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Fuel Injection Strategy for
Utilization of Mineral Diesel-
Methanol Blend in a Common
Rail Direct Injection Engine

Methanol fueled internal combustion (IC) engines have attracted significant attention due to
their contributions in reducing environmental pollution and fossil fuel consumption. In this
study, a single-cylinder research engine was operated on MDI10 (10% (v/v) methanol
blended with mineral diesel) and baseline mineral diesel to explore an optimized fuel injec-
tion strategy for efficient combustion and reduced emissions. The experiments were con-
ducted at constant engine speed (1500 rpm) and load (3 kW) using two different fuel
injection strategies, namely, single pilot injection (SPI) and double pilot injection (DPI)
strategy. For each pilot fuel injection strategy, the start of main injection (SoMI) timing
was varied from —3 to 6° crank angle (CA) before top dead center (bTDC). To examine
the effect of fuel injection pressure (FIP), experiments were performed at three different
FIPs (500, 750, and 1000 bars). Results showed that the MD10 fueled engine resulted in
superior combustion compared with baseline mineral diesel, which was further improved
by DPI at higher FIPs. The use of DPI strategy was found to be more effective at higher
FIPs, resulting in higher brake thermal efficiency (BTE), lower exhaust gas temperature
(EGT), and reduced oxides of nitrogen (NO,) emissions compared with SPI strategy.
Detailed investigations showed that the addition of methanol in mineral diesel reduced par-
ticulates, especially the accumulation mode particles (AMP). Different statistical analysis
and qualitative correlations between fuel injection parameters showed that higher FIP
and advanced SoMI timings were suitable for particulate reduction from the MDI0

fueled engine. [DOI: 10.1115/1.4046225]

Keywords: methanol, common rail direct injection, fuel injection pressure, start of
injection timing, particulates, alternative energy sources, energy conversion/systems,

energy from biomass, fuel combustion, renewable energy, unconventional petroleum

1 Introduction

Excellent fuel economy, drivability, durability, and robustness
make compression ignition (CI) engines more popular compared
with spark ignition (SI) engines for various applications in trans-
portation, agricultural, and industrial sectors. Due to the use of
overall lean fuel-air mixtures and excellent fuel economy, CI
engines emit relatively lower carbon monoxide (CO), hydrocar-
bons (HC), and carbon dioxide (CO,) than their SI engine counter-
parts for the same power output. However, higher emissions of
oxides of nitrogen (NO,) and particulates remain a major
concern for CI engines, which limit their applications in congested
metro-cities globally [1,2]. On the other hand, most existing CI
engines are operated using mineral diesel derived from depleting
petroleum reserves. Recent studies showed that health issues
from the exposure to pollutants from diesel engines (mainly
NOy and particulates) result in a very high cost to the society
and human health due to short-term and long-term illnesses and
premature deaths [1-5]. These environmental, health, and sustain-
ability issues associated with mineral diesel fuelled combustion
systems have motivated the researchers to explore viable renew-
able alternatives to mineral diesel. Continuous efforts to develop
sustainable alternative fuels have yielded several options such
as biodiesel, alcohols, dimethyl ether (DME), etc. From a
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sustainability perspective, different aspects related to production,
utilization strategies, and effects of these alternative fuels on the
environment and human health have been critically examined by
a large number of researchers [6—12]. Previous studies showed
that alcohols produced from biomass using different biochemical
processes have significant potential to be adapted as alternative
fuels in the automotive sector. Alcohols produced from biomass
are renewable and carbon-neutral fuels and their utilization in
internal combustion (IC) engines leads to cleaner burning.
Researchers have also investigated the uses of oxygenated addi-
tives such as alcohols [6-9,13—15] and biodiesels [9,10,14] on
the CI engine performance and emissions. Presence of oxygenated
additives in mineral diesel reduces particulate emissions [16—19].
Cheng et al. [20] suggested that the use of oxygenated additives
also lowers the particulate-NOy trade-off, which gives more flex-
ibility for application of exhaust gas after-treatment systems.
The presence of oxygen in test fuels enhances the premixed com-
bustion phase and improves the diffusion combustion phase, thus
lowering particulate formation due to oxygen-deficient conditions
prevailing in the fuel-rich regions of the combustion chamber
[21-23].

Although alcohols offer several advantages, however utilization
of alcohols in CI engines has several challenges, which prevents
its extensive utilization in production-grade CI engines. Alcohols
and their blends with mineral diesel have several challenges includ-
ing lower heating value (LHV), alcohol-mineral diesel immiscibil-
ity, as well as blends instability issues [24], lower cetane number
(CN) of methanol, and poor lubricating properties [25]. There are
few primary alcohols, which can be used as an additive in
mineral diesel to enhance its fuel properties however each one
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has its own specific features. Solubility of alcohols in mineral diesel
have been extensively studied by researchers and it is reported that
lower blends of alcohol-mineral diesel blends reduce engine power
output, which results in higher brake-specific fuel consumption
(BSFC) [24,26-28]. Ethanol has been explored extensively for its
feasibility in diesel engines because it can be produced from
biomass; however, relatively lower energy density and strong
hydrophilic nature are the main hurdles to be overcome for its uti-
lization in a blended form with mineral diesel [29,30]. Researchers
also investigated butanol because it is a good solvent for petroleum-
based fuels and exhibits a much less hygroscopic behavior than
ethanol [31,32]. However, relatively higher toxicity of butanol
fueled engine exhaust and its incompatibility with fuel system com-
ponents such as fuel filter (filter clogging), seal (softening and dis-
solution), etc., are some critical issues, which need to be addressed
[31]. Methanol is the first member of the alcohol family, and it has
gained significant attention from the researchers for automotive
applications off-late.

