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Abstract

In the present work, an automotive three cylinder compression ignition engine employed with a common rail direct injection
system, fuelled with diesel was investigated to analyse its performance and emission characteristics, and also cylinder-to-
cylinder variation of important parameters of combustion. Variation of cylinder pressure, peak cycle pressure, rate of maximum
pressure rise, rate of maximum heat release and combustion duration between the cylinders was presented as a function of
brake mean effective pressure, torque and speed of the engine. Variation of carbon monoxide, unburnt hydrocarbon, oxides of
nitrogen and brake thermal efficiency for the tested engine was presented as a function of brake mean effective pressure. It
can be seen that measured combustion parameters show a significant variation between the cylinders, and the variation of the
magnitude of average cylinder pressure was marginal. The peak pressure and combustion duration in cylinder 2 are higher by
approx. 11% and 9%, respectively, than those of the other two cylinders. At a 40 Nm torque and at the lowest operated speed,
the peak pressure in cylinder 2 is higher by 10% than that of the other two cylinders. This trend was also observed at the
highest operated speed, with the peak pressure higher by approx. 14%. The maximum combustion duration in cylinder 2 was
observed to be 9% higher than in the other two cylinders at identical comparable brake mean effective pressure values. It can
also be seen that emission parameters were varied considerably with brake mean effective pressure and a trade-off point was
obtained between NOy-CO, NOx-UBHC and NOx-BTE.
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1. Introduction

Compression ignition (CI) engines are very common in medium
and heavy duty automotive vehicles due to their high thermal
efficiency, durability and robustness in nature. In a conventional
direct injection (DI) multi-cylinder CI engine, it is very difficult
to attain identical combustion in all the engine cylinders. Engine
performance and emission with respect to speed and load are
hampered by uneven combustion performance of the worst cyl-
inders, which leads to misfiring and too early combustion phas-

ing. The temperature of the inlet air, fuel supply, fuel injection
timing, injection delay, ignition delay, air-fuel ratio, compres-
sion ratio, port geometry, gas exchange, exhaust gas recircula-
tion supply, and cylinder cooling are the most important factors
which can differ from cylinder to cylinder. The difference in any
or in combinations of these factors is responsible for load varia-
tions and combustion phasing between the cylinders, which in
turn may lead to power loss, increased mechanical vibration,
cylinder-to-cylinder torque imbalance and engine emissions
[1-3].
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Nomenclature

CA —crank angle, °

p — pressure, bar

S —estimated factor (governed by different self-governing variables)
X1, X2, X3, ..., Xn — variables

Abbreviations and Acronyms
BMEP- brake mean effective pressure
BTE - brake thermal efficiency

CD - combustion duration

To save the environment and to improve the fuel economy,
very stringent emission norms were developed, which cannot be
attained by a conventional mechanical fuel injection system.
This paved the way for the development of a high pressure in-
jection system called common rail direct injection (CRDI) sys-
tem [4,5]. In modern CI engines, an accumulator, simply called
as common rail, is the main component in the CRDI system,
which accumulates the fuel at high pressure in the range of
1000 bar to 2000 bar, and the fuel is injected into the cylinders
through the respective fuel injectors. Injecting the fuel at higher
pressure makes the fuel droplets to travel a longer distance in-
side the cylinder by penetrating the hot compressed air, and also
atomises the fuel droplets into very fine particles. These two fac-
tors make the fuel vaporise at a much faster rate, which thereby
improves the fuel-air mixing, and in turn leads to better combus-
tion characteristics. In the CRDI system, by regulating the accu-
mulator pressure, the fuel injection pressure can be controlled.

