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Influence of Injection Timing and Injector
Opening Pressure on Combustion Performance
and P-0 Characteristics of a CI Engine
Operating on Jatropha B20 Fuel
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Abstract—The quest for alternatefuels for a CI engine has
become all the more imperative considering its importance in the
economy of a nation and from the standpoint of preserving the
environment. Reported in this paper are the combustion performance
and P-0 characteristics of a CI engine operating on B20 biodiesel fuel
derived from Jatropha oil.Itis observed that the twin effect of
advancing the injection timing and increasing the injector opening
pressure (IOP) up to 220 barhas resulted in minimum brake specific
energy consumption and higherpeak pressure. It is also observed that
the crank angle of occurrence of peak pressure progressestowards top
dead center (TDC) as the timing is advanced and IOP is increased.

Keywords—Crank angle, injector opening pressure, injection
timing, peak pressure.

1. INTRODUCTION

OMPRESSION ignition engines, being used in several

sectors like transportation,agricultural, stationary power
generation etc. play a dominant role in the economy of a
nation.Of late there is anacute need for alternate fuels due to
the rapid consumption of fossil fuel reserves and resulting
raised pollution levels.Among the various alternate fuels
identified vegetable oils are being considered as a viable
substitute for diesel as they have 90% of the heat content of
diesel, environment friendly and are renewable. Experimental
studies have reported that using vegetable oils in raw form can
cause several operational problems mainly due to their high
viscosity and low volatility. These problems include injector
coking, piston ring sticking, gumming of fuel lines and filters
etc. The problems due to high viscosity can be overcome by
different methods such as blending, heating, pyrolysis, micro
emulsification and transesterification. Transesterification is
the widely used method for chemically modifying vegetable
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oils to a more engine friendly fuel called biodiesel [1]-[4].

Biodiesel is usually blended with petroleum diesel to
improve the performance of CI engines. Several experimental
studies [5], [6] have indicated that 20% volume blend of
biodiesel with petroleum diesel (referred as B20 fuel) has
resulted in the best performance amongst all other blends.In
addition to higher thermal efficiency and lower brake specific
energy consumption, there has been substantial reduction in
smoke opacity values as well. Biodiesel produced from non-
edible oil such as JatrophaCurcas is quite economical
considering its cheaper input cost [7].

Several experimental studies have been carried out using
jatropha oil either in the raw form or as a blend or as an ester
reveal that jatropha is a reasonable substitute for diesel fuel.
Forsonet.al. [8] concluded that the blend of 97.4% diesel/2.6%
jatropha oil not only has substantial prospects as a long term
substitute for diesel but can also be used as an ignition
accelerator additive for pure diesel fuel. Pramanik [9] reports
that 50% blend of jatropha oil can be used in a diesel engine
without any major operational difficulties but further study is
required for the long term durability of the engine. Narayana
Reddy and A. Ramesh [10] observed that advancing the
injection timing from the base diesel value and increasing the
injector opening pressure increase the brake thermal efficiency
of a CI engine operating on neat jatropha oil.M. Senthil
Kumar et.al.[11], carried out experimental comparison of
different methods of using jatropha oil and methanol in a
compression ignition engine. Their findings statethe methyl
esters of jatropha oil (jatropha biodiesel) resulted in brake
thermal efficiency higher than neat jatropha oil and
comparable to that of petroleum diesel. Similar trend was
observed for cylinder peak pressure and peak rate of pressure
rise.

According to Richard Stone [12] the power output from a
CI engine is greatly dependent on the magnitude and timing of
peak pressure. Engine operating variables such as injection
timing, injector opening pressure, load, compression ratio etc.
greatly influence the same and hence the power output from
the engine.Kouremenoset.al. [13] Carried out stochastic
analysis of cycle by cycle combustion variations in a single
cylinder naturally aspirated, four stroke, direct injection, Lister
LV1 diesel engine by recording data for 650 successive cycles
under different combinations of injection timing and loading
conditions. The data was analyzed for peak pressure, peak rate
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of pressure rise and their respective crank angles of
occurrence. Their findings indicate that the pressure data for
more than 400 successivecycles forms a safe limit for
statistical analysis of cycle by cycle variations.