Methanol is a low cost, non-sooting, and high oxygen content
(~50% w/w) additive [33,34], which can be produced from
various renewable resources. Relatively longer ignition delay of
methanol due to low cetane number and high ignition temperature
leads to smoother combustion of methanol-mineral diesel (MD)
blends compared with baseline mineral diesel. High oxygen
content and high H/C ratio of MD blends results in a relatively
lower air-fuel stoichiometric ratio, which improves the combustion
and reduces emission of particulates. Higher heat of vaporization
and lower heating value of methanol results in lower flame temper-
ature during combustion, leading to lower NO, emissions but
slightly higher HC and CO emissions [33,35]. Guo et al. [36]
reported relatively higher BSFC for MD blends due to lower
heating value of methanol; however, brake-specific energy con-
sumption (BSEC) of MD blends was lower compared with
mineral diesel. Shore et al. [37] suggested that lower molecular
weight and simpler structure of methanol compared with mineral
diesel also reduced particulate formation during the combustion
of MD blends. MD blends also showed different spray characteris-
tics and diluted the lubricant film on the piston wall, which
adversely affected engine durability [38]. Therefore, fuel injection
strategy including start of injection (Sol) timing, fuel injection pres-
sure (FIP), and the number of injections becomes important for MD
blends. Similar to mineral diesel-fueled engines, increasing FIP
improved the combustion and emission characteristics of MD
blends [39,40]. Sayin et al. [41] reported that deviation of Sol
timing from its optimized range affected engine performance and
emission characteristics. They reported that retarding the Sol
timing resulted in higher HC emissions and advancing Sol timing
led to higher NO, emissions.

Previous studies showed that the complete replacement of
mineral diesel with methanol is very challenging. Therefore, this
research effort is focused on partial replacement of mineral
diesel by methanol and adding a co-solvent to MD blends,
which helps avoid phase separation. In this study, the experiments
were conducted by adding 1% (v/v) 1-dodecanol as a co-solvent in
MD10 (10% (v/v) methanol blended with mineral diesel) as rec-
ommended by Murayama et al. [42]. Fuel composition was
chosen based on the results of previous investigations, where
10% blending of methanol with mineral diesel was found to be
optimum for IC engine applications [43]. To investigate the
effects of fuel injection parameters on engine combustion, perfor-
mance, and emission characteristics, experiments were performed
using different fuel injection strategies. To resolve the issue of
fuel-air mixing, two different pilot injection strategies, namely,
single pilot injection (SPI) and double pilot injection (DPI) were
also evaluated. Detailed characterisation of the particulates
emitted by the engine operated at different fuel injection strategies
is the innovative aspect of this study. Qualitative correlations of
emissions and performance parameters with particulates character-
istics show some interesting aspects of utilization of MD blends in
modern CI engines.

082305-2 / Vol. 142, AUGUST 2020

2 Experimental Setup and Methodology

The experiments were conducted in a single-cylinder, four-
stroke, direct-injection compression ignition engine (AVL List
GmbH; 5402), which was equipped with a modern common rail
direct-injection (CRDI) system. The test engine was a single-
cylinder version of a four-cylinder automotive high-speed
direct-injection (HSDI) diesel engine. The schematic of the experi-
mental system is shown in Fig. 1.

Detailed technical specifications of the test engine are given in
Table 1.

An alternating current (AC) (transient) dynamometer (Wittur
Electric Drives GmbH; 2SB 3) was used to control the engine
speed and load. An open-loop fuel injection control strategy was
loaded in the ETAS system to control the fuel injection parameters
independently. This control system consisted of an electronic
control unit, a communication interface (ETAS; ETK 7.1 Emulator
probe), and a control program (INCA, a commercial tool for automo-
tive calibration). To control the temperature of the test fuel, a fuel
conditioning system (AVL; 553) was installed. For fuel flow rate
measurement, a fuel-metering unit (AVL; 733S) was installed in
the experimental setup, which worked on the gravimetric measure-
ment principle. A coolant-conditioning unit (Yantrashilpa;
YS4027) and a lubricating oil-conditioning unit (Yantrashilpa;
YS4312) were used to control the temperatures of coolant and lubri-
cating oil at 60 °C and 90 °C, respectively. Other details of the
experimental setup can be found in our previous publication [44].