Since the fuel injection in the CRDI system is monitored by
an electronic control unit (ECU), the required fuel quantity can
be supplied at an exact time by either a single injection or mul-
tiple injections. Injecting a small quantity of fuel in advance and
a subsequent injection to the regular injection refers to as a pilot
and post injection, respectively. Pilot injection reduces the com-
bustion noise by the gradual progress of combustion reactions in
the cylinder [6,7]. The residence time of the pilot injected fuel's
vapour phase will be comparatively longer, which allows the
proper mixing with the air trapped in the cylinder. The pilot in-
jected fuel burns after undergoing the pre-combustion reactions,
resulting in greater cylinder temperature, so that the primary in-
jected fuel begins to combust after causing a short delay period.
This results in a reduced maximum rate at which the pressure
increases, resulting in lower combustion noise. Hence, an over-
whelming interest was created among the researchers and scien-
tists to investigate the combustion features of the CRDI engine.

Cyclic and cylinder variations can be effectively controlled
by suitably adjusting the injection timing and amount of exhaust
gas recirculation (EGR). Many researchers have analysed the
diesel engine characteristics with diesel and its alternatives
[8—13]. Attempts were made on a single cylinder Cl engine with
different vegetable oils like karanja [14], jatropha [15], sunflo-
wer [16], cottonseed [17], rape seed [18], palm [19], rice bran
[20], corn [21] and neem [22] in their blended forms with diesel
and also in the converted forms of biodiesel.

It was inferred that vegetable oils in their pure forms and
their derivatives have the capability to be used as a partial repla-

Cl - compression ignition

CO - carbon monoxide

CRDI- common rail direct injection (system)
DI —direct injection

ECU - electronic control unit

MHRR- maximum heat release rate
MROPR- maximum rate of pressure rise
NOx — oxides of nitrogen

SOC - start of combustion

TDC - top dead centre

UBHC- unburnt hydrocarbon

cement of diesel in CI engines without any engine modifica-
tions, and the performance characteristics were comparable with
those of diesel.

Attempts were also made to explore the outcome of changing
engine design considerations on the engine characteristics with
diesel and its alternatives [23—25]. In all these investigations,
a single cylinder stationary engine [26—29] or an automotive en-
gine employing mechanical fuel injection [30—35] was utilised.
The CRDI concept was also attempted on a one cylinder station-
ary Cl engine by increasing the fuel injection pressure [36—39].
Investigations have been carried out by modifying a single cyl-
inder engine with the CRDI setup [38,39].

In all earlier research on the CRDI diesel engine, the concept
of injecting fuel at a relatively higher pressure than the conven-
tional injection pressure was attempted [36—45] and an actual
automotive engine was not tested to analyse its performance,
emission and combustion characteristics. Investigations carried
out with automotive engines were also restricted to constant
speed, and fuel injection characteristics were not controlled by
ECU. To understand the behaviour of the CRDI engine, it is nec-
essary to test a real time automotive engine to analyse its char-
acteristics. In the earlier work, the authors have compared the
combustion characteristics of an automotive CRDI engine with
a conventional high-power compression ignition (HCV) engine
through the measurement of combustion parameters in the first
cylinder of the engine [46].

After analysing a wide range of literature, a certain gap was
observed in the area of CRDI engine where the investigations of
variations among cylinders of an automotive CRDI engine were
not sufficiently addressed in the previous research works. Most
of the reported works on multi-cylinder engines were restricted
to investigate the characteristics of the engines through the
measurement of combustion parameters of one of the cylinders.

Hence, to overcome these limitations, an attempt was made
on an automotive passenger car CRDI engine to study the vari-
ation of combustion characteristics among the cylinders by
measuring the cylinder pressure of all three cylinders using
a separate pressure transducer for individual cylinders. The at-
tempt was also extended to study the performance and emission
characteristics of the engine at different operating conditions.
The key objectives of this investigation are outlined as:

— to analyse the cylinder-to-cylinder variation of different
combustion parameters of an automotive CRDI engine by
operating the engine at different speeds and torque values,
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— toinvestigate the performance and emission characteristics
of an automotive CRDI engine with respect to different
brake mean effective pressures (BMEP).