An attempt is made in this paper to report the effect of
engine operating variables such as injector opening pressure
and injection timing on brake specific energy consumption
and on magnitude and timing of peak pressure in a CI engine
operating on B20 fuel derived from jatropha biodiesel.

II. METHODOLOGY

Experiments were conducted on a single cylinder, four
stroke, naturally aspirated, open chamber, water cooled, 5.2
kW peak output computerized CI engine test rig. The engine
was loaded wusing a directly coupled eddy -current
dynamometer. The engine and the dynamometer are interfaced
to a control panel which is connected to NI USB-6210
hardware and the same can be connected to a computer
through a USB port. The specifications of the set up are given
in Table I.The test rig can record test parameters such as fuel
flow rate, temperatures, air flow rate, load, rpm etc. which are
used for calculating different engine performance parameters
using the performance analysis software “Enginesoft”. The
calorific value and the density of the fuel being tested were fed
as input variables to the software.

A PCB Piezotronics Inc. built water cooled piezo electric
pressure transducer was installed in the engine cylinder. The
sensor was flush mounted and it measured combustion
pressure inside the cylinder with 1°crank angle resolution.
During the experiments 500 successive cycles of cylinder
pressure data for every crank angle were recorded for each
loading condition.

The whole set of experiments were carried out at the rated
engine speed of 1500 rpm and a compression ratio of 17.5:1.
The experiments were conducted at three injection timings of
20°Before Top Dead Center (BTDC), 23°BTDC, 26°BTDC
and four IOP’s of 180,200,220and 240 bar.

TABLEI
ENGINE DETAILS
Engine Four stroke, single cylinder,
constant speed, water cooled
diesel engine

BHP 7HP (5.2kW) @ 1500 rpm
Bore x Stroke 87.5x 110 mm
Compression Ratio 17.5:1

Connecting rod length 234 mm

Dynamometer Eddy current type

Fuel and air measurement Differential pressure unit
Speed measurement Rotary encoder
Interfacing with computer NI-USB 6210 hardware

The static injection timing was varied by changing the gap
between the cam and the plunger by removing or inserting
shims of different thickness between the fuel injection pump
and the cam and by observing the spill cut off of the injection
pump. The IOP was set by adjusting the spring of the injector
using a nozzle tester.

The methyl ester of jatropha oil blended with petroleum

diesel (20% by volume) was directly fed to the fuel tank of the
test rig. The properties of B20 fuel derived from jatropha oil
and diesel are shown in Table II. Experiments have been
carried in the steady state conditions which were ascertained
by observing the variations in exhaust gas temperature.

TABLEII
PROPERTIES OF DIESEL AND B20 FUEL

Properties Diesel B20
Density at 40°C (kg/m3) 828 835
Kinematic Viscosity at
40°C (mm?*/sec) 2.71 3.36
Calorific Value (kJ/kg) 43172 426017
Flash Point (°C) 53 75
Fire Point(°C) 58 86

To statistically analyze such voluminous data, an exclusive
computer programhas been writteninVisual Basicwhich uses
the pressure crank angle data recorded for 500 cycles as an
inputto find the magnitude of peak pressure for each cycle, its
respective crank angle of occurrence, to prepare the frequency
distribution for the same and to calculate the average value of
500 cycles. The conversion of 500 cycles into a single cycle
by averaging the pressure crank angle data was done using
Matlab software.

III. RESULTS AND DISCUSSIONS

A. Brake Specific Energy Consumption (BSEC):
Fig. 1 depicts the variation of BSEC with IOP for the three
injection timings at full load condition.
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Fig. 1 Variation of BSEC with IOP at full load

As depicted in Fig. 1 the BSEC decreases as the timing is
advanced to 26°BTDC and as the IOP is increased to 220 bar.
At these operating conditions the BSEC is 12.01MJ/kW-hr.
which is relatively the lowest as compared to the other
operating conditions tested.The superior performance at 220
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bar may be attributed to two factors. First B20 fuel has higher
viscosity as compared to petroleum diesel because of which
the spray features are greatly affected since the viscous nature
of the fuel minimizes the fineness of atomization. Second
direct fuel injection type CI engines are more susceptible to
fuel spray characteristics than indirect type CI engines. Hence
increasing the IOP from the rated value of 200bar to 220 bar
might have resulted in better fuel spray features interms of
better cone penetrationleading to proper mixture formation
and more or less complete combustion of the mixture as
compared to other IOP’s tested.However the increase of IOP
to 240 bar at 26°BTDC increases the BSEC. This may be
ascribed to the reduced momentum of the fuel droplets to
penetrate through the charge resulting from a very fine spray
of the injected fuel at higher IOP. It can also be observed from
Fig. 1 that among the four IOP’s tested 180 bar exhibits higher
BSECpossibly due to coarse spray formation and poor
atomization leading to poor mixture preparation.

