistry.

3.4. Particulate analysis

Particulate size-number distribution was measured at different
SOI timings at two FIPs (500 and 1000 bars). To investigate the ef-
fect of injection timings on particulates, SOI was varied from 15°
BTDC to 9.375° BTDC for 500 bars FIP and from 9.375° BTDC to
4.875° BTDC for 1000 bars FIP, just like earlier tests. Particulate
size-number distribution was measured after thermal stabilization
of the test engine at every engine operating condition.

Fig. 9 shows the variation of particulate size-number
distribution at different SOIs at two FIPs. Particulate size-number

distribution increased with increasing load at all FIPs and SOI tim-
ings. This was because, air-fuel ratio decreased with increasing en-
gine load in CI engines due to injection of higher fuel quantities in
every engine cycle, which created fuel-rich zones inside the com-
bustion chamber. Due to lack of available oxygen in these fuel-rich
zones, particulate formation increased. Similar trend was also re-
ported by Virtanen et al. [32]. Shifting of peak of the particulate
size-number distribution towards higher particulate diameters
with increasing engine load confirmed that these conditions were
also more favorable for agglomeration and formation of larger par-
ticles. At lower engine loads and lower FIPs, particulate number
concentrations were lowest for retarded injection timings and
number concentration increased with advancing injection timing.
At higher injection pressures, total particulate number concentra-
tion in the exhaust decreased due to relatively superior fuel-air
mixing [9,10,27,28]. At higher engine loads, advancing the injec-
tion timing reduced the total particulate concentration. Minimum
particulate concentration was observed at 1000 bar FIP at 4.875°
BTDC SOI. At lower FIPs, cylinder pressure and temperature be-
came very critical for fuel atomization and fuel-air mixing. If fuel
was injected at higher cylinder pressures (i.e. retarded injection
timings), large number of smaller fuel droplets formed due to bet-
ter atomization. Process of air-fuel mixing also depends on time
available for droplets to mix with surrounding air after the atom-
ization and before the start of combustion. The time available for
mixing of fuel droplets with air increased with advanced fuel injec-
tion however fuel droplet size also increased due to lower cylinder
temperatures and pressures prevailing at the time of advanced fuel
injection. These two factors affected the particulate formation in
opposite direction. At 1000 bars FIP, particulate number concentra-
tion first increased with retarded SOI timing and then decreased
due to combined effect of these two factors.

4. Conclusions

The experiments were performed at constant speed (2500 rpm)
with two FIPs (500, and 1000 bars) and different SOI timings. Pres-
sure variations and ROHR showed superior combustion character-
istics at lower FIP (500 bars), while at higher FIP (1000 bars),
knocking was observed under certain engine operating conditions.
Advanced injection timings led to rapid combustion hence higher
ROHR was observed in early stages of combustion. MBF results also
supported these findings. Engine performance was superior at low
FIPs leading to lower BSFC and higher BTE at all engine loads. These
parameters can be further improved by advancing the SOI. Lower
mass emission of CO, CO, HC and NOx was observed at lower
FIP. Emission characteristics improved by advancing the SOI. Par-
ticulate number concentration in a CI engine increased with
increasing engine load. Increasing the FIP reduced the number con-
centration of particulates of all sizes at all loads. At higher FIP,
advancing the injection timings reduced the particulate number
concentration because advanced SOI timings provided longer time
for fuel-air mixing before the start of combustion. At lower FIP,
particulate number concentration first increased and then de-
creased with retarding SOI timings because mixing at lower FIP
was more sensitive to cylinder pressure and temperature along
with time available for mixing before the SOC.
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