2. Experimental methodology

2.1. Experimental setup

An automotive, four stroke, three cylinder CRDI diesel engine
manufactured for use in a passenger car was tested in the present
investigation. Table 1 shows the details of the three cylinder en-
gine used for testing, and the line diagram seen in Fig. 1 displays
the setup used to conduct the experiments.

Table 1. Specifications of engine.

Arrangement
Volume (l) 0.98
73x78
40 kW @ 4000 rpm
130 Nm @ 1750—-2750 rpm

unit pump common rail, 1600 bar system

Inline, 3 cylinder

Bore x stroke (mm)
Rated power (kW)
Peak torque (Nm)
Fuel system

Engine aspiration turbocharged and cooled

0L

Controls

] Dynamometer

Exhaust Gas
Analyzer

Pressure
Sensor

Amplifier

Diesel Engine

——{ Angle Encoder

I

Fig. 1. Layout of experimental setup.

A dry gas type eddy current dynamometer ECB-120 HP was
attached to the test engine as a loading device. Each of the three
cylinders is fitted with a separate pressure transducer to record
the pressure generated inside the individual cylinder and instru-
mented with an angle encoder to note down the pressure inside
the cylinder at various crank angles. The pressure signals were
amplified by their respective charge amplifier and then fed to an
AVL data acquisition system to interpret the recorded in-cylin-
der pressure and stored in a personal computer. An AVL exhaust
gas analyser and AVL smoke meter were employed in engine
emission measurements. Table 2 shows the range, accuracy and
percentage uncertainties of the instruments used for emission
measurement.

2.2. Test conditions

As per the standards of the modified Indian duty cycle, the small
sized passenger cars were allowed to operate around 50 per cent
of the maximum rated speed and torque to simulate the normal
driving conditions and further lower range for city driving con-

ditions. Hence, the test conditions of the engine were selected to
represent the same. The test matrix selected for the investigation
is shown in Table 3, and Table 4 shows the properties of diesel.

Table 2. Range, accuracy and percentage uncertainties of instruments.

Measured Uncertainties,

Instrument . Range Accuracy

quantity %
AVL DIGAS NOx 0-5000 ppm = 10 ppm
444 0—20000 ppm

+

Exhaust gas UBHC n-hexane 50 ppm 0.2
analyzer co 0—-20% +5%
AVL 437C Smoke
Smoke . 0—-100 % 2% 1.0

opacity
meter

Table 3. Test matrix.

S. No. Speed (rpm) Torque (Nm)
1 1850 65
2 2000 30
3 1550 40
4 1300 45
5 1850 50
6 1000 55
7 1250 60
8 1750 65
9 1050 40
10 1100 40
11 1250 40
12 2000 40
13 1250 30
14 1250 45
15 1250 50
16 1250 60

Table 4. Properties of diesel [46].

Property of fuel Method Diesel
Viscosity at 40°C (mm?/sec) ASTM D445 3.522
Flash point (°C) ASTM D93 70
Calorific value (kJ/kg) ASTM D240 43000
Distillation temperature T90 (°C) ASTM D86 335
Specific gravity ASTM D4052 0.8

To explore the deviation of combustion parameters as an el-
ement of BMEP, the engine was tested at different operating
conditions by varying both the engine speed and torque as spec-
ified in Table 3. To investigate the effect of speed and torque on
combustion parameters, tests were conducted by maintaining the
engine torque at 40 Nm for different speeds and also by chang-
ing the torque at a uniform speed of 1250 rpm as shown in
Table 3.

2.3. Test procedure

In order to stabilise the engine operating conditions, the test en-
gine was operated for a short span of time at idle speed with no
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load condition. After the engine was stabilised, it was operated
at different operating conditions as specified in the test matrix
given in Table 3. The test engine was also made to run at differ-
ent speeds by maintaining a steady torque of 40 Nm and dissim-
ilar torques by retaining an identical speed of 1250 rpm. At each
operating condition, performance, emission and combustion pa-
rameters were documented and analysed.