Amongst the 3 injection timings tested the advance timing
of 26°BTDC exhibits consistent and better performance. As
stated earlier this may be attributed to the slower nature of
combustion of jatropha derived B20 fuel due to its higher
viscosity resulting in poor spray features and mixture
formation. Hence starting the combustion earlier probably
compensates the effect of slow burning nature of the fuel.
However the retarded timing of 20°BTDC exihibits highest
BSEC due to sluggish combustion resulting from delayed
injection compounded by higher viscosity of the fuel and the
same was indeed reflected as higher exhaust gas temperature.

Fig. 2 depicts the relative percentage increases in BSEC for
the remaining IOP’s as compared to the IOP of 220 bar for the
three injection timings testedat full loading condition.The
relative percentage increases in BSEC for 20°BTDC and
23°BTDC as compared to 26°BTDC for the four IOP’s tested
at full loading condition are depicted in Fig.3.

Fig. 2 Percentageincrease in BSEC with respect to 220 bar at full
loading condition

As shown in Fig. 2 the relative percentage increase in
BSEC is highest for 180bar followed by 240bar and 200bar.
This may attributed to the improper degree of atomization of
fuel droplets at 180bar and reduced momentum of fuel
droplets to penetrate through the charge at 240 bar due to a
very fine spray of the injected fuel. The marginal percentage
increase in BSEC at 200 bar clearly suggests that combustion
is more or less complete at an IOP of 220 bar for B20 fuel.
Similarly it can be observed from Fig. 3 that the percentage
increase in BSEC is highest for 20°BTDC followed by
23°BTDC probably due to incomplete combustion resulting
from delayed injection of the fuel. Hence by observing figures
2 and 3 it can be concluded that the ideal operating conditions
are 26°BTDC and 220bar for a CI engine operating on B20
fuel derived from jathropha derived biodiesel.
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Fig. 3 Percentage increase in BSEC with respect to 26°BTDC at full
loading condition

B. Peak Pressure

Fig. 4 depicts the variation of average value of peak
pressure from 500 cycles with IOP for the three injection
timings at full load condition. The variation of average peak
pressure is in conformity with the behavior of brake specific
energy consumption.

The highest average peak pressure occurs at an IOP of 220
bar and for an injection timing of 26°BTDC with a magnitude
of 75.3bar.The average peak pressure is lower at 20°BTDC
and increases with injection advance for the four IOP’s tested
owing to sufficient time available for mixture formation.
Among the four IOP’s tested the [OP of 220 bar depicts higher
average peak pressure probably due to the better spray
characteristics leading to improved atomization and mixture
formation which reduces the physical delay period resulting in
complete combustion of the fuel.
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Fig. 4 Variation of average peak pressure with IOP at full load

The pressure — crank angle profile by averaging the pressure
data from 500 cycles at 26°BTDC for the 4 IOP’s and at 220
bar for the 3 injection timings at full loading condition are
depicted in figures Sand6 respectively.

As depicted in Fig.5 the peak pressure for the average
pressure- crank angle profile is highest for an IOP of 220 bar
followed by 200 bar. Though the combustion starts early at
240 bar the rise in pressure fails to maintain the momentum
due to smaller size of the fuel droplets in the later part of the
combustion amongst the four IOP’s tested. The pressure-
crank angle profiles are more or less uniform for IOP’s of 200
bar and 220 bar. Combustion to some extent is delayed for an
IOP of 180 bar due to poor mixture preparation thereby the
pressure- crank angle curve moves away slightlyfrom TDC,
indicating that combustion is taking place in the late expansion
phase, thereby increasing the exhaust gas temperature. It can
also be observed that the crank angle of occurrence of peak
pressure for the average pressure- crank angle profile shifts
towards TDC as the IOP is increased from 180 bar to 240 bar.