A water-cooled piezoelectric pressure transducer (AVL; QC34C)
was installed in the cylinder head for data acquisition for the com-
bustion analysis. An optical encoder (AVL; 365C) recorded the
rotation of the crankshaft. In-cylinder pressure-crank angle data
history was acquired and analyzed by the high-speed combustion
data acquisition system (AVL; IndiMicro). An exhaust gas emission
analyzer (Horiba; 584L) was used to measure the concentrations of
regulated gases present in the engine exhaust. It can measure the
concentrations of CO, HC, CO,, and NOy in the engine exhaust.
The accuracy of instruments used for various measurements is
given in Table 2.

For particulate measurement, an engine exhaust particle sizer
(EEPS) spectrometer (TSI Inc.; 3090) was used. EEPS can
measure a wide size range of particles (from 5.6 to 560 nm) with
a maximum number concentration of #10® particles/cm® of the
engine exhaust. A rotating disk thermo-diluter (Matter Engineering
AG; MD19-2E) was used to dilute the exhaust gas before supplying
it into the EEPS for particulate measurements. During the experi-
ment, the number concentration of particles present in the diluted
exhaust was measured, and a dilution factor was multiplied to cal-
culate the actual concentration of particles emitted by the engine.
Detailed specifications of EEPS can be found in our previous pub-
lication [45].

For test fuel preparation, a mechanical stirrer (Remi; RQT-124A)
was used. Test fuel properties such as kinematic viscosity, calorific
value, and density were determined by using a kinematic viscometer
(Stanhope-Seta; 83541-3), a bomb calorimeter (Parr; 6200), and a
portable density meter (Kyoto Electronics; DA130N), respectively.
Table 3 shows the composition of test fuels and their physical prop-
erties. It is seen that the addition of methanol leads to a reduction in
calorific value, kinematic viscosity, and density. Original properties
of mineral diesel, methanol, and 1-dodecanol can be found in our
previous publication [41].

Engine experiments were carried out at constant engine speed
(1500 rpm) using MD10 and baseline mineral diesel. During the
experiments, fuel injection quantity was varied to achieve constant
engine load (3 kW). At each experimental condition, the engine was
run for 30 min and the measurement of performance, emissions, and
combustion-related parameters were done after thermal stabilization
of the engine. Table 4 shows important experimental conditions.

For comparison of the experimental results obtained from differ-
ent test fuels and fuel injection strategies, three sets of experiments
were conducted as given below.

Transactions of the ASME
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=== Lube Oil Line => ExhaustGas
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1- Single Cylinder Research Engine, 2- Transient Dynamometer, 3- Dynamometer Controller, 4-

Coolant Conditioning System, 5- Lubricating Oil Conditioning System, 6- Piezoelectric Pressure

Transducer, 7- Intake Air Surge Tank, 8- Air-Flow Rate Measurement System, 9- Combustion

Data Acquisition System, 10- ECU Interface System, 11- Fuel Tank, 12- Fuel Measurement

System, 13- Fuel Conditioning System, 14- High Pressure Fuel Pump, 15- Common Rail, 16-

Engine Exhaust Particle Sizer, 17- Thermo Diluter, 18- EEPS Data Logger, 19- Exhaust gas

Emission Analyzer

Fig. 1 Schematic of the experimental setup

Table 1 Specifications of the test engine

Engine make/model AVL/5402

Number of cylinders 1

Cylinder bore/stroke 85/90 mm

Swept volume 510.7 cc
Compression ratio 17.0

Inlet ports Tangential and swirl inlet port
Nominal switl ratio 1.78

Maximum power/engine speed (rpm) 6 kW/4000 rpm

200~1400 bars
Common rail direct injection
BOSCH Common Rail CP 4.1
DSLA 142P/180 um
AVL-RPEMS + BOSCH ETK?7
4 (2 inlet, 2 exhaust)

Fuel injection pressure

Fuel injection system

High pressure system
Nozzle type/diameter
Engine management system
Valves per cylinder

Case 1: Mineral diesel-fueled engine using SPI strategy
Case 2: MD10 fueled engine using SPI strategy
Case 3: MDI10 fueled engine using DPI strategy

3 Results and Discussion

The results and discussion section is divided into three sub-
sections, which describe engine combustion, performance and
emissions, and particulate characteristics.

3.1 Combustion Characteristics. For combustion analysis,
in-cylinder pressure is the most important measured parameter,
which provides various calculated combustion parameters such as

Journal of Energy Resources Technology

Table 2 Accuracies of the measurements by various
instruments

Instrument Parameter Accuracy
Piezoelectric pressure transducer In-cylinder pressure 25 pC/bar
Exhaust gas emission analyzer CO (%, viv) 0.01

HC (ppm) 1

NOy (ppm) 1
Portable density meter Density 0.001 g/cm®
Kinematic viscometer Kinematic viscosity 0.07%
Bomb calorimeter Calorific value 0.02%

heat release rate (HRR), combustion duration, etc. For all experi-
mental conditions, in-cylinder pressure data were acquired for an
average of 250 consecutive engine cycles and then the average
data set was used for further analysis. In-cylinder pressure variation
and HRR variation of MD10 and mineral diesel-fueled engine at
different FIPs and start of main injection (SoMI) timings are
shown in Fig. 2.

