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ABSTRACT

The purpose of this paper is to investigate the effects of blending ratio of Karanja oil methyl ester (KOME)
on spray characteristics and to analyze the engine performance and exhaust emissions of Karanja bio-
diesel blend vis-a-vis baseline diesel. Spray characteristics were analyzed using injection rate and spray
visualization experiments for the following injection pressures: 50, 100 and 150 MPa. Engine perfor-
mance, emission and combustion characteristics were also investigated at various engine operation
conditions.

From a comparison of the spray evolution of Karanja biodiesel 40% (v/v) blend (KB40) vis-a-vis
baseline diesel, the spray shape revealed a narrower and deeper penetrating spray development process
for KB40. However, at an ambient pressure of 4 MPa, which is considered to be similar to the cylinder
pressure of a test engine, KB40 exhibited a spray evolution behavior (spray penetration and shape)
closely resembling that of diesel. In the engine experiment, lower max torque, brake thermal efficiency
(BTE) and exhaust gas temperature, in addition to higher brake-specific fuel consumption (BSFC) were
observed for biodiesel blend compared to diesel due to lower heating value of Karanja biodiesel.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the interest of increasing diversity of energy sources and to
reduce the galloping petroleum consumption, the possibility of
using alternative fuels for internal combustion engines are being
explored worldwide. Amongst various alternative fuels, biodiesel
has emerged as a promising substitute for the compressed ignition
(CI) engines due its similar properties as that of petroleum diesel
and its environmental benefits [1]. Biodiesel can be produced from
edible or non-edible vegetable oils and is regarded as renewable,
biodegradable and non-toxic fuel [1,2]. In addition, biodiesel con-
tains oxygen, therefore it reduces harmful engine-out emissions
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and improves engine combustion performance [3,4]. For these
reasons, biodiesel is considered as a promising fuel for Internal
Combustion (IC) engines, and is widely used either as pure fuel or
blended with mineral diesel in varying proportions, depending on
availability.

Significant number of research studies have been carried out for
successful usage of biodiesel in IC engine and these studies have
reported on various aspects of spray characteristics, engine per-
formance, emission characteristics and engine durability [5—15].
Fuel spray studies are very important because the fuel spray
directly affects the mixing of fuel with air and resulting combus-
tion. The spray characteristics therefore directly affect the engine
performance, power output and emission. However the spray
characteristics are directly controlled by the physical properties of
fuel therefore it is important that biodiesel spray characteristics are
thoroughly investigated and their relationship with the engine
performance and emission is also established well before its large
scale implementation. While performing spray visualization and
phase Doppler particle anemometry (PDPA) experiments, Park et al.
[5] reported that biodiesel has longer spray penetration due to its
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Abbreviations

BMEP  Brake mean effective pressure

BSCO,  Brake specific carbon dioxide
BSCO Brake specific carbon monoxide
BSFC Brake specific fuel consumption
BSHC Brake specific hydrocarbon
BSNOx Brake specific oxides of nitrogen

BTE Brake thermal efficiency
CAD Crank angle degrees
CO, Carbon dioxide

CcO Carbon monoxide

CD Combustion duration

CRDI Common rail direct injection
Cl Compressed ignition

CAP.x  Crank angle position for Ppax

CARroprmax Crank angle position for ROPRyax

CAq9, CAsg, CAgg Crank angle position corresponding to different
heat release percentages (10%, 50% and 90%)

