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HIGHLIGHTS

« Performance, emissions and combustion characteristics of Karanja biodiesel blends.

« Lower biodiesel blends produced higher maximum torque than diesel.

« At higher loads, higher biodiesel blends produce higher BSNOx emissions.
« BSHC, BSCO and smoke emissions of KOME blends were lower than diesel.

« Combustion duration of lower biodiesel blends was shorter than diesel.

ARTICLE INFO ABSTRACT

Article history:

Received 8 August 2013

Received in revised form 1 November 2013
Accepted 4 November 2013

Available online 15 November 2013

Effect of Karanja biodiesel (Karanja oil methyl ester; KOME) and its blends on engine performance,
emissions and combustion characteristics in a direct injection compression ignition (DICI) engine of a
medium size utility vehicle with varying engine speed and load has been investigated. Maximum torque
attained by 10% and 20% KOME blends were higher than mineral diesel, while higher biodiesel blends

produced slightly lower torque. BSFC for lower KOME blends was comparable to mineral diesel however
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BSFC increased for higher biodiesel blends. BSCO, BSHC and smoke emissions of Karanja biodiesel blends
were lower than mineral diesel but BSNOx emissions were slightly higher. Comparative investigation of
performance, emissions and combustion characteristics of Karanja biodiesel blends and mineral diesel

BSFC showed that up to 20% Karanja biodiesel blend can be utilized in an unmodified DICI engine.

Emissions
Heat release rate
Combustion
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1. Introduction

Petroleum based fossil fuels have been dominant transport fuels
since the very beginning of mechanized mobility in nineteenth
century. Predicted exhaustion of fossil fuels in foreseeable future
and environmental pollution concerns provide motivation for
search of renewable alternative fuel for the transport sector, which
would have relatively lesser harmful impact on the environment.
Fatty acid alkyl esters derived from transesterification of triglycer-
ides, which are commonly known as biodiesel, are well accepted
renewable alternatives of petroleum diesel. In last two decades,
several studies from across the globe have reported successful
operation of compression ignition (CI) engines with biodiesel de-
rived from a host of feedstocks and their blends with mineral
diesel.

Xiaoming et al. reported that torque of B50 fueled engine
decreased by up to 2.6% in the engine speed range of

* Corresponding author. Tel.: +91 5122597982; fax: +91 5122597408.
E-mail address: akag@iitk.ac.in (A.K. Agarwal).
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1000-2400 rpm at full load and brake specific fuel consumption
(BSFC) increased by 3.6-8.3% [1]. Sinha et al. observed that maxi-
mum torque was either equal or slightly higher for the lower bio-
diesel blends (B05, B10, and B20) of rice-bran biodiesel and
decreased slightly for higher blends vis-a-vis mineral diesel at low-
er engine speeds in a direct injection (DI) diesel engine. At higher
engine speeds, torque output was almost similar for all test fuels
[2]. Mahanta et al. reported higher BSFC for 20% Karanja biodiesel
blend as well as higher brake thermal efficiency (BTE) than mineral
diesel at all engine loads [3]. Qi et al. reported higher BSFC for soy-
bean biodiesel vis-a-vis mineral diesel, which was due to differ-
ence in heating values of biodiesel and mineral diesel [4].
Corgard et al. observed same level of BSFC with biodiesel and diesel
[5]. Prabhahar et al. reported higher BSFC for Karanja biodiesel and
blends in comparison to mineral diesel [6]. Grimaldi et al. obtained
slightly higher BTE, when the engine was fueled with biodiesel,
particularly at high loads in comparison to mineral diesel fueled
engine [7]. Sinha et al. reported improvement of 1.5-3% in BTE
for rice-bran biodiesel blends in comparison to mineral diesel [2].
Suryawanshi et al. found significant reduction in HC and CO
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emissions for Pongamia methyl ester blends in comparison to min-
eral diesel at part loads as well as full load [8]. Spessert et al. re-
ported that CO emissions were quite similar for rapeseed methyl
ester (RME) and diesel. CO emissions for RME increased marginally
at low loads and decreased at high loads [9]. Generally biodiesel
and biodiesel blend fueled engines lead to reduction in CO and
HC emissions in comparison to mineral diesel [9-18]. Studies
investigating effect of biodiesel on NOx emissions report mixed re-
sponses, ranging from increased NOx emissions for biodiesel fuel-
ing at all operating points to decreased NOx emissions at all
operating points [19]. But majority of papers on biodiesel emission
characteristics report increase in NOx emissions with biodiesel
[19,20]. Advancing the combustion phasing [8,11], higher combus-
tion temperatures [21], oxygen content of biodiesel [21-23] and
differences in the chemical composition of diesel and biodiesel
[24-27] are thought be possible causes of these effects of biodiesel
on NOx emissions. Reduction of particulate emissions with utiliza-
tion of biodiesel is a general trend reported in the published liter-
ature [19,28] however few studies have also reported identical or
increased levels of PM emissions [15,17]. Reduction in particulate
emissions with biodiesel fueled engine operation is attributed to
higher oxygen content of biodiesel [25,29,30].