In general, the in-cylinder pressure curve showed two peaks
(except advanced SoMI timings), in which, the first peak corre-
sponds to the combustion of fuel injected during pilot injection
and the second peak corresponds to the combustion of fuel injected
during the main injection. In-cylinder pressure trends show that
advancing SoMI timing has no significant effect on the first peak;
however, the second peak gets significantly advanced. Advancing
SoMI timing resulted in a higher second peak for all three cases.
At 6° CA bTDC (before top dead center) SoMI timing, the first
peak corresponding to the pilot injection merged with the second

AUGUST 2020, Vol. 142 / 082305-3
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Table 3 Test fuels composition and important fuel properties

Volumetric content (%, v/v)

Test Calorific value Kinematic viscosity (mm?/s) Density (g/cmS) Surface tension (mN/m)
fuel Diesel Methanol 1-Dodecanol MIJ/kg) @ 40°C @ 30°C @ 40°C*
Diesel 100 - - 44.26 2.96 0.837 23.619

MD10 89 10 1 43.12 2.79 0.829 23.507

“Values taken from the literature.

Table 4 Experimental conditions

Engine speed

Test fuels

Fuel injection pressure
Fuel injection strategy
Pilot injection timings

1500 rpm
Diesel and MD10
500, 750, and 1000 bars
With SPI and DPI along with main injection
(SoPI); =30° CA bTDC
(SoPI), =20° CA bTDC

Main injection timings —3 deg, 0 deg, 3 deg, and 6° CA bTDC

peak. More time availability for fuel-air mixing at advanced SoMI
timings was the main reason for this trend, which became more
prominent at higher FIPs. HRR trends also showed similar behavior.
Increasing FIP affected both the peaks of in-cylinder pressure and
advanced the combustion. This was primarily attributed to improved
fuel-air mixing due to superior fuel spray atomization at higher FIPs.

Higher FIP also resulted in a higher HRR peak, which showed faster
heatrelease due to improved fuel-air combustion kinetics. A compar-
ison of two test fuels (mineral diesel and MD10) showed that mineral
diesel-fueled engine resulted in earlier combustion compared with
MD10. Lower CN of MD10 might be a possible reason for this beha-
vior, which causes longer ignition delay. Advancing SoMI timing
enhances this behavior slightly due to the dominating effect of igni-
tion delay at advanced SoMI timings. MD10 exhibited a slightly
higher maximum HRR compared with mineral diesel. Increasing
FIP showed an interesting behavior. At higher FIPs, MD10 exhibited
advanced combustion compared with mineral diesel, which subse-
quently retarded with advancing SoMI timing. At higher FIP,
retarded SoMI timing showed two distinct peaks, which merged
into a single peak for advanced SoMI timings. HRR trends
showed that combustion at advanced SoMI timings and higher
FIPs resulted in a relatively shorter duration for the main combustion
event. Among both test fuels, a relatively smaller width of the HRR
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curve corresponding to mineral diesel showed a slightly shorter com-
bustion duration. This was attributed to a relatively lower burning
velocity of MD10 compared with mineral diesel [32]. At higher
FIPs, knocking behavior was clearly seen in HRR curves, which
further enhanced with advancing SoMI timings. Among both test
fuels, MD10 showed slightly more knocking behavior than
mineral diesel. To resolve this issue, DPI strategy was used for
MD10, which showed a relatively more stable combustion of
MD10 compared with the SPI strategy. In the case of DPI strategy,
the in-cylinder pressure increased gradually before the SoC, which
eliminated knocking hence resulted in smoother combustion. At
lower FIP, DPI strategy behaved similarly to SPI strategy and
resulted in relatively inferior combustion, however at higher FIPs,
DPI strategy resulted in superior combustion. In the DPI strategy,
the difference between the two peaks of in-cylinder combustion
curves also approached closer to each other, which improved the
combustion.

3.2 Performance and Emission Characteristics. Experi-
ments were conducted to compare the performance parameters,
namely, brake thermal efficiency (BTE), BSEC, and exhaust gas
temperature (EGT) at different FIP and SoMI timings.