DOC Diesel oxidation catalysts

EGR Exhaust gas recirculation

EGT Exhaust gas temperature

FIP Fuel injection pressure

IC Internal combustion

KB40, KB60, KB100 40%, 60% and 100% (v/v) Karanja biodiesel
blend with

diesel

KOME Karanja oil methyl ester

Prnax Maximum in-cylinder pressure

ROPRhax Maximum rate of pressure rise

NO Nitric oxide

NO, Nitrogen dioxide
NOx Oxides of nitrogen

0, Oxygen

PDPA Phase Doppler particle anemometry
PM Particulate matter

SOC Start of combustion

SOF Soluble organic fraction

TasoE Time after start of energizing

THC Total hydrocarbone
ULSD Ultra low sulfur diesel

higher surface tension and biodiesel spray is atomized to a lesser
degree in comparison to mineral diesel. Analyzing the relationships
among fuel properties and engine performance, Kegl [7] concluded
that higher density, viscosity and lower vapor pressure of biodiesel
under high fuel injection pressure systems lead to advanced in-
jection timings, and it also leads to earlier increase in the in-
cylinder gas pressure, temperature and heat release rate
compared with mineral diesel. They also reported that higher ox-
ygen content of biodiesel results in lower smoke and carbon
monoxide emissions but slightly higher hydrocarbon emissions
from the engine. Various meaningful results of emission charac-
teristics of biodiesel fuelled engines are reported in several studies
[8—14]. To investigate the emission characteristics of biodiesel,
especially on particulate size-number distribution in the exhaust
gas, Agarwal et al. [11,12] performed engine experiment using a
single cylinder research engine equipped with a common rail direct
injection (CRDI) system and carried out experiments with different
start of injection timings and fuel injection pressures. They re-
ported that increasing the fuel injection pressure resulted in
reduction in number concentration of particulate at all engine
loads. This is because increasing fuel injection pressures led to
advanced injection timings with better atomized fuel spray, and
more time available for preparation of combustible mixture.
Regarding trend of higher NOx emission from biodiesel fuelled
engines compared to mineral diesel, Varatharajan and Cheralathan
[8] summarized several factors based on different properties of
biodiesel. They suggested that advanced fuel injection timing,
increased adiabatic flame temperature, higher heat release rate,
and stoichiometric burning of biodiesel are possibly responsible for
higher NOx emissions from biodiesel fuelled engines. In regard to
engine durability and endurance test using biodiesel, Agarwal [9]
experimentally evaluated deposit formation of biodiesel on cylin-
der head, piston top and injector tip by performing long-term
endurance test. It was reported that the carbon deposits of bio-
diesel fuelled engines were substantially lower than that of diesel-
fuelled engine. Comparing the weight of piston deposit scrapped, it
was also found that deposits in the case of biodiesel-fuelled engine
were 40% lower compared to diesel-fuelled engine. In addition,
carbonization level of biodiesel injector after 512 h of operation was

significantly less than that of diesel injector after 200 h of engine
operation.

There are various biodiesels depending on its different origin
and manufacturing processes, and it is also well known that
depending on their physical and chemical properties such as car-
bon chain length, saturation, location and types of double bond, the
characteristics of engine performance and emissions would be
different [10,16]. Among various types of biodiesels, Karanja oil
methyl ester (KOME) is considered as one of promising biodiesels
due to its non-edible origin, similar properties to diesel, as well as
its easy growth characteristics even in wastelands [17].

For these reasons, several attempts were made to use Karanja
biodiesel as additive with mineral diesel [18—23]. Chauhan et al.
[20] investigated the performance, emissions and combustion
characteristics of Karanja biodiesel blends (5%, 10%, 20%, 30% and
100%) with mineral diesel in an unmodified diesel engine. They
reported 3—5% lower brake thermal efficiency with Karanja bio-
diesel and its blends compared to mineral diesel. It was stated that
higher cetane number of biodiesel leads to shorter ignition delay,
which is responsible for lower fuel accumulation in the combustion
chamber during premixed combustion phase, resulting in lower
heat release rate and lower peak cylinder pressure. NOx emissions
were higher while CO, smoke density and HC were reported to be
lower for biodiesel compared to mineral diesel. Dhar and Agarwal
[21] investigated the effect of Karanja biodiesel and its blends on
engine performance, emissions and combustion characteristics in a
diesel engine of a medium size utility vehicle. Slightly lower torque
and higher BSFC was observed with higher blends of biodiesel.
Earlier start of combustion was reported for lower biodiesel blends,
while it was slightly delayed for higher biodiesel blends. Brake
specific carbon monoxide (BSCO), brake specific hydrocarbon
(BSHC) and smoke emissions from Karanja biodiesel blends were
lower than mineral diesel but brake specific oxides of nitrogen
(BSNOx) emissions were slightly higher. Barik and Sivalingam [22]
conducted experiments for KOME, dual fuel KOME and biogas ob-
tained from anaerobic digestion of Karanja de-oiled cakes in a
single cylinder, four-stroke, air-cooled, diesel engine and compared
the results with baseline mineral diesel. It was reported that CO, HC
emissions and smoke opacity were lowest for KOME because KOME
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operation was attributed to additional fuel oxygen and increased
cetane number of KOME, which lowered the probability of forming
a fuel rich zone and advanced the injection timings. NOx emissions
were observed to be maximum for KOME. Kaul et al. [23] charac-
terized corrosion behavior of Karanja biodiesel by performing long
duration static immersion test for 7200 h. They reported that bio-
diesel from Karanja oil had no significant corrosion effect on piston
and liner, when compared with diesel.

Although a lot of valuable researches have been reported in
open literature, there have been rather limited investigations for
comprehensively understanding the relationship amongst spray
characteristics, engine performance and exhaust emissions of
Karanja biodiesel. Therefore the focus of this paper is to charac-
terize the effect of blending ratio of Karanja biodiesel on spray
characteristics in terms of injection rate, spray evolution process
and to investigate the engine performance and emission charac-
teristics of Karanja biodiesel blends in a CI engine compared to
baseline mineral diesel.