Literature review shows that exact change in performance and
emission characteristics of engine with respect to conventional
diesel varies considerably depending upon biodiesel properties,
blend concentration and engine technology used. Karanja oil is a
promising feedstock for producing biodiesel in India on large scale
because it is well adapted to local climatic conditions and is avail-
able in surplus quantities throughout the length and breadth of the
country [31,32]. Earlier investigations on Karanja biodiesel and
blends [3,6,8,33-35] have been carried out on constant speed CI
engines. Anand et al. [36] compared the performance, emissions
and combustion characteristics of 100% Karanja biodiesel and min-
eral diesel at different engine speeds. In an attempt to search suit-
able feedstock for production of biodiesel for Indian transportation
sector, effect of Karanja biodiesel and its blends on engine perfor-
mance, emissions and combustion characteristics of CI engine with
varying engine speeds and loads have been investigated.

2. Experimental setup and procedure

Performance, emissions and combustion characteristics of Kara-
nja biodiesel blends were evaluated in a typical medium-duty
transportation direct injection compression ignition (DICI) engine
(Mahindra and Mahindra; MDI 3000) used in a medium size utility
vehicle. Test engine was a four-cylinder, four-stroke, variable-
speed, transportation engine with direct injection of fuel. The tech-
nical specifications of the test engine are given in Table 1.

Table 1
Technical specifications of the test engine.

Manufacturer/model Mahindra & Mahindra Ltd., India/MDI 3000

Engine type Four stroke in-line, Naturally aspirated,
Water cooled diesel engine

Number of cylinders 4

Compression ratio 18:1

Combustion system Direct injection, Re-entrant bowl

Bore/stroke 88.9/101.6 mm

Swept volume 2520 cc

Liner type Cast iron replaceable wet liners

Fuel injection timing (SOI) 17 £ 1° BTDC

Injector opening pressure 194 bar

No. of injection holes 4

Rated power 41 kW @ 3000 rpm

Max. torque 152 Nm @ 1800 rpm

Firing order 1-3-4-2

The test engine was coupled with an eddy-current dynamome-
ter (Schenck-Avery; ASE-70) for controlling the engine speed and
load (Fig. 1). For evaluating the performance, emissions and com-
bustion characteristics of different Karanja biodiesel blends, test
engine was suitably instrumented. A laminar flow element (Mer-
iam; 50MC2-2F) was used for intake air flow rate measurement.
Volumetric fuel consumption was measured by gravimetric fuel
flow meter. The mass of fuel consumed was determined by multi-
plying volumetric fuel consumption to the density of the test fuel.
Concentrations of CO, HC and NO, in the engine exhaust were
measured using raw exhaust gas emission analyzer (Horiba;
EXSA-1500). This equipment consists of CO/CO, analyzer (NDIR
detector: MCA-220UA), HC analyzer (Hot flame ionization detec-
tor: FIA-225UA) and NOx analyzer (Chemiluminescence detector:
CLA-220UA). The opacity of the exhaust was measured by smoke
opacimeter (AVL; 437). Detailed combustion analysis of various
test fuels was performed by measuring cylinder pressure-crank an-
gle history and fuel line pressure. Cylinder pressure was measured
using a piezoelectric pressure transducer (AVL; GU21C) and a
charge amplifier (AVL; 3066A02). For measuring fuel line pressure,
a fuel line pressure sensor (Kistler; 4067BC) was installed in the
high pressure fuel line using a pressure sensor adapter. For syn-
chronizing the cylinder pressure and fuel line pressure signals with
the crank shaft rotation, a high precision crank angle encoder (AVL;
333) and a TDC sensor were installed on to the engine crank-shaft.

Performance, emissions and combustion characteristics of 5%,
10%, 20%, 50% biodiesel blends with mineral diesel, 100% biodiesel
along with baseline data of mineral diesel were experimentally
evaluated. Table 2 shows the viscosity, density and calorific value
of mineral diesel, Karanja biodiesel (KOME100) and test blends of
biodiesel and mineral diesel. Viscosity and density of test fuels in-
creased with increasing concentration of Karanja biodiesel in the
test blends. Calorific value of test fuels decreased with increasing
concentration of biodiesel in the test blend. Cetane number (CN)
of KOME100 and mineral diesel used in this study were 50.8 and
51.2 respectively.

3. Results and discussion

Effect of speed and load on engine performance, emissions and
combustion characteristics of Karanja biodiesel (KOME100), and
blends of Karanja biodiesel with mineral diesel (KOME50, KOME20,
KOME10 and KOMEOQ5) vis-a-vis baseline mineral diesel were
investigated in the test engine. Experiments were conducted at
1200, 1500, 1800, 2100, 2400 and 2600 rpm engine speeds with
varying loads (up to 6.8 bar BMEP). Detailed results of perfor-
mance, emissions and combustion characterization for various test
fuels are shown at 1800 rpm (rated speed, at which maximum tor-
que is obtained) as well as 2600 rpm (maximum speed, at which
experiments were conducted).