Figure 3 showed that advancing SoMI timings resulted in lower
BTE for both test fuels. This was mainly due to advanced combus-
tion phasing, which resulted in lower piston work. Increasing FIP
improved the BTE of both test fuels; however, too high FIP slightly
deteriorated the BTE (Fig. 3(c)). BTE reduction was more signifi-
cant at lower FIP (500 bars) because of combined effects of two
deteriorating factors, namely: (i) inferior fuel atomization at lower
FIPs and (ii) lower in-cylinder temperature and pressure conditions
at too advanced SoMI timings. At higher FIP (1000 bars), reduction
in BTE at advanced SoMI timing was slightly higher than that at
750 bars FIP. Impingement of spray on to the cylinder walls and
piston cavity might be responsible for lower BTE at advanced
SoMI timings. A shift in BTE for all three cases is an important

—=— Diesel using SPI

—e— MD10 using SPI

observation of this study. At lower FIP, mineral diesel showed
higher BTE compared with MD10. At 750 bars, MD10 resulted
in higher BTE compared with mineral diesel however at
1000 bars, both test fuels exhibited slightly lower BTE compared
with 750 bars. This issue was resolved by DPI strategy, which
showed relatively inferior performance at lower FIP, however
DPI strategy resulted in improved performance at higher FIP. At
higher FIP, DPI strategy reduced the fuel spray impingement on
the piston and avoided over leaning of fuel-air mixture, which
improved the combustion. At 1000 bars FIP, DPI strategy fueled
with MD10 resulted in ~33.5% BTE. BSEC followed almost
similar performance trends as that of BTE. At 750 bars, all three
cases resulted in almost similar BSEC except the most advanced
SoMI timing. However, at 500 bars FIP, mineral diesel and at
1000 bars FIP, MD10 using DPI strategy exhibited the lowest
BSEC. Guo et al. [36] reported that MD blends exhibited relatively
higher BSFC compared with baseline mineral diesel. EGT was
another important performance parameter measured in this study.
EGT is an indirect measure of bulk in-cylinder combustion temper-
ature. For both test fuels, EGT decreased with advancing SoMI
timing. This reflects that advancing SoMI timing improved the
fuel-air mixing, leading to enhanced premixed combustion com-
pared with diffusion combustion. Similarly, increasing FIP also
led to lower EGT. At higher FIP, overall combustion duration
decreased, which resulted in lower EGT. At 500 bars, both test
fuels showed almost similar EGT however DPI strategy with
MD10 resulted in lower EGT compared with SPI strategy. This
showed that DPI strategy improved the premixed combustion and
resulted in reduced EGT. At 750 bars, MD10 resulted in lower
EGT compared with mineral diesel. At 750 bars, MD10 using
both SPI and DPI strategies resulted in almost similar EGT. At
1000 bars FIP, all three conditions were different in terms of EGT
and the effect of fuel properties and injection parameters were
clearly visible. Mineral diesel exhibited higher EGT compared
with MDI10 using SPI strategy. In addition, the DPI strategy
resulted in lower EGT compared with SPI strategy.
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Fig.3 BTE, BSEC, and EGT of MD10 and mineral diesel-fueled engines using different fuel injec-
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Figure 4 shows the emissions of HC, CO, and NO,. Gas emission
concentrations of these pollutant species were measured and then
converted into brake-specific emissions (in g/kWh) using standard
methodology [46].

Figure 4 shows that the difference between brake-specific HC
emissions at different FIPs was not significant, except at advanced
SoMI timings. At advanced SoMI timings (especially at 6° CA
bTDC), combined effects of factors such as spray impingement
on the cylinder walls and piston cavity, and relatively inferior
in-cylinder conditions led to slightly higher HC emissions com-
pared with retarded SoMI timings. At 500 bars FIP, retarded
SoMI timings resulted in slightly higher HC emissions. However,
at advanced SoMI timings, brake-specific HC emissions remained
constant for both test fuels. At lower FIP, mineral diesel exhibited
lower HC emissions compared with MD10 however at 1000 bars
FIP, mineral diesel exhibited slightly higher HC emissions com-
pared with MD10. This variation of HC emissions may be due to
the wall-quenching effect of methanol. Due to lower heating
value and higher charge cooling effect of methanol, MD10 exhib-
ited relatively lower flame temperatures and lower burning veloci-
ties compared with mineral diesel, which led to a greater degree
of incomplete combustion. Sayin et al. [41] also reported slightly
higher HC emissions from engine fuelled with MD blends, espe-
cially at retarded Sol timings. Between two pilot injection strate-
gies, the DPI strategy was more effective in HC emission
reduction at 1000 bars FIP, however at lower FIPs, SPI strategy
was found to be more effective. CO emission also followed a
trend similar to HC emissions. Brake-specific CO emission also
did not show any significant variation at different SoMI timings
and FIPs. Mineral diesel exhibited relatively lower CO emission
compared with MD10. Between the fuel injection strategies, the
DPI strategy was found to be more effective up to 750 bars FIP,
however at 1000 bars FIP, DPI strategy resulted in higher CO emis-
sion compared with SPI strategy. Relatively lower EGT might be a
possible reason for this, which prevented oxidation of CO into CO,
and resulted in higher emission of CO. For both test fuels, advanc-
ing SoMI timing did not show any significant variation in NOy

—=— Diesel using SPI

—e— MD10 using SPI

emissions however increasing FIP resulted in slightly higher NOy
emissions. Although Sayin et al. [41] reported that NO, emissions
from the engine fuelled with MD blends slightly increased with
advancing SoMI timings. In this study, mineral diesel emitted
higher NO, compared with MD10. Relatively lower in-cylinder tem-
peratures of MD10 engine compared with mineral diesel engine
might be a possible reason for this. Among the two pilot injection
strategies, DPI strategy was more effective in NOy reduction. At
all FIPs, the DPI strategy resulted in lower NO, emissions compared
with SPI strategy. This finding correlates very well with the engine
performance results, which suggested that the DPI strategy resulted
in relatively lower EGT compared with the SPI strategy.