2. Experimental setup and procedure
2.1. Spray experiment setup

Spray investigations were carried out to investigate the effect of
blending ratio of Karanja biodiesel on spray behavior, spray evo-
lution process and injection rate. The test fuels for the spray ex-
periments were: mineral diesel as baseline (D100) fuel, 40% and
60% (v/v) blends of Karanja biodiesel (KB40, KB60), and 100% Kar-
anja biodiesel (KB100). Depending on the blending ratio, fuel
properties such as kinematic viscosity, density, and low heating
value slightly differed from each other (Fig. 1). Cetane number of
KB100 and mineral diesel used in this study were 50.8 and 51.2
respectively. All tests were carried out with fuel injection pressure
(FIP) of 50, 100 and 150 MPa and injection duration for each FIP
were calibrated for delivering injection quantity of 12 mg/pulse for
all cases.

To investigate the effect of physical properties on transient
needle motion of the injector and to compare maximum injection
rate under different blends of biodiesel, injection rate measure-
ment was performed. The measurement was performed using
Bosch method, which measures the change in the tube pressure
during fuel injection under certain back pressure and correlates it
to the injection rate based on fuel quantity [24—26]. In this mea-
surement, a back pressure of 3.0 MPa was set by referring to a
previous research study about precise measurement of fuel injec-
tion rate [24]. According to their results, a back pressure higher
than 2 MPa is desirable to obtain reasonable injection rate signal.

Fig. 2 shows a schematic of injection rate test bench. This bench
consisted of a test injector having a hole diameter of 0.128 um, a
pressure sensor (Kistler, 4045A50), a piezo-resistive amplifier
(Kistler, 4603), a data acquisition system (National Instrument,
NI6013), a measuring tube 10 m in length, and a fuel drain with a
relief valve for adjusting constant the back pressure.

In the measurement, fuel was injected into the measuring tube
filled with fuel under a constant pressure of 3 MPa. As the fuel was
injected, the pressure from the measuring tube increased, thus the
pressure sensor detected increased pressure. The detected pressure
signals were amplified by the piezo-resistive amplifier and were
recorded by the data acquisition system. Injection quantity from
the fuel drain was also measured for calculation of injection rate.

To examine and improve the accuracy of recorded injection
signals, sufficient consecutive injections (over 100) were recorded.
Fig. 3 shows superimposed consecutive pressure signals. These
signals were ensemble averaged and represented by the red line. To
ensure repeatability, each test was conducted three times and then
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Fig. 1. Important fuel properties of test fuels.
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For comparing spray evolution processes, spray visualization
was performed as shown in Fig. 4. The spray visualization system
mainly consisted of a constant volume spray chamber, which could
be pressurize up to 6 MPa, a fuel supply system, a fuel injection
system and a high-speed camera (Photron, Fastcam-APX RS). The
fuel supplying system included a common-rail, a high pressure
pump and a fuel tank. The fuel injection system comprised of a test
injector with 6 holes, an injector driver and a digital delay/pulse
generator (Berkeley Nucleonics Corp, model 575). Fuel from the fuel
tank was pressurized by two high-pressure pumps working in
parallel, which provided highly pressurized fuel to the test injector.
The injector operating signal produced by injector driver was
synchronized with the high-speed camera having a resolution of
524 x 524 pixels, equipped with 75 mm Nikon lens, using the
digital delay/pulse generator, so that the images of spray were
taken at the instant of 0.1 ms starting from the time after the start of
energizing (Tasoe). Two metal halide lamps were used as light
source to illuminate the fuel spray.

To characterize the spray evolution process objectively and to
quantify spray parameters such as liquid penetration, spray cone-
angle, and spray boundaries for analyzing spray behavior, captured
images were processed using a MATLAB based program. The
fundamental procedure of image processing is illustrated in Fig. 5.
The captured images were converted into binary images for sepa-
ration of spray from the background. After separation with fixed
threshold of 10% for the instantaneous luminosity, boundary pixels
were calculated to quantify spray parameters such as spray pene-
tration and spray cone angle. The spray penetration is defined as
the distance from the nozzle tip to the maximum outer point of
each spray and the spray cone angle is defined as the angle of
nozzle tip generated by the two intersecting lines from the two
outer regions of each spray for widest distance between them at a
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distance of 70%, penetration length.
2.2. Engine experiment setup

Schematic of the engine experimental setup is shown in Fig. 6. A
four cylinder, water cooled, CRDI 2.2 L, Euro IV SUV (Safari DICOR,
Tata Motors India) diesel engine was used for the experimental
investigations. Technical details for the experimental engine are
provided in Table 1.

This test engine was enabled with turbocharger (variable ge-
ometry), intercooler and after-treatment technology such as
exhaust gas recirculation (EGR) and two diesel oxidation catalysts
(DOC). Tests were performed on CRDI engine fuelled with KB40 and
mineral diesel as baseline fuel. Consequently, engine performance,
combustion and emissions characteristics were compared for both
fuels. For engine performance characteristics, a laminar flow meter
(Cussons: P7205/150) and a volumetric flow meter was used for air
and fuel consumption rates respectively.