2.4. Uncertainty analysis

The errors linked with the measurements of different combus-
tion parameters were calculated. The maximum potential errors
in the measurement of pressure and crank angle were predicted
by employing the technique recommended by Moffat [47]. From
the least measured values and the measuring instrument’s accu-
racy, the possible errors were calculated.

If an estimated quantity S depends on multiple independent
variables (X1, X2, Xs, ..., Xn), the associated error in S can be ex-
pressed as shown in Eq. (1):

2 )+ () +(@7F o

where (0xi/x1), (OX2/X2), etc. are the errors in the independent
variables, ox; depicts the accuracy of the measuring instrument,
and x; depicts the least measured output value.

2.4.1. Calculation of errors in measured parameters

The pressure inside the combustion chamber was measured by
commissioning a pressure transducer, and the electrical signal
received was amplified with the help of a charge amplifier. The
crank angle degree was measured with the help of a crank angle
encoder. The accuracy of the pressure measurement instrument
employed is 0.01, and that of the crank angle measurement is
0.02. Hence, the values of maximum possible errors for pressure
and crank angle measurements are calculated as shown below:

Cylinder pressure

The minimum value of cylinder pressure measured while con-
ducting the investigations is 0.72 bar with an accuracy of 0.01.
Therefore, the maximum possible error during the measurement
of pressure is calculated using Eq. (2):

[N

(%v)EXP - ((%)2)E -100 = 1.38%. 3]

Crank angle

The minimum degree of measured crank angle during the exper-
imentation is 1 degree, and the measurement accuracy is 0.02.
Therefore, the calculated maximum possible error in the meas-
urement of crank angle is calculated using Eq. (3):

0.02

(fﬂ)m = (=)' 100 = 2%. ®3)

CA

3. Results and discussion

3.1. Cylinder pressure and heat release rate

Figures 2 and 3, respectively, display the deviation of pressure
inside the cylinder and the variation of heat release rate for all
the three cylinders of the test engine based on crank angle degree
(°CA) for a total range of 60°CA (—30°CA to 30°CA with respect
to top dead centre (TDC) position) for an operating speed of
1850 rpm and torque 65 Nm.

Cylinder Pressure in bar

-30 -20 -10 0 10 20 30
Crank Angle Degree (CAD)

Fig. 2. Variation of cylinder pressure.

N=1850rpm and T = 65 N-m

Heat Release Rate in JJCAD

Crank Angle Degree (CAD)

Fig. 3. Variation of heat release rate.

From Fig. 2, it can be perceived that the magnitude of cylin-
der pressure increases steadily for all three cylinders as the pis-
ton moves towards TDC, and the pressure of cylinder 1 lies be-
tween those of cylinder 2 and cylinder 3. Until the piston reaches
6°CA before TDC (bTDC), the variation in pressure between
cylinder 1 and cylinder 2 is marginal (cylinder 1 has a higher
value), and the variation in pressure between cylinder 1 and cyl-
inder 3 is also around 3 bar (cylinder 3 has a higher value). At
5°CA bTDC, the pressure in cylinder 2 increases steeply, and its
variation with other cylinders increases, and almost the same
difference is maintained throughout the remaining cycle as
shown in Fig. 2. This may be attributed to the marginal variation
of the injected fuel quantity and its compression, which may re-
sult in a higher pressure for cylinder 2 when compared with the
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other cylinders. It was also observed that the peak pressure for
all three cylinders occurred at 16°CA after TDC (aTDC).

From Fig. 2, it can also be seen that after the completion of
ignition delay, in-cylinder pressure variation between the differ-
ent phases of combustion was marginal. It can also be seen that
the difference between the magnitude of average cylinder pres-
sure (measured during the uncontrolled and controlled combus-
tion phase) and peak pressure was also marginal. This may be
due to the influence of pilot fuel injection employed in the test
engine. As the injection is carried out in two phases as pilot in-
jection and main injection, the peak pressure is occurred at two
positions, one bTDC due to pilot injection and the other aTDC
due to main injection and the former was lower than the latter.
This may be due to the fact that more fuel was injected through
the main injection when compared with that of the pilot injec-
tion, and the injected fuel will be burned immediately after en-
tering the combustion space, which leads to a larger peak pres-
sure aTDC. Higher pressure of fuel injection in the test engine
enhances the fuel atomisation and vaporisation by providing
smaller fuel particles, which in turn improves the combustion
process. This results in smooth combustion during pilot and
main injections, which leads to a marginal variation in pressure
during the combustion.