3.1. Engine performance characteristics

Speed-torque characteristics of all test fuels are similar,
typically showing maximum torque in the speed range of 1700-
1800 rpm (Fig. 2). Maximum torque produced by KOME10 and
KOME20 were higher than mineral diesel. Roughly 0.7% and 0.3%
higher torque were obtained for KOME10 and KOME20 respec-
tively in comparison to baseline mineral diesel. Maximum torque
for KOMEO5 was almost similar to baseline mineral diesel.

However reduction in torque by 1.4% and 2.1% was observed for
higher biodiesel blend (KOME50) and pure biodiesel (KOME100)
respectively in comparison to baseline mineral diesel. Sinha et al.
also reported slightly higher peak torque for rice-bran biodiesel
blends up to B20 and lower torque for B30 and B50 in comparison
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Fig. 1. Schematic of the experimental setup.

to baseline mineral diesel [2]. Lin et al. reported 3.5% and 1% power
reduction for palm biodiesel and B20 at rated load respectively in
comparison to baseline mineral diesel [37]. For producing the same

Table 2
Important physical properties of test fuels.

Test fuel Viscosity @ 40°C (cSt) ~ Density (g/em®) ~ LHV (M]/kg) engine torque, higher quantity of biodiesel blends than mineral
Diesel 2.78 0.831 43.79 diesel were required because biodiesel blends have lower energy
KOME 05 291 0.833 43.48 content (calorific value) in comparison to baseline mineral diesel.
Egm: ;g g'?‘; 8'23‘? 2;;3 Therefore reduction in maximum torque is also observed for higher
KOME 50 359 0.856 208 blends of Karanja biodiesel (KOME50 and KOME100) in these tests.
KOME 100 4.42 0.881 37.98 Lower blends show improved combustion of fuels due to presence

of oxygen in biodiesel molecules, which results in superior com-
bustion and higher torque for these lower blends.

Fig. 3 shows the variation of BSFC for different Karanja biodiesel
blends with varying engine loads at two different engine speeds
(1800 and 2600 rpm) vis-a-vis baseline mineral diesel. BSFC for
higher biodiesel blends was always higher than mineral diesel
due to their lower calorific value. BSFC of all these fuels first de-
creased and became lowest at 1800 rpm and then it increased with
increasing engine speed. Engine was optimized for this speed be-
cause 1800 rpm is also the rated speed of the engine. Sinha et al.
reported lower BSFC for BO5, B10 and B20 and higher BSFC with
further increase in biodiesel proportion in the blends in compari-
son to mineral diesel [2]. Differences in the BSFC of higher biodiesel
blends and mineral diesel were higher at lower BMEPs and they re-
1200 14‘00 1650 1860 20'00 22'00 24‘00 2600 duced at higher _engine loa_ds. Xiomi_ng et al_. reported _higher BSI-?C

Engine Speed (RPM) for B20 and B§O in comparison to mineral dlesel.and differences in
the BSFC of biodiesel and diesel were lower at higher BMEP [1]. At
Fig. 2. Speed-torque characteristics for different test fuels. 2600 rpm, difference in the BSFC of biodiesel and mineral diesel

160
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Fig. 3. Brake specific fuel consumption of Karanja biodiesel and blends vis-a-vis baseline mineral diesel at (a) 1800 and (b) 2600 rpm.

widened because of the lower time availability for completing one
engine cycle, which deteriorates the combustion of biodiesel due to
relatively inferior volatility and larger droplet size distribution of
biodiesel blends (due to its higher viscosity). This adverse effect
of inferior volatility characteristics on combustion was more sig-
nificant at higher engine speed and load conditions. At such engine
operating conditions, the contribution of mixing controlled com-
bustion is relatively higher in comparison to premixed combustion.
In such operating conditions, time scales for fuel spray/fuel-cylin-
der gas interactions differ by an order of magnitude from the time
scales of the branching reactions [38].

Fig. 4 shows the variation of BTE for different Karanja biodiesel
blends at varying engine loads and speeds vis-a-vis baseline min-
eral diesel. The thermal efficiency generally increased with
increasing engine load for all fuels at the two test speeds (Fig. 4).
At higher engine loads, BTE of all the fuels is almost identical. Sinha
et al. reported higher BTE for biodiesel and its blends at rated load
and maximum improvement in BTE was observed for B10 and B20
[2]. At lower engine loads, higher blends of biodiesel have lower

(a) 40
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BTE than mineral diesel due to higher fuel viscosity and higher la-
tent heat of vaporization required for these blends due to higher
biodiesel content. High viscosity, density and evaporation energy
of biodiesel causes formation of larger droplets during atomization
of fuel, which results in inadequate mixing of air and fuel [33,39].
Presence of oxygen in the fuel molecule however improves the
combustion efficiency. Higher temperature of the air at high engine
loads also helps in evaporation and mixing of biodiesel therefore
BTE of higher biodiesel blends improves at higher engine loads.

3.2. Engine emission characteristics

Fig. 5 shows the variation of BSCO emissions from different test
fuels at varying engine loads at two engine speeds (1800 rpm and
2600 rpm).