Engine exhaust emissions were sampled and measured for
various regulated gaseous emissions using a raw exhaust gas

emission analyser (Horiba; EXSA-1500). Raw exhaust gas emission
analyser measured the concentration of carbon monoxide (CO),
carbon dioxide (CO,), total hydrocarbon (THC), oxides of nitrogen
(NOx), and oxygen (O;) with high accuracy. Raw exhaust gas
emission analyser included CO/CO; analyser (NDIR detector: MCA-
220UA), HC analyser (Hot flame ionization detector: FIA-225UA)
and NOx analyser (Chemiluminescence detector: CLA-220UA).
Measuring ranges [27] of the raw exhaust gas emission analyser
are given in Table 2. For comparison across different engine test
point, raw emission data from the exhaust gas emission analyser
was converted to the mass emissions i.e. brake specific emissions
using IS: 14273 code [28]. The exhaust opacity was measured using
smoke opacimeter (AVL; 437). A piezoelectric pressure transducer
(AVL; GH13P) and a charge amplifier (Kistler; 5015A00X0) were
used for in-cylinder pressure measurement for combustion analysis.
Cylinder pressure signals and crank-shaft rotation were synchro-
nized using a high precision crank-angle incremental optical shaft
encoder (BEI: XH25D-SS-3600-ABZC-28V/V-SM18, Resolution: 10
pulses per CAD), which was installed on the engine crankshaft. For
acquisition and analysis of cylinder pressure-crank angle data, a
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Table 1
Technical specifications of the test engine.

Make/Model Tata/Dicor 2.2L (BS-IV/Euro-1V)

Engine Type 16 valves, Water cooled, CRDI, Turbocharged,
and Intercooled Diesel Engine with Exhaust

gas recirculation system.

No. of cylinder 4, In-line

Valve Mechanism DOHC
Bore/Stroke 85 mm x 96 mm
Cubic Capacity 2179 cc

Max. Engine Output
Maximum Torque

103 kW @ 4000 rpm
320 Nm @ 1700—-2700 rpm

Compression ratio 17.5
Firing order 1-3-4-2
FIE System CRDI with 1600 bar max fuel injection pressure

Fuel filter
Fuel Injection Pump

Single stage fuel filter
High Pressure Pump

high speed combustion data acquisition system (Hi-Techniques:
Synergy) was used. Engine exhaust particle sizer (EEPS) spectrom-
eter (TSI; 3090) was used for particle number and size distribution
of the test engine for both test fuels. EEPS measures particle sizes
ranging from 5.6 to 560 nm with a size resolution of 16 channels per
decade (a total of 32 channels) upto a maximum concentration of
108 particles/cm® in the engine exhaust using a rotating disk
thermo-diluter (Matter Engineering; MD19-2E).

2.3. Engine experiment procedure

Based on the detail comparison of spray evolution processes
using Karanja biodiesel blends, engine experiments for analyzing
combustion and emission characteristics were conducted for KB40
and baseline mineral diesel under similar test conditions. Perfor-
mance characteristics (speed-torque curve, BSFC, BTE, EGT), emis-
sions analysis (CO;, CO, NOx, HC, Smoke opacity), combustion
analysis (In-cylinder pressure, rate of heat release, cumulative heat
release, combustion duration) and Particle size distribution were
characterized for KB40 and mineral diesel at no load, 20%, 40%, 60%,
80% and 100% for rated engine speed of 2500 rpm. These results for
performance, combustion and emissions were also compared for
same fuels at 100% load at 1500, 2000, 2500, 3000 and 3500 rpm
engine speeds. Variations in cylinder pressure with crank angle was
recorded for 200 consecutive engine cycles and then averaged in
order to eliminate the effect of cycle-to-cycle variations. This
averaged cylinder pressure data was used to calculate heat release
rate, mass-burn fraction crank angles, combustion duration and
other combustion related parameters. Number concentration of the
exhaust particulates was measured in the diluted exhaust and
concentrations in the engine exhaust was calculated by accounting
for the dilution factor.

3. Results and discussion
3.1. Injection rate characteristics

Fig. 7 shows the results of injection rates for different FIP of 50,
100 and 150 MPa in a constant ambient pressure of 3 MPa. At

Table 2
Measuring ranges of raw exhaust gas emission analyser [27].

Species  Measurement Principle =~ Measurement Range

co NDIR 0-5000 ppm

CO, NDIR 0-10/20% (v/v)

NOx Chemiluminescence 0-100/500/1000/5000 ppm

THC FID 100/500/1000/5000/10000/50000 ppm C
0, Magnetic Pressure 0-10/25% (v/v)

50 MPa FIP, slightly higher injection rate of diesel with faster
opening and closing of needle were observed compared with Kar-
anja biodiesel blends. As increased FIP (i.e., 150 MPa), biodiesel
blends showed higher injection rate than baseline mineral diesel
and this difference was magnified with increasing blending ratio of
biodiesel in the test fuel. These results suggested that the transient
needle motion and the maximum injection rate were strongly
influenced by the fuel properties such as viscosity and density.
Relatively higher viscosity of biodiesel resulted in slower needle
movement at fuel injection pressure of 50 MPa. However, with
increasing FIP, the effect of viscosity reduced due to increased fuel
flow rate, and higher fuel density of biodiesel blends led to
increased maximum fuel injection rates. Similar results were also
reported by Desantes et al. [29] and Moon et al. [30].