From Fig. 3, it can be witnessed that after the completion of
the delay period, the rate of heat release for all cylinders was
higher due to the combustion of the accumulated charge through
pilot injection. The maximum heat release due to pilot injection
was obtained at 5°CA bTDC for cylinder 1 and cylinder 2, and
at 3°CA bTDC for cylinder 3 whose magnitude of heat release
lies between that of cylinder 1 and cylinder 2. The maximum
heat released at this condition was obtained in cylinder 2. This
may also be due to the increased charge pressure as a result of
a marginal increase in compression of injected fuel, which may
improve the combustion and, in turn, increase the combustion
temperature. Likewise, the heat release rate increased in the
course of the expansion stroke, and the maximum heat release
obtained in all three cylinders occurred at 15°CA aTDC, the
value for cylinder 2 being the highest and the value for cylinder
1 lying between those of cylinder 3 and cylinder 2. As discussed
earlier, the volume of the main injected fuel is larger, which
leads to a greater heat release rate than that obtained during the
pilot injection period. A negative heat release rate is also ob-
served at a location close to that of TDC (bTDC). This is due to
the delay in the start of combustion of injected fuel during the
primary injection, which absorbed the heat generated due to
combustion of the pilot injection.

3.2. Combustion parameters as a function of BMEP

In this section, the variation of different combustion parameters
is presented as a function of BMEP. Torque and speed of the
engine given in Table 3 were chosen to represent the combustion
parameters as a function of BMEP. The characteristics of the
pilot injection and main injection at different operating condi-
tions employed in the engine are depicted in Table 5.

Injecting a small portion of fuel as pilot injection will drasti-
cally reduce the combustion noise, combustion temperature, and
thereby reduce the formation of nitrogen oxides. Table 5 clearly

shows that 10 per cent of the fuel was injected through pilot in-
jection and the remaining 90 per cent of fuel was injected
through main injection. It also shows that the start of pilot injec-
tion occurred between 7.5°CA bTDC and 10°CA bTDC, and the
main injection occurred very close to TDC. The fuel injection
timing and quantity vary as the engine operates at different
speeds and torques, which is also presented in Table 5.

Table 5. Characteristics of pilot injection and main injection.

Pilot injection Main injection

Speed Torque _§ - | 9 E— § - g s
(om) (vm) E§ TE ZE 5§ TL 23
" TE EE TS YE 23T
o = o -
2000 30 -8.2 0.682 29 1.74 6.827 287
1550 40 -9.05 | 0.797 35 1.01  7.972 345
1300 45 -9.3 0.954 42 0.76 =~ 9.542 415
1850 50 -7.8 1.065 39 2.3 10.65 387
1000 55 -9.32 1.216 52 0.69 12.17 524
1250 60 -9.3 1.190 46 0.69 11.91 463
1750 65 -8.02 1.296 43 1.88 12.96 432
1050 40 -9.2 0.769 39 0.69 7.696 386
1100 40 -9.2 0.780 38 0.69 7.801 384
1250 40 -9.3 0.811 38 0.69 8.116 381
2000 40 -7.5 0.905 35 2.54  9.058 347
1250 30 -10 0.539 28 0.03 5.391 279
1250 45 -9.2 0.979 43 0.69 9.795 430
1250 50 -0.93 | 1.167 48 0.69 11.67 484
1250 60 -9.2 1.422 54 0.69 14.22 538

The variation of peak pressure is shown in Fig. 4(a) as
a function of BMEP for all three cylinders. It is found that the
peak pressure for all cylinders increases with an increase in
BMEP. This might be the effect of increased volume of charge
burned, releasing more heat, which in turn increases the cylinder
pressure and therefore results in a higher peak pressure as BMEP
increases. Engine operation was also found to be smoother for
all three cylinders as a result of the peak pressure varying almost
linearly with BMEP.