At higher engine speeds and loads (Fig. 5(b)), biodiesel blends
produced lower CO emissions in comparison to mineral diesel.
But at lower engine loads, CO emissions of higher biodiesel blends
were found to be higher than mineral diesel. Cecrle et al. reported

(b)
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Fig. 4. Brake thermal efficiency of Karanja biodiesel and blends vis-a-vis baseline mineral diesel at (a) 1800 and (b) 2600 rpm.
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Fig. 5. BSCO emissions of Karanja biodiesel and blends vis-a-vis baseline mineral diesel at (a) 1800 and (b) 2600 rpm.
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lower BSCO emissions for biodiesels of different feedstocks in com-
parison to mineral diesel at higher engine loads but mixed results
at lower engine loads [40]. Sinha et al. reported lower BSCO emis-
sions at rated engine load for biodiesel blends up to B50 [2]. CO
emissions reduced with adequate fuel-air mixing. Higher viscosity,
density and evaporation energy of biodiesel results in inadequate
fuel-air mixing, especially at lower engine speeds and loads. This
effect becomes less significant at higher engine speeds and loads,
when the cylinder temperature rises. Oxygen content of biodiesel
also helps in reduction of CO emissions. Trend of CO mass emission
was governed by two contradictory effects (i) relatively inferior
air-fuel mixing of biodiesels, which increases CO formation and
(ii) superior combustion of biodiesel due to presence of oxygen,
which reduces CO formation.

Fig. 6 shows the variation of BSHC emissions for different test
fuels at varying engine loads at engine speeds of 1800 and
2600 rpm. It was observed that total hydrocarbon emissions of
Karanja biodiesel blends were lower than mineral diesel. BSHC
emissions for all test fuels were higher at lower engine loads and
quantity of HC emissions decreased with increasing engine load.
Over-leaning of air-fuel mixture (mixing becomes lean beyond
the ignition limit) and fuel over-rich zones are the two sources of
HC emissions in heterogeneous combustion environment of CI
engines.

Over-leaning is a dominant mechanism at lower engine loads
and over-rich mixing is a dominant mechanism at higher engine
loads [41]. Sinha et al. reported that at lower engine speeds, higher
BSHC emissions are observed for lower biodiesel blends and at
higher engine speeds, BSHC emissions of B20 and B50 were compa-
rable to mineral diesel [2]. Anand et al. reported lower BSHC emis-
sions for Karanja biodiesel in comparison to mineral diesel [36]. At
lower engine speeds and loads, HC emissions from higher biodiesel
blends were found to be comparable to mineral diesel due to rela-
tively higher fuel quantity injected and poor volatility of biodiesel,
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which widens the fuel rich zones. The reduced HC emissions ob-
served with biodiesel operation are attributed to the combined ef-
fect of (a) reduction in over-mixing at lower engine loads due to
poor biodiesel volatility, and (b) reduction in stoichiometric air
requirement owing to fuel-bound oxygen in biodiesel, which en-
hances diffusion combustion and also increases heat release/gas
temperature as compared to mineral diesel [36,42]. At higher en-
gine loads, oxygen present in biodiesel molecules helps in reduc-
tion of HC emissions, when the HC emissions are mainly caused
by deficiency of oxygen in the fuel-rich zones.

Fig. 7 shows the variation of BSNOx emissions for different test
fuels at varying engine loads at engine speeds of 1800 and
2600 rpm. It was observed that NOx emissions were higher for bio-
diesel blends in comparison to mineral diesel. At lower engine
loads and engine speeds, higher biodiesel blends showed compar-
atively higher increase in BSNOX emissions in comparison to min-
eral diesel. However, at higher engine speeds and loads, magnitude
of increase in BSNOx emissions for Karanja biodiesel blends in
comparison to diesel diminished with reduction in BSNOx emis-
sions. This is because an increase in NOx concentration in exhaust
was smaller than increase in engine brake power under these en-
gine operating conditions. At lower engine loads and speeds, NOx
emissions for lower biodiesel blends were lower than baseline
mineral diesel however higher NOx emissions were observed at
higher engine loads. BSNOx depend upon oxygen concentration
and maximum cylinder temperatures [41]. Many studies proposed
that fuel bound oxygen of biodiesel also contributes to higher NOx
emissions for biodiesel fueled engines [21,22].