3.2. Spray evolution process

Fig. 8 represents the boundary pixels of the spray showing spray
evolution at FIP of 50, 100 and 150 MPa in the ambient pressure of 2
and 4 MPa. The boundary imaging data was used to analyze spray
evolution and the influence of blending ratio on spray penetration,
and spray cone angle. For all FIPs, the injected fuel quantity was
kept constant at 12 mg/pulse. It is evident from Fig. 8 that
increasing FIP led to faster evolution of spray, thus the elapsed time
to reach the given distances (e.g., 20 mm and 30 mm) reduced. The
ambient pressure also has a strong influence on the spray behavior,
thus increasing ambient pressure results in wide distribution of fuel
spray and longer time to reach a given distance. Based on com-
parison of spray evolution of mineral diesel and biodiesel blends,
faster spray evolution of diesel can be observed at 50 MPa, espe-
cially for the penetration of 30 mm. This can be thought to the effect
of high viscosity of Karanja biodiesel, which is consistent with the
results of injection rate. Thus the delayed needle opening led to
retarded spray evolution process for biodiesel blends. However
with increasing FIP, longer spray penetration was measured for
biodiesel and blends, and this trend magnified with increasing
blends of biodiesel. For 4 MPa ambient pressure, quite similar spray
evolutions were observed. Higher blends of Karanja biodiesel
showed increased spray penetration however the difference
reduced compared to 2 MPa ambient pressure primarily due to
higher resistance from the ambient air. Overall spray evolution of
KB40 was similar to that of mineral diesel for its spray penetration
and cone angle at any given elapsed time.

45
. —— Diesel
a0l Qmass :12 mg KB40
P :3MPa| - KB 60

35H amb

Injection quantity [mg/ms]

0.0 0.2 0.4 0.6 0.8 . 1.2

Time after start of energizing [ms]

Fig. 7. Comparison of injection rate for various injection pressure, Piy;: 50, 100 and
150 MPa, Pymp: 3 MPa.
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For better comparison of spray characteristics to the engine
experiments, overall spray evolution from KB40 and diesel were
compared under the ambient pressures of 4 MPa, which is
considered to be similar to the in-cylinder pressure of test engine at
the end of compression stroke. Fig. 9 shows spray evolution for
mineral diesel and KB40 under FIPs of 50, 100, 150 MPa. As shown
in Fig. 9, the initial spray evolution of KB40's spray was slightly
faster than that of baseline diesel. The spray shape of KB40 also
showed narrower spray cones and deeper penetrating evolution of
the spray aligned to its axis. This observation suggests that the
injection of KB40 was more advanced and its relatively faster
response could be due to higher density of Karanja biodiesel.

Fig. 10 shows a comparison of spray cone angle of diesel and
KB40 under different injection pressures. To represent reliable
comparison of spray cone angle, the cone angle of each of the
plumes were averaged. The spray cone angles of diesel were wider
under ambient pressure of 2 MPa, especially in the initial stages of
spray evolution before the Tasog of 0.8 ms. These differences in
spray cone angles were found to reduce with increasing ambient
pressure up to 4 MPa. These results showed the influence of
different physical properties of KB40 on spray evolution, which
reduces significantly under ambient pressure of 4 MPa. Thus KB40
can be thought to behave almost similar as that of mineral diesel
and therefore can be used in an engine without any hardware
modifications or adjustments.

3.3. Engine performance

Based on the spray experiments and some references reporting
experimental results about engine combustion, exhaust emission
fuelled with biodiesel-diesel blends [31,32], it emerges that Karanja
biodiesel can be used in diesel engines without any modification in
injectors. Thus, engine test were performed for KB40 and diesel in
the present study.

Fig. 11 compares the speed-torque characteristics of KB40 and
mineral diesel. Maximum torque achieved for speeds between
2000 and 2500 rpm for both fuels was found to be slightly lower for
KB40 compared to mineral diesel and at higher speed of 3000 rpm;

KB40 delivered slightly higher torque than mineral diesel. However
the difference in torque between diesel and KB40 was statistically
insignificant.

Fig. 12 (a) and (b) show the relationship between engine per-
formance characteristics such as brake thermal efficiency (BTE),
brake specific fuel consumption (BSFC) and exhaust gas tempera-
ture (EGT) versus brake mean effective pressure (BMEP) and engine
speed respectively for KB40 and baseline diesel.