Variation of the maximum rate of pressure rise (MROPR) as
a function of BMEP is shown in Fig. 4(b). It is observed that the
rate of pressure rise shows an erratic trend with BMEP. As the
start of combustion is advanced with BMEP, the delay period
will be shorter, resulting in lower MROPR at higher BMEP. An
increase in MROPR with BMEP may be due to the change in
the start of combustion with BMEP.

Figure 4(c) displays the manner in which the start of com-
bustion (SOC) varies with BMEP for cylinder 1, cylinder 2 and
cylinder 3. It is observed that with an increase in BMEP, SOC
advances. The earlier SOC at a higher BMEP may be due to an
increase in the fuel quantity burned and combustion chamber
temperature, which in turn enriches fuel vaporisation and short-
ens the ignition delay period as BMEP increases. The same trend
is observed for all three cylinders. It is also seen that at lower
BMEP, SOC of cylinder 2 lies between those of cylinder 1 and
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cylinder 3, but as BMEP increases, SOC of cylinder 2 is slightly
advanced than for the other two cylinders. A delay in SOC is
also observed at a higher BMEP for all three cylinders. This may

o ——— Cylinder 1 B

= = =Cylinder 2 - N .

— . =Cylinder 3 ”, A s

Peak Pressure in bar

5.13 5.63 6.13 6.63 7.13 7.63 8.13 8.63
BMEP in bar

@

———Cylinder 1 P
92 Cylinder 2 "'/ \
----- Cylinder 2 ,{, \

— - =Cylinder 3

Start of Combustion in °CA, bTDC

5.13 5.63 6.13 6.63 7.13 7.63 8.13 863
BMEP in bar

©

be due to the change in the pilot injection period with respect to
the engine operating conditions.

~ = Cylinder 1

\ = = =Cylinder 2 P

\  —--Cylinder3 s

Maximum Rate of Pressure Rise in bar/°CA

513 5.63 6.13 6.63 7.13 7.63 8.13 8.63

BMEP in bar
(®)
60 -
S —Cylinder 1 gl
% - - = Cylinder 2 4
=
g 50 — - =Cylinder 3 A
a s
g S
]
R o o e
e
S
...... -
5.13 5.63 6.13 6.63 7.13 7.63 8.13 8.63
BMEP in bar
(C))

Fig. 4. Variation of combustion parameters with BMEP.

Figure 4(d) displays the deviation of combustion duration
(CD) with respect to BMEP. It is inferred that an increase in the
value of BMEP escalates CD. Cylinder 2 and cylinder 3 show
a similar trend, and cylinder 2 shows a marginally longer CD
than the other cylinders. This may be the effect of injecting
a higher volume of fuel as BMEP is increased, which in turn
may increase the period of fuel burning. Cylinderl deviates from
the other two cylinders, showing an erratic trend.

3.3. Influence of speed and torque on combustion pa-
rameters

The influence of engine speed and torque on engine combustion
parameters like SOC, CD, peak cylinder pressure, maximum
heat release rate 1 (MHRR1) due to secondary injection, maxi-
mum heat release rate 2 (MHRR2) due to main injection and
maximum rate of pressure rise (MROPR) are presented and dis-
cussed in this chapter. The combustion parameters are recorded
and investigated at two different engine running conditions:

(a) different torques at a uniform speed, 1250 rpm,

(b) different speeds at a uniform torque, 40 Nm.