It can be inferred from Fig.6 that the effect of changes in
injection timing on peak pressure for the average pressure-
crank angle profile is more pronounced as compared to
changes in IOP. The peak pressure is highest for an advanced
injection timing of 26°BTDC followed by 23°BTDC and
20°BTDC with the crank angle of occurrence shifting away
from TDC as the injection is retarded. The retarded timing of
20°BTDC exhibits lowest peak pressure due to delayed
injection leading to improper mixture formation and
incomplete combustion and the same has resulted in lower
performance.

Figures 7a to 7h depict the frequency distribution for the
crank angle of occurrence and magnitude of peak pressure at
full loading condition for the three injection timings tested at
IOP’s of 180 bar, 200 bar, 220 bar and 240 bar respectively. It
can be observed from the figures 7a, 7c, 7e and 7g that for the
four IOP’s tested the crank angle of occurrence of peak
pressure moves away from TDC as the timing is retarded. As
depicted in Fig. 7a the crank angles of occurrence move away
from TDC at 180 bar as compared to the other three IOP’s for
the three timings tested. This may be attributed to the sluggish
nature of combustion due to thelarger size of the fuel droplets
since the IOP is lower. Contrary to that they move towards
TDC at 240 bar due to rapid combustion as depicted in Fig.7g.
They are distributed slightly over a range of 3 to 9° ATDC for
IOP’s of 200 bar and 220 bar. Further the crank angles of
occurrence are distributed over a narrower range for the four
IOP’s tested at injection timings of 23°BTDC and 26°BTDC
as compared to 20°BTDC. They are distributed over a wider
range for IOP’s of 180 bar and 240 bar at 20°BTDC probably
due to improper mixture formation.

As depicted in figures 7b, 7d, 7f and 7h for the four IOP’s
tested the rated timing of 23°BTDC and advanced timing of
26°BTDC produces higher peak pressure as compared to
20°BTDC.It is also evident from figures 7a to 7h that the
advanced timing of 26°BTDC produces highest frequency
indicating a greater degree of repeatability as most of the
cycles are conforming to the same value.
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Fig.7h
Fig. 7a-7h Frequency of crank angle of occurrence and magnitude of
peak pressure at full load
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IV. CONCLUSION

The following conclusions are deduced from this study:

1. Brake Specific Energy Consumption decreases as
the injection timing is advanced to 26°BTDC and
IOP is increased up to 220 bar. The same operating
conditions also result in highest average peak
pressure

2. The crank angle of occurrence of peak pressure
moves away from TDC as the injection timing is
retarded to 20°BTDC and IOP is reduced to 180
bar.

3. Statistically it was observed that advancing the
injection timingto 26°BTDC for all the IOP tested
has resulted in a greater degree of repeatability
with regard to magnitude and crank angle of
occurrence of peak pressure.

REFERENCES

A. Srivastava and R.Prasad, “Triglycerides-based diesel fuels”,
Renewable and Sustainable Energy Reviews, vol. 4, pp.111-133, 2000.
F. Ma and M. A. Hanna, “Biodiesel production: a review”, Journal of
Bioresource Technology, vol.70, pp.1-15, 1999.

L.C. Meher, D.V. Sagar, and S.N. Naik, “Technical aspects of biodiesel
production by transesterification — a review, Renewable and Sustainable
Energy Reviews, Vol.10, pp.248-268, 2006.

A. S. Ramdhas, S. Jayraj and C. Muraleedharan, “Use of vegetable oils
as IC engine fuels —a review”, Renewable Energy, vol. 29, pp727-742,
2004.

AXK. Agarwal and L.M. Das, “Biodiesel development and
characterization for use as a fuel in compression ignition engines, ASME
Journal of  Engineering for Gas Turbine and Power, vol.123, pp.440-
447,2001.

B.K. Barnwal and M P Sharma, “Prospects of biodiesel production from
vegetable Oils in India, Renewable and Sustainable Energy Reviews,
vol.9, pp.363-378, 2005.

R. N. Singh, D.K. Vyas, N.S.L. Srivastava and M. Narra, “SPRERI
experience on holistic approach to utilize all parts of jatrophacurcas fruit
for energy, Renewable Energy, vol.33, pp.1868-1873, 2008.