Lapuerta et al. however refuted the influence of fuel bound oxy-
gen on NOX emissions, citing that a balance on oxygen availability
shows the oxygen/fuel mass ratio is lower than conventional fuel
[19]. Sinha et al. reported higher NOx emissions from biodiesel
blend fueled engine at rated load, and highest increase in NOx
emissions was shown by B10 and B20, while further increase of
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Fig. 6. BSHC emissions of Karanja biodiesel and blends vis-a-vis baseline mineral diesel at (a) 1800 and (b) 2600 rpm.
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biodiesel proportion in the test fuel resulted in reduction of BSNOx
emissions [2]. Salvi et al. reported increase in BSNOxX emissions
with increasing biodiesel concentration in the test fuel at all engine
loads [43]. At lower engine speeds and load operating points, inad-
equate mixing of fuel and air results in lower in-cylinder tempera-
tures for biodiesel fueled engines, which finally results in lower
NOx emissions at these operating points in comparison to mineral
diesel. In the literature, some studies have also attributed increase
in NOx emissions from biodiesel fueled engine to prompt NOx for-
mation [43-46]. Higher viscosities and surface tension, together
with lower biodiesel volatility leads to richer biodiesel sprays,
which provide additional opportunities for formation of intermedi-
ate species, possibly contributing to prompt NOx formation. Szyb-
ist et al. reported that final NOx concentration in the exhaust is
more sensitive to the timings of maximum in-cylinder temperature
and maximum heat release rate (HRR) [47,48]. In this study, due to
almost same cetane numbers of Karanja biodiesel and mineral die-
sel, combustion phasing of fuels were almost identical. At higher
BMEP, maximum HRR were higher for Karanja biodiesel in compar-
ison to mineral diesel. These operating conditions also showed
higher NOx emissions for biodiesel. Salvi et al. observed increase
in NOx emissions for biodiesel with lower cetane number in com-
parison to mineral diesel [43]. In same study, they reported reduc-
tion in NOX emissions even with advanced combustion phasing,
which exemplifies significance of fuel’s chemical composition on
NOx formation instead of its sole dependence on combustion pro-
file [43]. Differences in chemical composition of Karanja biodiesel
and mineral diesel may be also responsible for increase of BSNOx
emissions.

Fig. 8 shows the variation in smoke opacity for different test
fuels at varying engine loads and speeds. Exhaust smoke opacity
is a qualitative indicator of number of larger diameter particulates,
which are large enough to scatter the incident light falling onto the
exhaust stream. It was observed that at lower engine loads for all
test fuels, smoke opacity was almost identical at all speeds. At
higher engine loads, smoke opacity decreased with concentration
of Karanja biodiesel in the test fuel. Other studies also reported
that smoke opacities for all biodiesel blends were lower than min-
eral diesel and smoke opacity decreased with increase in biodiesel
concentrations in the test fuel at rated load [2,4,40,49,50]. Oxygen
present in biodiesel led to superior combustion in the fuel-rich
zones in the combustion chamber in comparison to mineral diesel,
which is a non-oxygenated fuel. With increasing engine speed,
smoke opacity first decreased due to increase in in-cylinder tem-
perature, which facilitated oxidation of particulates, then increased
it with further increase in engine speed due to lesser time available
for oxidation of particulates. Anand et al. also reported reduction in
smoke opacity with increasing engine speed from 1000 to
1400 rpm and then almost constant smoke opacity with further in-
crease in engine speed for mineral diesel as well as Karanja biodie-
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sel [36]. Salvi et al. reported higher smoke opacity at lower BMEP
for B20 and B100 in comparison to mineral diesel [41]. At lower en-
gine loads, reduction in smoke opacity was not significant since
higher viscosity, surface tension, density and poor volatility of bio-
diesel caused inadequate fuel-air mixing at lower in-cylinder tem-
peratures and pressures [43,45,46,51], which resulted in larger
atomized fuel droplets during combustion, leading to increased
partial oxidation of fuel and formation of larger number of
particulates.

3.3. Engine combustion characteristics

Combustion characteristics of various Karanja biodiesel blends
vis-a-vis baseline mineral diesel were analyzed by measuring in-
cylinder pressure and fuel-line pressure with respect to crank an-
gle degrees in a DICI engine. Measured pressure data of 100 con-
secutive engine cycles was averaged in order to eliminate cyclic
variations and then analyzed to calculate heat release rate, mass
burn fractions and combustion duration etc. COV of cycle to cycle
variation of peak cylinder pressure, position of peak pressure and
IMEP was within 0.6%, 6.5% and 1.5% respectively for all the engine
operating conditions and fuels. From pressure data, heat release
rate % was calculated by first law of thermodynamics accord-
ing to Eq. (1) [52]. In this calculation, combustion products were
assumed to behave as ideal gas; and dissociation of combustion
products and wall heat transfer were neglected. P(0) and V(0) were
cylinder pressure and cylinder volume at 0 degrees rotation of the
engine crank shaft.

Qo) 1 dP(0)
dv W-l(‘/((’) do

Value of polytrophic coefficient (y) was taken to be 1.37 for the
compression stroke and 1.30 for the expansion stroke. Heat release
rate was integrated to obtain cumulative heat release till 0 degrees
rotation of crank shaft. Value of cumulative heat release was nor-
malized by assuming completion of combustion till 120° CA (value
of cumulative heat release at 120° CA is assumed 100% combustion
energy). Crank angle at which 10% and 90% of this heat release was
obtained were considered 10% and 90% mass burn fraction (MBF)
crank angles respectively. Difference between crank angle posi-
tions of 10% and 90% MBF was used to characterize the combustion
duration.

RGUELY 1)

3.3.1. Cylinder pressure

Fig. 9 shows the variation in cylinder pressure with crank angle
degrees at various engine loads and speeds for different test fuels.
It can be observed from Fig. 9 that peak cylinder pressure rises
with increasing engine load for all test fuels because more fuel
quantity is injected and burnt at higher engine loads.
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Fig. 8. Smoke opacity of Karanja biodiesel and blends vis-a-vis baseline mineral diesel at (a) 1800 and (b) 2600 rpm.
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Fig. 9. Variation of cylinder pressure with load (a) 1800 rpm at 0% and 100 load and (b) 2600 rpm at 0% and 100% load for Karanja biodiesel blends vis-a-vis baseline mineral

diesel.