Figure 5 shows the correlation between BTE and NOy emissions
at different SoMI timings and FIPs. For each test fuel and fuel injec-
tion strategy, BTE is shown by lines and NO, emissions are shown
by the background color. For each test fuel, overlapping of
minimum NO, emissions zone and maximum BTE (optimum
zone, shown by hatching pattern) gives an optimum range of fuel
injection parameters. For mineral diesel, a very small range of
FIPs and SoMI timings were found for the highest BTE
(~32.4%) and most of the fuel injection strategies showed higher
NOy emissions. With increasing FIP, SoMI timing for optimum
zone varied in a random pattern. Compared with mineral diesel,
MD10 showed a relatively wider optimal zone, which was
located at medium FIP (~750bars) and intermediate SoMI
timings (~3 to —3° CA bTDC). Optimum zone for MD10 using
SPI strategy showed ~32.5% BTE and relatively lower NO, emis-
sions compared with mineral diesel. MD10 using the DPI strategy
was found to be the best amongst three cases. This gives a wider
optimum zone, in which maximum BTE was ~33% and NO, was
the lowest amongst the three cases. This correlation map showed
that the DPI strategy was suitable at higher FIP and retarded
SoMI timings (~2 to —1° CA bTDC).

3.3 Particulate Characteristics. Particulate investigations are
an important part of this study. Most particulates emitted by diesel
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Fig. 4 Brake-specific emissions of CO, HC, and NO, emitted from MD10 and mineral diesel-
fueled engines using different fuel injection strategies
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Fig. 5 BTE (shown by contour lines) and NO, (shown by background contour) emitted by MD10 and mineral
diesel-fueled engines using different fuel injection strategies

engines are formed due to heterogeneous fuel-air mixing, wherein soot
precursors are generated in the fuel-rich (oxygen deficit) zones. This
study attempted to address these issues by using oxygenated additives
and pilot fuel injection strategy. Pilot injection results in the more
homogenous fuel-air mixture formation and the fuel-bound oxygen
promotes fuel oxidation in the fuel-rich zones of the combustion
chamber. To gain deeper insights into the effect of these parameters

on particulate emissions, the experiments were performed using differ-
ent test fuels, different fuel injection strategies, and varying the fuel
injection parameters. Therefore this section is divided into three sub-
sections, namely, number-size, surface area-size, and mass-size distri-
butions of particulates. In each sub-section, particulate characteristics
were described based on their size (mobility diameter, D,,) and are clas-
sified as nanoparticles (NP, D,, <10 nm), nucleation mode particles
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Fig. 6 Number-size distribution of particulates emitted by MD10 and mineral diesel-fueled
engines using different fuel injection strategies
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(NMP, 10 nm < D,,< 50 nm), and accumulation mode particles (AMP,
50 nm < D,< 1000 nm) [47].

Figure 6 shows the number-size distribution of particulates
emitted from MD10 and mineral diesel-fueled engines using differ-
ent fuel injection strategies. The number-size distribution of partic-
ulates was calculated by the following formula [48].

n="2

on
where n =number weighted concentration per channel; ¢ = particle
counts per channel; ¢ =sample dilution factor; #=sampling time;
Q =sample flow rate; and 5 = sample efficiency factor per channel.

For all test fuels, advancing SoMI timing resulted in a lower peak
of the particulate number-size distribution. With advancing SoMI
timings, the number-size distribution changed from unimodal
(peak in AMP region) to bimodal (peaks in NP and AMP region dis-
tribution). This revealed that advancing SoMI timing promoted the NP
emissions. At advanced SoMI timings, a higher number of NPs and
lesser number of NMPs and AMPs were emitted, which was attributed
to the availability of more time for fuel-air mixing as well as relatively
milder in-cylinder conditions (temperature and pressure).

For all test fuels, increasing FIP resulted in decreasing particulate
number concentrations. This was mainly due to improved fuel
atomization at higher FIPs, which led to more homogeneous
fuel-air mixture formation. This resulted in lower particulate forma-
tion [49]. Increasing FIP shifted the peak of the number-size