BTE and EGT showed increasing trend with increasing load for
both test fuels. BTE was observed to be relatively lower for biodiesel
blends at all test conditions compared to baseline diesel. At the
same time, BSFC was observed to be relatively higher for KB40
compared to baseline diesel for all test conditions. Since BSFC was
calculated on mass basis, higher density of biodiesel resulted in
higher BSFC. These trends are also obvious since engine consumes
more fuel quantity for same power output, owing to relatively
lower calorific value of Karanja biodiesel compared to diesel.
Similar results for higher BSFC were also obtained by other re-
searchers for Mahua and Karanja biodiesels [33—35]. EGT increased
with engine load from 170 °C at no load to 650 °C at full load at
2500 rpm. This is because of more fuel consumed to cater to higher
engine loads. EGT was observed to be slightly lower for KB40
compared to diesel at the same load and speed combinations. This
can be possibly an effect of biodiesel combustion being longer
compared to diesel and its shorter ignition delay [36].

Brake specific carbon monoxide (BSCO), brake specific carbon
dioxide (BSCO-), brake specific oxides of nitrogen (BSNOx) emis-
sions vs. BMEP and engine speed are shown in Fig. 13. For consis-
tency, these emissions are shown in mass emissions (g/kW-h or kg/
kW-h).

BSCO emission decreased with increasing engine loads for both
test fuels. Since with increased load, air intake quantity also in-
creases, leading to more complete combustion of fuel, it leads to
reduced BSCO emissions. Slight differences in CO emissions were
observed for both test fuels at all test conditions. BSCO, emissions
decreased with increasing engine loads while they increased with
increasing engine speeds. BSCO, emissions were observed to be
relatively lower for KB40, compared to diesel, possibly due to
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Pillj : 150 MPa

Pi.lj : 100 MPa
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Teng+.0.6 ms
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Pmb : 4 MPa

Fig. 8. Comparison of spray evolution process, Pjy;: 50, 100 and 150 MPa, Pymp: 2 and 4 MPa.
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additional inherent oxygen available in the biodiesel fuel molecule.
Oxides of nitrogen emissions comprise of mainly nitrogen oxide
(NO) and nitrogen dioxide (NO;), where NO is the predominant
species formed inside the combustion chamber. NOx emissions
were found to be relatively higher for KB40 at most operating
conditions. This was possibly due to higher combustion tempera-
tures due to improved combustion because of inherent oxygen in
biodiesel. Relatively earlier start of combustion was primarily due
to advanced injection timings caused by relatively higher bulk
modulus and higher density of Karanja biodiesel. Under some
conditions, NOx emissions from KB40 were nearly same as that of
baseline diesel. This may be attributed to relatively lower calorific
value and higher cetane number of Karanja biodiesel, which causes
reduced heat release rate during premixed combustion thereby
relatively lower peak combustion temperatures [37]. NOx level was
observed to be directly related to the peak in-cylinder temperature,

while it is inversely related to the smoke opacity and CO emission
[33].

Variations in BSHC and smoke opacity with BMEP and engine
speed were also compared for KB40 and diesel as shown in Fig. 14.

There was no particular relationship observed for BSHC emis-
sions for the test fuels. Fuel bound oxygen improved combustion
and reduced HC emissions. Higher HC formation for KB40 may be
due to locally over-rich fuel-air mixture. Similar results were also
reported by Chandan Kumar et al. [38]. They showed higher un-
burnt hydrocarbon emissions at lower load and vice versa for
Karanja biodiesel compared to diesel. Smoke opacity reduced
significantly with biodiesel addition to mineral diesel for all oper-
ating conditions, which was primarily due to oxygen enrichment of
the test fuel. Addition of oxygenates in the fuel leads to improved
diffusive combustion, when smoke is produced. Smoke opacity
increased with increasing engine load, which was due to reduced
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air-fuel ratio at higher engine load. At such conditions, higher fuel
quantity is injected into the combustion chamber, where part of
this fuel goes out unburnt, thus increasing the smoke opacity.

Particulate matter (PM) comprises of dry carbon particles (soot),
soluble organic fraction (SOF) and traces of sulfates and nitrates.
Fig. 15 shows particle number concentration vs. particle size at
2500 rpm engine speed with load variations from no load to rated
load.