F.K. Forson, E.K. Oduro and E. H. Donkoh, “Performance of jatropha
oil blends in a diesel engine”, Renewable Energy, vol.29, pp.1135-1145,
2004.

K. Pramanik, “Properties and use of jatrophacurcas oil and diesel fuel
blends in compression ignition engine”, Renewable Energy, vol.28,
pp-239-248, 2003.

[10] JN. Reddy and A. Ramesh, ‘“Parametric studies for improving the

performance of a jatropha oil fuelled compression ignition engine”,
Renewable Energy, vol.31, pp.1994-2016, 2006.

[11] M. Senthil Kumar, A. Ramesh and B. Nagalingam, “An experimental

comparison of methods to use methanol and jatropha oil in a
compression ignition engine”, Biomass and Bioenergy, vol. 25, pp. 309
—318,2003.

[12] Richard Stone, Introduction to Internal Combustion Engines, Second

Edition, The Macmillan Press Ltd., London, 1992.

[13] D.A. Kouremenos, C.D. Rakopoulos and K.G. Kotsos, “A stochastic —

experimental investigation of the cyclic pressure variation in a DI single
cylinder diesel engine”, International Journal of Energy Research, vol.
16, pp.865-877, 1992.

ACKNOWLEDGMENT
The authors wish to thank Department of Mechanical and

Manufacturing Engineering, Manipal Institute of Technology,
Manipal University, Manipal, India for providing laboratory
facilities to carry out this research work. They also thank
Manipal University for extending financial support for
attending the conference.

,‘:"I

1

Presently he is the Assoc

A.B.V.Barboza is presently a research scholar in
the Department of Mechanical and Manufacturing
Engineering,ManipallnstituteofTechnology,Mani
palUniversity, India. Heobtained his B.E in
Mechanical Engineering and M. Tech in Engg.
Management from MIT, Manipal. He is doing
PhDin the area of Alternate Fuels.He is a Life
member of Indian Society for Technical
Education (ISTE) and International Association
of Computer Science and Information
Technology (IACSIT) (Email:
barboza.augustine@gmail.com)

Madhwesh N. is presently a research scholar in
theDepartment of Mechanical and Manufacturing
Engineering, Manipal Institute of Technology,
Manipal University, India. He obtained his B.E in
Mechanical Engineering and M. Tech in Energy
Systems Engineering from NMAMIT, Nitte in the
year 2005 and 2009 respectively.  (Email:
madhwesh.n@manipal.edu)

C.V.Sudhir, MIET obtained Ph.D in the field of
Thermal Science from National Institute of
Technology Karnataka, Surathkal India in the
year 2008. Currently he is working as Senior
Lecturer in the department of Mechanical and
Industrial Engineering at Caledonian College of
Engineering, Sultanate of Oman-Muscat. (A
university college in association with Glasgow
Caledonian University, Scotland). Dr.Sudhir has
a great interest primarily in the area of Renewable
Energy Utilization and Harvesting, Utilization of
Bio-renewable fuels, non-conventional fuels, and
Alternate fuels for I C Engine. Dr.Sudhir is Life
member of Combustion Institute (Indian Section)
and also Member of Institution of Engineering
and Technology (MIET). (Email:
drsudhircv@gmail.com)

N. Yagnesh Sharma is the corresponding author
and Professor in the Department of Mechanical
and Manufacturing Engineering, Manipal Institute
of Technology, Manipal. He obtained his B.E. in
Mechanical Engineering from University of
Mysore in 1978 and M.Tech. in ThermalTurbo
machinery from Indian Institute of Technology,
Madras in 1981. He was awarded PhD degree for
his doctoral work in the area of Gas Turbine
Combustion from Indian Institute of Technology
(Kharagpur) in 2002.

iate Director (Development) of the institute. His

research interests are in the area of droplet combustion in gas turbines,

computational fluid dynamic studies on cooling of
modeling and analysis of solar air and water heaters,

numerical

gas turbine blades,

turbomachinery flows, 1.C.engines, alternate fuels and water jet cutting
process. He is a Life Member of Institution of Engineers, ISTE, IAENG and
IACSIT. (Email: nysharma@hotmail.com)

2080