At lower engine loads, lower biodiesel blends show relatively
earlier start of pressure rise however the start of pressure rise
was delayed for KOME100 in comparison to mineral diesel
(Fig. 9(a)). At higher engine loads, cylinder pressure rise timings
for all test fuels were almost similar. At higher engine loads, max-
imum cylinder pressure for KOME100 was higher than other fuels.
Maximum cylinder pressure for KOME100 was lowest among all
test fuels at lower engine loads. Gautam et al. also observed lower
maximum cylinder pressure for 100% cottonseed biodiesel at lower
engine loads and higher maximum pressure at higher engine loads
in comparison to mineral diesel [38]. Gumus et al. reported reduc-
tion in maximum cylinder pressure with increasing concentration
of hazelnut biodiesel in the fuel at lower as well as higher engine
loads however the difference among various test fuels was lower
at higher engine loads [53]. Sinha et al. reported advanced start
of pressure rise for rice-bran oil biodiesel and its blends in compar-
ison to mineral diesel at lower as well as higher engine loads [54].
Cetane number of rice-bran oil was 64, while cetane number of
Karanja biodiesel used in this study was 51 only. Higher cetane
number of biodiesel was responsible for advanced cylinder pres-
sure rise. This shows that combustion characteristics of biodiesel
improve when cylinder pressures and temperatures are high dur-
ing fuel injection and at the point of “start of combustion”. At high-
er engine loads, residual gas and cylinder wall temperatures are
relatively higher, which lead to higher charge temperatures during
fuel injection, which improve the fuel-air mixing characteristics of
lower volatility fuel [39,54]. Due to this reason, maximum cylinder
pressure of KOME100 becomes higher than mineral diesel and
other lower biodiesel blends at higher engine loads.

Fig. 10 shows the variation in maximum cylinder pressure for
Karanja biodiesel blends vis-avis baseline mineral diesel for vary-
ing engine loads at engine speeds of 1800 and 2600 rpm. At lower
engine loads for all speeds, maximum cylinder pressure for
KOME100 was lowest and lower biodiesel blends showed rela-
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tively higher maximum cylinder pressures. Maximum cylinder
pressure is high, when substantial fuel combustion is completed
at a time, when piston is closer to TDC. This trend is also evident
in Fig. 11, which shows that maximum cylinder pressure for lower
Karanja biodiesel blends was attained earlier (closer to TDC),
whereas the position of maximum cylinder pressure for KOME100
was comparatively farther away from TDC. Maximum cylinder
pressure for KOME100 was highest at higher loads. Xiaoming
et al. also observed that maximum cylinder pressures for B100
and B20 were higher than mineral diesel at high engine loads,
and low engine speed operating points [1].

At higher engine loads, occurrence of maximum cylinder pres-
sure for KOME100 was advanced in comparison to other test fuels.
Effect of inferior fuel-air mixing due to higher evaporation energy
required for biodiesel is more significant in deteriorating the com-
bustion at lower engine loads, where the cylinder temperature are
normally rather low. At higher engine loads, cylinder temperatures
increase, which help in evaporation and mixing of biodiesel with
air, leading to improved combustion of higher Karanja biodiesel
blends. Improved combustion of higher biodiesel blends at higher
engine loads result in higher cylinder pressures.

Fig. 12 shows the variation of maximum rate of pressure rise
((dP/d0)max) With varying engine loads for different Karanja biodie-
sel blends. Maximum rate of pressure rise is an indicator of harsh-
ness of combustion. Maximum pressure rise rate increases with
increasing engine load at all speeds for all test fuels. It also in-
creases with increasing engine speed. Rate of pressure rise varies
from 2 bar/CAD at lower engine loads to 14 bar/CAD at higher en-
gine loads. Higher blends of biodiesel show lower maximum cylin-
der pressure rise rate at lower engine loads and higher pressure
rise rate at higher engine loads. Smaller pressure rise rate for
KOME100 indicates less noisy combustion at lower BMEP. Maxi-
mum pressure rise rate is higher for lower biodiesel blends. (dP/
d0)max decreases as the biodiesel concentration increases in the
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Fig. 10. Variation of maximum cylinder pressure for Karanja biodiesel blends vis-a-vis baseline mineral diesel with load at (a) 1800 and (b) 2600 rpm.
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Fig. 12. Variation of peak pressure rise rate for Karanja biodiesel blends vis-a-vis mineral diesel with load at (a) 1800 rpm and (b) 2600 rpm speed.

test fuel at lower engine loads. This is possibly because biodiesel
contains longer carbon-chain length molecules having higher
boiling point and lower volatility. At higher engine speeds and
loads, very high cylinder temperature exists and these low volatil-
ity components of the fuel are therefore able to evaporate and mix
properly with air hence maximum pressure rise rate for KOME100
becomes higher at higher engine loads.

3.3.2. Fuel line pressure

Fig. 13 shows the variation of fuel-line pressure for various
Karanja biodiesel blends with varying engine load and speed.