Nucleation mode particles (below 50 nm) were observed to be
higher for KB40 compared to diesel at almost all test conditions.
Tan et al. [39] suggested three main causes for this trend. First,
higher viscosity and lower volatility of biodiesel could lead to
slower evaporation and air-fuel mixing inside the combustion
chamber [40], which causes increased SOF formation, thereby
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contributing to nucleation mode particle formation. Second,
reduced accumulation mode particles cause reduced solid soot
surfaces thereby reduced SOF adsorption and condensation on soot
particles, whereas high super-saturation may lead to increased
nucleation particles. Third, oxygenated fuel causes carbonaceous
particles changing from fine sizes to ultrafine sizes or even nano-
particles, resulting in increased numbers of nucleation mode par-
ticles. Ye et al. [41] conducted experiments using ultra-low sulfur
diesel (ULSD) and B40 blend of soybean methyl ester with ULSD in a
turbocharged CRDI diesel engine and concluded that biodiesel
fuelling has more significant effect on PM emissions at lower loads
and a less significant effect at moderate to high loads. Song et al.
[42] concluded that relatively higher rate of oxidation of biodiesel
origin soot particles compared to mineral diesel origin soot parti-
cles, primarily due to surface oxygen functionality of fuel-bound
oxygen in biodiesel, may be the main reason for reduced particle
size distribution and higher numbers of smaller nano-particles.

Fig. 16 shows total PM number concentration vs. engine load at
2500 rpm for both test fuels. Fig. 17 illustrates total particulate
number concentration vs. engine speed at rated load. Total partic-
ulate number accounts for both, nucleation and accumulation
mode particles. Higher total particulate number concentration was
observed for KB40 compared to diesel at all test conditions. At
higher loads (80—100%), significantly higher total particulate
number concentrations were observed, due to domination of
nucleation mode particles.

Fig. 18 shows the comparison of in-cylinder pressure, rate of
heat release and cumulative heat release for diesel, and KB40 at
2500 rpm for (a) 0% (b) 60% (c) 100% rated load.

It can be observed from Fig. 18 that KB40 has slightly higher
peak in-cylinder pressure compared to diesel at almost all loads.
Relatively higher peak in-cylinder pressure for KB40 was observed
possibly due to higher cetane number and oxygen content of bio-
diesel, which led to shorter ignition delay during combustion. Also
shorter ignition delay causes lower peak heat release rate due to
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Fig. 12. Brake thermal efficiency, Brake specific fuel consumption and Exhaust gas temperature for diesel and KB40.
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lower amount of fuel accumulated in the premixed heat release
period.

Fig. 19 shows the variation of maximum in-cylinder pressure
(Pmax), crank angle position of Ppax (CApmax), Maximum rate of
pressure rise (ROPRpnax) and crank angle position of ROPRpax
(CAroprmax) With varying engine load for diesel and KB40 at
2500 rpm engine speed.

Fig. 19 shows that maximum in-cylinder pressure increased
with increasing engine load for both test fuels. Maximum in-
cylinder pressure for KB40 was slightly higher compared to
diesel. For lower load (40% Load), maximum in-cylinder pressure
occurs close to TDC for both test fuels. Reason for this behavior of
the engine was programming of ECU at low loads. Engine ECU
automatically select the number of pilot injections and their
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position based on engine map generated by engine manufacture. To
control the pressure rise rate, number of pilot injections and their
position was automatically decided by ECU. It can be observed from
Fig. 18 (a) and (b) that for 0% and 60% engine load case have two
local maxima points in cylinder pressure graphs. Based on the
quantity of pilot injection, any of those can have higher values.
Therefore 40% and 60% engine load have CApnax values close to TDC.
For higher loads, CApmax Was away from the TDC and in all test
conditions; CApmax Was lower than 15 CAD after top dead center
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(aTDC). At higher engine loads, single peak pressure was observed
in cylinder pressure curve therefore it shows CApmax away from
TDC position.

Maximum ROPR is an indicator of harshness of combustion.
From Fig. 19, it was observed that ROPR,3x was less than 6 bar/CAD
for both test fuels. It can also be noticed that ROPRax increased
with increasing engine load. KB40 showed higher ROPR 3 for most
test conditions compared to diesel, which showed relatively noisy
combustion for KB40. Scholl et al. [43] also reported similar results
that Pphax and ROPRy,,¢x was higher for SME than diesel. Sahoo et al.
[44] also showed higher Ppax and lower ignition delay for Polanga,
Jatropha and Kanranja biodiesel compared to diesel in their ex-
periments. Crank angle position corresponding to ROPRy,x was
before TDC upto 80% load for both test fuels, which suggests that
ROPRpax corresponds to the pilot injection. However, CAroprmax
was after TDC at full load, possibly corresponding to the main in-
jection. At full load engine operation, main fuel injection quantity
was comparatively larger than pilot injection quantity, therefore
pressure raise rate was possibly more due to main injection and it
appeared after TDC position.

Rate of heat release (RoHR) was calculated using high speed
combustion data acquisition system based on measured in-cylinder
pressure data. Crank angle position corresponding to different heat
release percentages (10%, 50% and 90%) in the engine cylinder were
calculated and represented as CAjg, CAso and CAgg respectively.
Crank angle position corresponding to 10% heat release (CA1g) was
used as an indication of start of combustion (SOC) in this investi-
gation. Difference of crank angle position between 90% and 10%
heat release is defined as ‘combustion duration’ for this study.