3.3.1. Influence of speed on combustion parameters

Here, the variation of combustion features as a function of speed
for all three cylinders is presented and discussed. It is observed
in Fig. 5(a) that the cylinder peak pressure is less affected for the

individual cylinders when the engine is operated at different
speeds by maintaining a constant torque, but the peak pressure
of cylinder 2 is marginally higher than those of cylinder 1 and
cylinder 3. From Fig. 5(b), it is observed that MROPR is in-
creased with respect to speed till it attains its maximum value
and after that, MROPR is found to be decreased at higher speeds.
The same trend is followed for all three cylinders, but for cylin-
der 2, MROPR at lower speeds is much higher than for the other

cylinders.

Figure 5(c) shows that as the engine speed increases, SOC is
slightly advanced in order to provide adequate time for complete
combustion. This may be due to the fact that the combustion du-
ration remains the same in terms of milliseconds, but it slightly
increases in terms of crank angle degree, and hence SOC is ad-
vanced at higher speeds to compensate for this effect. All three
cylinders follow a similar trend. The deviation of combustion
duration for different speeds is shown in Fig. 5(d). It is observed
that at moderate speeds, the combustion duration is slightly
lower, but the duration of combustion is found to increase when
there is a rise in the engine speed, and the same trend is followed
for all three cylinders.

3.3.2. Effect of torque on combustion parameters

The variation of combustion parameters as a function of torque
for all three cylinders is presented in Fig. 6.
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It was observed from Fig. 6(a) that the peak pressure of all
three cylinders varies considerably when the engine is operated
at various torques by maintaining a constant speed. As the torque

60

5
5
71
g 50
S 48

46
g 44
2
E 42 .
3 -

00 == -

33

30 35 40 45 50 55 60
Torque in N-m
(C)]

Fig. 6. Variation of combustion parameters with torque.

is increased, the cylinder peak pressure also increases due to in-
creased fuel burning at a higher torque, and a similar trend is
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found for all cylinders. Also, a similar trend of variation is ob-
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served for the variation of peak pressure for the cylinders as re-
ported in Fig. 5(a).

Figure 6(b) displays the manner in which the maximum rate
of pressure rise varies as a function of torque. From the figure,
it is clear that the variation between the cylinders shows an er-
ratic trend. Figure 6(c) presents the fashion in which the start of
combustion varies as a function of torque. It can be seen that the
start of combustion is advanced as the engine is operated at
higher torque values. This may be due to the enhanced fuel va-
porisation at higher torques, and hence, an earlier start of com-
bustion. Figure 6(d) shows the manner in which the combustion
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duration varies with respect to torque. An increasing trend is ob-
served in the combustion duration for increased torque values,
and all cylinders follow a similar trend. This is primarily because
of the increased volume of charge burned as the torque increa-
ses.

3.3.3. Effect of speed and torque on maximum heat release
rate

Variation of the maximum heat release rate resulting from fuel
combusted through the duration of pilot injection and main in-
jection as a function of speed is shown in Fig. 7.
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Fig. 7. Variation of MHRR1 and MHRR2 with speed and torque.

It is observed from Fig. 7(a) that an increase in speed leads
to a rise in the value of MHRR1 initially, and further increasing
the speed causes a decrease in MHRR1. At higher speeds, the
duration of pilot injection will be short, and resulting in a lower
MHRR1 when compared to MHRR1 recorded at lower speeds,
and a similar trend is charted for all cylinders. Figure 7(b) shows
that MHRR2 seems to be higher at lower speeds and tends to
decrease slightly for higher speeds.

It is also observed in Fig. 7(c) that an increase in torque in-
creases MHRR1 because of burning a higher fuel quantity at an
increased torque. Figure 7(d) depicts that as the torque increases,
MHRR2 resulting from the main injection also increases owing
to an increase in volume of fuel burned at an increased torque.

3.4. Performance and emission parameters
as a function of BMEP

In this section, the variations of carbon monoxide (CO), unburnt
hydrocarbon (UBHC), oxides of nitrogen (NOy) and brake ther-

mal efficiency (BTE) are presented as a function of BMEP as

a trade-off curve between NOx-CO, NO,-UBHC and NO,-BTE.