It can be observed that fuel-line pressure increases with
increasing engine load. Anand et al. also reported increase in
fuel-line pressure with increasing engine load for Karanja biodiesel
and methanol-Karanja biodiesel blends because higher amount of
fuel flows through the fuel line at higher engine loads [34]. Maxi-
mum fuel-line pressure is always higher for higher biodiesel
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blends and this difference increases with increasing engine load
due to higher bulk modulus of compressibility of Karanja biodiesel
in comparison to mineral diesel. Canacki also reported advanced
injection timings for soybean oil biodiesel and its 20% blend in
comparison to mineral diesel because fuel’s physical properties
were different and different fuel quantities were injected [55].
Anand et al. reported slightly retarded fuel injection timings for
Karanja biodiesel-methanol (90:10) blend in comparison to biodie-
sel due to lower bulk modulus of compressibility for methanol
[34]. Salvi et al. reported larger relative difference in injection tim-
ing as engine speed and load increases which corresponds to a
roughly constant real-time injection event for fuels with different
bulk modulus of compressibility [43].

Fuel-line pressure also increased with increasing engine speed
for all test fuels at fixed engine load. With increasing engine speed
at fixed load, fuel injection timing was advanced for all test fuels.
Fuel-line pressure for higher biodiesel blends was higher than min-
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Fig. 13. Variation of fuel line pressure with load (a) 1800 rpm at 0% and 100 load and (b) 2600 rpm at 0% and 100% load for Karanja biodiesel blends vis-a-vis baseline mineral

diesel.
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eral diesel and this difference increased with increasing engine
speed due to relatively higher bulk modulus of compressibility,
higher viscosity and higher sonic velocity for biodiesel. Higher bulk
modulus leads to rapid pressure wave propagation from the pump
to the injector needle [56]. Higher viscosity of biodiesel reduces
fuel loss during the injection process, which leads to faster evolu-
tion of pressure leading to advanced fuel injection. Furthermore,
lower vapor content in high pressure injection system due to poor
volatility of biodiesel could also be a reason for advanced injection
timings [56].

3.3.3. Heat release rate analysis

Fig. 14 shows the variation of HRR for various test fuels at vary-
ing engine loads and speeds. All Karanja biodiesel blends showed
identical combustion stages, similar to baseline mineral diesel.
After the ignition delay period, premixed fuel-air mixture burns
rapidly, leading to very high HRR. This stage was followed by diffu-
sion combustion, where the burn rate was relatively slower be-
cause of the air-fuel mixing process. In the beginning, a negative
heat release was observed due to vaporization of fuel accumulated
during ignition delay, which becomes positive after the start of
combustion (SOC).

At lower engine loads, heat release profile showed primarily
premixed combustion, which changed to combination of premixed
and diffusion combustion at higher engine loads. At lower engine
loads, maximum HRR was highest for KOMEO5 and lowest for
KOME100. Gautam et al. also reported higher peak premixed heat
release for biodiesel blends at lower engine loads and higher peak
premixed heat release for 100% cottonseed biodiesel at higher en-
gine loads [38]. Magnitude of maximum HRR increased with
increasing engine loads for all fuels. At lower engine loads, com-
bustion started earlier for lower biodiesel blends (KOMEO5,
KOME10 and KOME20). This indicated that these lower biodiesel
blends had optimum conditions for mixture formation and im-
proved combustibility of mixture due to presence of oxygen in
the fuel, which resulted in reduced ignition delay and improved
combustion.

Amount of heat released during mixing controlled combustion
phase also increased with increasing engine load. At higher engine
loads, peak of premixed heat release for KOME100 was most prom-
inent. Increased cylinder temperature during fuel injection at high-
er engine loads due to higher residual gas temperatures supported
the evaporation of lower volatility biodiesel, which resulted in
higher premixed heat release peak. Timing of start of heat release
was almost same for all test fuels at rated engine load. At rated en-
gine load, magnitude of maximum HRR during premixed combus-
tion was highest for KOME100 in the entire speed range.
Magnitude of premixed heat release increased with increasing fuel
quantity accumulated during ignition delay [35,43]. Sinha et al. re-
ported advanced start of heat release and lower peak of premixed
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heat release for rice-bran biodiesel in comparison to mineral diesel.
Cetane number of rice-bran biodiesel was 64, which was higher
than the cetane number of Karanja biodiesel (CN 51) used in this
study [54]. Salvi et al. [43] reported delayed start of heat release
for B100 (CN 48.6) and B50 (CN 49.6) in comparison to mineral die-
sel (CN 51.4).

3.3.4. Mass burn fraction

Position of 10% MBF was used to represent the ‘SOC'. At higher
engine loads, SOC was almost same for all test fuels. Combustion
started earliest for KOMEO5. At lower engine loads, SOC for lower
biodiesel blends was advanced compared to mineral diesel how-
ever SOC was delayed for KOME100. Higher latent heat of vapori-
zation, viscosity and density of Karanja biodiesel reduces the rate
of air-fuel mixing for higher Karanja biodiesel blends hence SOC
was delayed for these fuels. Mixing of 5% Karanja biodiesel did
not cause any significant deterioration in spray formation and
air-fuel mixing however such a small concentration of biodiesel
can significantly change the chemical properties of air-fuel mix-
ture, which results in reduction in ignition delay.