Fig. 20 shows the variation of crank angle position corre-
sponding to CA1g, CAsg, CAgg and combustion duration (CD) with
engine load for diesel and KB40 at 2500 rpm engine speed.

At higher engine loads, SOC was relatively advanced for diesel
compared to KB40. CAsp was found to be in the range of 5—15° CA
for both test fuels. At higher loads, CAsg position was identical for
both test fuels at tested engine speed. It can also be observed from
Fig. 20 that combustion process ends late for biodiesel blend
compared to diesel at 2500 rpm. For most test conditions, CAgg
position was less than 36° CA aTDC. Similar results for late end of
combustion for rice-bran oil biodiesel blend compared to diesel
were reported by Sinha et al. [45]. They suggested that faster RoHR
for diesel as well as lower volatility and higher flash point of
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Fig. 18. Comparison of in-cylinder pressure, rate of heat release and cumulative heat release for diesel and KB40 at 2500 rpm.

biodiesel (183 °C) caused relatively slower burning of biodiesel.
Fig. 20 also shows combustion duration for KB40 and diesel at
2500 rpm engine speed. KB40 has longer combustion duration
compared to diesel at tested engine speed of 2500 rpm. Combus-
tion duration for all test conditions was in range 25—50° CA.
Combustion duration first increased with increasing engine load
and then towards the full load condition, it started decreasing.
Quantity of injected fuel also increased with increasing engine load,
which tends to increase the time required for completion of com-
bustion. Also more fuel is required in case of KB40 because of its
relatively lower calorific value compared to diesel, which led to
longer combustion duration for biodiesel [45]. With increasing
engine load, in-cylinder temperature also increased, which

increased the rate of air-fuel mixing as well as rate of evaporation.
Resultant effect of these two opposing factors led to longest com-
bustion duration at intermediate engine loads for both test fuels.
Pradeep and Sharma [46] also concluded higher combustion
duration and lower RoHR for rubber seed oil biodiesel and blends in
a single cylinder diesel engine compared to baseline diesel.

4. Conclusions

The purpose of this study was to understand the effect of Kar-
anja biodiesel blending on fuel spray characteristics and to corre-
late it with the engine performance and emissions characteristics
by comparing with baseline diesel. This paper demonstrated the
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spray evolution process and injection rate in relation to engine
performance and emissions for KB40 and diesel. The main findings
of this study are as follows:

1. At the fuel injection pressure of 50 MPa, slightly higher in-
jection rate of diesel compared with Karanja biodiesel blends was
observed because of faster opening and closing of the needle.
However, as the fuel injection pressure increased (up to 150 MPa),
biodiesel blends showed higher injection rate compared to mineral
diesel and this difference was seen in the curve of maximum in-
jection rate. Thus difference increased with increasing blending
ratio of biodiesel.

2. Relatively faster spray evolution of diesel compared to bio-
diesel blends can be observed for FIP of 50 MPa, especially under
the spray penetration depth of 30 mm. This can be thought as the
effect of relatively higher viscosity of Karanja biodiesel. The trends
are consistent with the results of injection rate, thus the delayed
needle opening led to retarded spray evolution of biodiesel blends.
However, for higher FIPs, longer penetration was observed for
biodiesel and blends. This trend was also magnified with increasing
blending ratio of biodiesel.

3. At an ambient pressure of 2 MPa, the initial penetration of
KB40 spray was slightly shorter compared to that of diesel. The
spray shape of KB40 spray also showed relatively narrower and
deeper penetrating spray evolution. However for higher ambient
pressure of 4 MPa, KB40 showed a quite similar spray evolution
process for diesel in terms of spray penetration and spray shape.
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Fig. 20. Crank angle position corresponding to 10% (CA1o), 50% (CAsg), 90% (CAgp) mass
burn fraction and combustion duration (CD) vs. engine load.

The influence of different physical properties of KB40 on spray
development can be neglected under higher ambient pressure of
4 MPa.

4, Lower maximum torque, BTE and EGT but higher BSFC were
observed for biodiesel blends compared to baseline diesel because
of lower calorific value of Karanja biodiesel. In addition, lower
BSCO,, and higher NOx emissions were observed for KB40, possibly
due to inherent fuel oxygen present in biodiesel molecules. BSHC
and BSCO emissions were found to be very low for both test fuels.

5. Smoke opacity of KB40 was lower than baseline diesel for
most experimental conditions. However, higher number concen-
tration of total particulate and nucleation mode particles below
50 nm were observed for KB40 compared to baseline diesel because
of higher viscosity and lower volatility of biodiesel.

6. At higher engine loads, SOC was relatively advanced for
baseline diesel compared to KB40. KB40 showed relatively longer
combustion duration compared to mineral diesel at tested engine
speed of 2500 rpm. Combustion duration for test conditions was
between 25 and 50° CA.
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