From Fig. 8, it can be predicted that an increase in BMEP
results in an increased quantity of NOy. The value of BMEP is
increased by burning an additional quantity of fuel to compen-
sate for the increase in load, which results in a higher tempera-
ture inside the combustion chamber. It is obvious that higher
temperatures favour the NOy formation inside the combustion
chamber. The value of NOy reaches a maximum and tends to
reduce due to the non-availability of oxygen at a higher BMEP.
It can also be predicted that at a slightly increased BMEP, the
quantity of UBHC and CO increases, because of overfuelling,
a small portion of fuel remains unburned, and decreases as the
combustion temperature is increased further. At a higher BMEP,
due to an increased crevice volume and reduced quantity of ox-
ygen, the amount of UBHC and CO will increase. A similar
trend of variation is observed for BTE as for CO and UBHC. As
BMEP increases, a slight reduction in BTE is observed at the
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middle range of BMEP, and a further increase in BMEP results
in an increasing trend for BTE with BMEP. This may be due to
the increase in fuel consumption with torque. A decrease in BTE
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with BMEP during the middle range of BMEP may be due to
the change in the engine speed when compared to that for the
lower BMEP.
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Fig. 8. Variation of performance and emission parameters with BMEP.

A trade-off between NO,-CO, NOx-UBHC and NO4-BTE is
observed at a higher BMEP close to 8 bar, where the two curves
intersect each other. This point may be considered as an opti-
mised condition for both the parameters presented in the graph.
It is also observed that NO,-UBHC and NOx-CO curves inter-
sect during the middle range of operation too, which indicates
the operating condition for simultaneous control of NOx, UBHC
and CO emissions.

4. Conclusions

In the present work, performance and emission parameters and
cylinder-to-cylinder variation of combustion parameters of
a medium duty 3-cylinder CRDI passenger car diesel engine
were investigated by testing the engine at different operating
conditions. The following conclusions were made based on the
findings:

e The combustion parameters vary considerably between the
cylinders.

e The combustion parameters of cylinder 2 differ considera-
bly from those of the other two cylinders. Its uncontrolled
and controlled phase of combustion differs noticeably from
those of the other two cylinders.

e The consistently elevated in-cylinder pressure in cylinder 2
was primarily attributed to a slight advance in the start of
injection, resulting in earlier combustion and a higher peak
pressure, as well as an increase in cumulative heat release.

Minor compression differences, likely caused by carbon
deposits on the piston crown, were also observed but con-
sidered secondary contributors.

e  The extended combustion duration in cylinder 2 may be at-
tributed to factors such as uneven air-fuel mixture distribu-
tion, variations in injector flow rate or spray pattern, and
thermal variations between the cylinders. These factors,
while not directly measured in this study, require further ex-
amination, recommended to identify the root cause of the
observed asymmetry.

e The maximum heat release rate, maximum rate of pressure
rise and cycle peak pressure for cylinder 2 were higher
when compared with the other two cylinders.

e Cylinder 2 shows a marginally longer CD than the other
cylinders.

e A trade-off point was obtained at a higher BMEP for sim-
ultaneous control of NOy, CO and UBHC at a higher brake
thermal efficiency.

e During the engine operation at a medium BMEP, it is pos-
sible to simultaneously control the NOy, CO and UBHC
emissions.

From this investigation, it can be concluded that a significant
variation in the magnitude of combustion parameters was ob-
served between the three cylinders of a passenger car engine. It
can also be concluded that the engine emissions can be simulta-
neously controlled.
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This work can be further extended to investigate the influ-
ence of biodiesel and higher alcohols on the performance, com-
bustion and emission characteristics of the test engine, and the
results can be compared with those of diesel. To maintain the
combustion uniformity in CRDI engines, regular injector flow
calibration and matching are recommended. A theoretical model
can be developed, and the simulated results can be validated
with the experimental results.
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