distribution curve towards smaller sizes, which depicted that
increasing FIP led to relatively lesser condensation of volatile
species hence relatively smaller particulate formation. The rela-
tively higher number concentration of NPs was another important
observation of this study. At higher FIPs, shifting of number-size
distribution from unimodal to bimodal nature showed that the
effect of SoMI timings was more dominant at higher FIPs. A com-
parison of the two test fuels showed that MD10 resulted in a slightly
higher number concentration of smaller particles (NPs and NMPs)
and a lower concentration of AMPs compared with mineral
diesel. Shore et al. [37] also reported that engine fuelled with MD
blends exhibited lower particulate emissions than that of baseline
mineral diesel. The presence of fuel-bound oxygen in MD10 pro-
moted oxidation by modifying the local fuel-air ratio, which
might be a possible reason for relatively lesser AMPs. The presence
of methanol in test fuel also improves the atomization characteris-
tics of fuel spray due to its relatively lower viscosity compared
with mineral diesel. Oxygen present in MD10 produces OH radi-
cals, which effectively enhance oxidation of diesel spray and
reduce particle/soot precursor formation in the diffusion combus-
tion phase. With increasing FIP and advancing SoMI timings, the
difference in the NP number concentrations between MD10 and
mineral diesel reduced. This was mainly due to improved fuel atom-
ization and time available, which improved the fuel-air mixture for-
mation. The effect of fuel-air mixing on particulate emissions was
also investigated using the DPI strategy. Comparison of particulate
characteristics from the MD10 fueled engine under SPI and DPI
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strategies showed that DPI strategy resulted in lesser AMPs and
NPs at advanced SoMI timings [47]. This was mainly due to pro-
longed ignition delay at advanced SoMI timings, which promoted
the premixed combustion. In the DPI strategy, presence of more
fuel quantity before the main injection increased the in-cylinder
temperature and pressure, leading to improved combustion of the
fuel injected during the main injection. Improved fuel-air mixing
in DPI strategy hampered the diffusion combustion, where most
AMPs are generated generally. Effect of DPI strategy was less
effective at retarded SoMI timings though.

Figure 7 shows the surface area-size distribution of particulates
emitted by MD10 and mineral diesel-fueled engines using different
fuel injection strategies.

The particle surface area-size distribution was calculated using
the following formula [48]:

— D2
s =nDpn

where s=surface area-weighted concentration per channel; D,=
particle diameter (channel mid-point); and » =number weighted
concentration per channel. Particulate surface area-size distribution
is an important parameter related to particulate emissions because it
affects the toxicity as well as potential health hazards to the human
health [1,50]. From previous studies, it clearly emerges that smaller
particulates are more harmful because they can penetrate deeper
into the human respiratory system and they have higher retention
in the alveolar region of lungs [1,50,51]. Relatively higher

surface area to mass ratio of smaller particulates also increases
the availability of adsorption sites for condensation of toxic
species such as polycyclic aromatic hydrocarbons, thus rendering
them to be more toxic than larger particulates.

Results showed that advancing SoMI timing lowered the peak of
particulate surface area-size distribution. The tendency of bimodal dis-
tribution was also seen at the most advanced SoMI timing (6° CA
bTDC). This showed that advanced SoMI timing was not suitable
from a particulate emissions point of view. Similar to number-size
distribution, particulate surface area-size distribution also decreased
with increasing FIP. This shows that increasing FIP reduces the
surface area of particulates, which is beneficial from a particulate tox-
icity point of view. When FIP increased from 500 bars to 750 bars, a
significant effect on particulate characteristics was observed, however
further increase in FIP from 750 bars to 1000 bars did not show any
notable difference in particulate characteristics. Among the two test
fuels, MD10 showed relatively lower particulate surface area (corre-
sponding to AMP region) and slightly higher surface area (corre-
sponding to NP and NMP regions). At higher FIPs, the difference in
surface area of particulates emitted from MDI10 and mineral
diesel became almost the same. Particulate surface area distribution
showed that the DPI strategy was not very useful in the reduction of
particulate surface area distribution. During most operating condi-
tions, the SPI strategy exhibited slightly lower particulate surface
area distribution compared with the DPI strategy.

Figure 8 shows the mass-size distribution of particulates, which
was calculated directly by assuming particle shape as spherical
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and particle density to be constant. Particulate mass was calculated
using the following formula [48]:

m=py

where m =mass-weighted concentration per channel; p = particle
density; and v = volume-weighted concentration per channel.

Mass-size distribution is also a very important characteristic of
particulates because it affects the probability of their inhalation by
human beings. Lighter particulates have longer atmospheric reten-
tion time, which increases the probability of their inhalation by
the humans. On the other hand, heavier particulates settle down
rather quickly. Particulate mass-size distribution followed a
similar trend as that of surface area-size distribution. Particulate
mass-size distribution got lowered by advancing SoMI timings
and increasing FIP. The tendency of particulates of smaller size
increased with advancing SoMI timing and increasing FIP.
Amongst the two test fuels, MD10 exhibited relatively lower mass-
size distribution compared with mineral diesel. Two fuel injection
strategies (SPI and DPI) did not show a significant difference in
the mass-size distribution of particulates.

For a detailed analysis of particulates, statistical analysis of par-
ticulate number-size distribution was also done. Particulate number
concentration corresponding to each region was calculated using the
following equation [48]:

N=Xu:n
[

where N = total number concentration, / = lower channel boundary,
u=upper channel boundary, and n =number weighted concentra-
tion per channel. For each region, number concentration was calcu-
lated by varying / and u as given below [45]

NP: [=5.6 nm and ¥ =10 nm

NMP: /=10 nm and =50 nm

AMP: /=50 nm and u =560 nm

Total particulate number (TPN): /=5.6 nm and u =560 nm.