Burning of 50% fuel mass at lower engine loads is completed in
8-12 crank angle degrees. This however reduces to 8-10 crank an-
gle degree (CAD) at 2600 rpm. Position of completion of 50% MBF is
seen to be earliest for 2.8 bar BMEP. For the two engine speeds,
though the completion of 50% MBF for KOME100 is delayed in
comparison to mineral diesel at lower loads, it is relatively ad-
vanced at higher engine loads. Salvi et al. [43] also observed earlier
50% MBF for mineral diesel at lower engine loads, and at higher en-
gine loads, the combustion phasing difference of B100 and B50 was
negligible compared to mineral diesel. Evaporation and mixing of
fuel and air for KOME100 was seen to be significantly slower at
lower temperature (this condition prevailed at lower engine loads),
however at higher engine loads, when the cylinder temperatures
are relatively higher, this effect of lower volatility of biodiesel is
not very prominent. After the formation of air-fuel mixture, rate
of heat release of biodiesel was faster than mineral diesel, most
likely due to higher oxygen content of the fuel.

90% MBF crank angle position is used to characterize the ‘end of
combustion (EOC)'. At higher engine speeds, 90% MBF position was
advanced for lower Karanja biodiesel blends and this difference
was significant at lower BMEPs. At higher engine speeds and loads,
90% MBF crank angle position for KOME100 came in the same
range as that of other lower biodiesel blends.

3.3.5. Combustion duration

Difference in crank angle position for 90% MBF and 10% MBF is
used to characterize the ‘combustion duration’. Fig. 15 shows the
combustion duration for various Karanja biodiesel blends and min-
eral diesel.
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Fig. 14. Variation of heat release rate at (a) 1800 rpm at 0% and 100 load, and (b) 2600 rpm at 0% and 100% load for Karanja biodiesel blends vis-a-vis baseline mineral diesel.
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Fig. 15. Variation of combustion duration at (a) 1800 rpm, and (b) 2600 rpm.

All biodiesel blends showed shorter combustion duration for
1.4 or 2.8 bar BMEP at both engine speeds. With increasing en-
gine loads, cylinder temperature also increases, which increases
the air-fuel mixing as well as vaporization of fuel. Quantity of
fuel injected into the cylinder also increases with increasing en-
gine load, which tends to increase the time required for comple-
tion of combustion of higher injected fuel quantity. Due to
resultant effect of these two causes, combustion duration was
found to be shortest at intermediate engine loads for all test
fuels. Combustion duration for lower Karanja biodiesel blends
was found to be lower compared to mineral diesel for all oper-
ating points. For higher biodiesel blends, combustion duration
was shorter than mineral diesel at higher engine loads however
longer at lower engine loads. Anand et al. also reported shorter
combustion duration of Karanja biodiesel at higher BMEP and
longer combustion duration at lower engine speeds and lower
loads in comparison to mineral diesel [40]. At lower engine
loads, longer combustion duration of biodiesel can be attributed
to its slower evaporation characteristics because of its inferior
fuel sprays having larger droplet sizes.

4. Conclusions

Detailed comparative performance, emissions and combustion
characterization of Karanja biodiesel and its blends vis-a-vis base-
line mineral diesel was performed at different engine speeds and
loads. Important findings are:

e Speed-torque characteristics indicated that maximum torque
attained by KOME10 and KOME20 were higher than baseline
mineral diesel, while higher blends (KOME50 & KOME100) pro-
duced slightly lower torque.

e BSFC for lower KOME blends was comparable to baseline min-
eral diesel however BSFC increased for higher biodiesel blends.
At lower engine loads, higher biodiesel blends have lower BTE
than mineral diesel. At higher engine loads, BTE of all KOME
blends was almost same as mineral diesel.

o At higher engine speeds and loads, biodiesel blends produced
lower CO emissions in comparison to mineral diesel. However
at lower engine loads, BSCO emissions of higher biodiesel
blends were higher than mineral diesel.

e BSHC emissions of KOME blends were lower than mineral
diesel.

o Relatively higher BSNOx emissions were seen for higher biodie-
sel blends, particularly at higher engine loads.

e Smoke opacity of KOME blends was lower than mineral diesel.

e Lower cylinder pressures were observed for higher biodiesel
blends at lower engine speeds.

e Fuel-line pressure of higher KOME blends was slightly higher
than baseline mineral diesel due to higher bulk modulus of
compressibility of biodiesel.

e Combustion started earlier for lower KOME blends but ‘start of
combustion’ was slightly delayed for higher KOME blends.

e Combustion duration of lower KOME blends was shorter than
baseline mineral diesel and amongst them, higher KOME blends
showed longer combustion duration.

Detailed comparative investigation of performance, emissions
and combustion characteristics of Karanja biodiesel blends showed
that up to 20% blend of Karanja biodiesel can be utilized in an
unmodified CI engine without any noticeable performance, com-
bustion and emission issues.
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