Figure 9 shows the variation of NP, NMP, and AMP number con-
centrations emitted by MD10 and mineral diesel-fueled engines
using different fuel injection strategies. These results validated the
findings of particulate number-size distributions (Fig. 6). It can be
clearly seen from Fig. 9 that most particulates emitted by CI
engines were in the AMP region. Advancing SoMI timing and
increasing FIP resulted in higher NP and NMP number concentra-
tions however AMP number concentration slightly decreased. At
1000 bars FIP, NMP, and AMP number concentrations became
almost the same and NP and NMP number concentration at differ-
ent SoMI timings showed a slight deviation from their regular trend.

This statistical analysis showed that MD10 fueled engine emitted
slightly higher NPs and NMPs compared with mineral diesel-fueled
engine, however AMPs from MD10 were significantly lower com-
pared with mineral diesel. The use of the DPI strategy showed a
random pattern of NPs, NMPs, and AMPs. DPI strategy resulted
in the emission of a lower number of particulates compared with
mineral diesel, however this strategy was found to be less effective
compared with SPI strategy.

Figure 10 shows the comparison of TPN vs. count mean diameter
(CMD) of particulates emitted by MD10 and mineral diesel-fueled
engines using different fuel injection strategies.

CMD gave a better interpretation of engine-out particulate emis-
sions and their adverse health effects. CMD decreased consistently
with advancing SoMI timing for 500 and 750 bars FIP. However,
these trends were not consistent for 1000 bars FIP. CMD decreased
with advancing SoMI timing, mainly due to a relatively higher
number concentration of smaller particles. TPN concentration
decreased with increasing FIP. This reduction was significant up
to intermediate FIP, however too high FIP (1000 bars) showed
TPN reduction only in case of advanced SoMI timings. For good
particulate emission characteristics, total particulate mass (TPM)
should be low and CMD should be large because smaller CMD pro-
vides greater surface area per unit mass of particulates for adsorp-
tion of toxic compounds [1].
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Fig. 10 Correlation between TPN and CMD of particulates emitted by MD10 and mineral diesel-
fueled engines using different fuel injection strategies

Figure 11 shows the number-mass correlation of particulates
emitted by MD10 and mineral diesel-fueled engines using differ-
ent fuel injection strategies. Smaller particulates contribute less to
the particulate mass, however their contribution in particulate
number concentration cannot be neglected. Bigger particles con-
tribute significantly to the particulate mass however they are rel-
atively less harmful to the environment and human health
compared with smaller NPs [1]. Hence, it is desirable to establish
a relationship/correlation between the particulate mass and partic-
ulate number-size distributions [52]. In this analysis, particulate
mass is shown on the Y-axis and particulate numbers are shown
on the X-axis. A lobe was plotted by joining the particulate
number and mass corresponding to each mean particulate size
in an increasing size ranging from 5.6 to 560 nm. The size of
the lobe reflects the relationship between the particulate mass
and particulate numbers. Larger lobe indicates higher particulate
emissions in terms of both, numbers as well as mass. If the
lobe is inclined toward the X-axis, this indicates dominance of
particulates numbers. If this lobe is inclined toward the Y-axis,
it indicates the dominance of particulate mass. This lobe reflects
the lower contribution of smaller sized particles to the particulate
mass and vice versa.

In this analysis, the lobe of particulates emitted by the mineral
diesel-fueled engine was relatively larger compared with MD10
at all the engine operating conditions. Lobe size reduced with
advancing SoMI timing as well as with increasing FIP. There
was no significant difference in the inclination of SoMI timing
towards either the particulate number or particulate mass axis.
At higher FIPs, an inclination of these lobes increased towards
the X-axis, which signifies that particulate numbers start dominat-
ing at higher FIPs, however their contribution to the particulate

Journal of Energy Resources Technology

mass was insignificant. The use of two injection strategies
showed that particulate characteristics of DPI strategy were infe-
rior at lower FIPs and at retarded SoMI timings. It reflects that
the fuel injection strategy should be varied based on the fuel injec-
tion parameters.

Figure 12 shows a correlation between TPM and NOy emitted
by MD10 and mineral diesel-fueled engines using different fuel
injection strategies. Particulate number concentration correspond-
ing to each region was calculated using the following equation
[48]:

where M =TPM, [=Ilower channel boundary, u=upper channel
boundary; and m = particulate mass per channel. For each fuel,
the overlapped area between SoMI, FIP, and total particle mass
shows the optimum zone.

Results showed that optimum zones of mineral diesel and MD10
using SPI strategy were almost similar in terms of fuel injection
parameters. For both cases, advanced SoMI timings (2° to 6° CA
bTDC) at higher FIPs resulted in lower TPM and NOy emissions.
In the optimum zone, MD10 showed relatively lower TPM (~1.8
x10° yg/m3) and NOy (~10 g/kWh) compared with mineral
diesel, which were (~2.5% 10° ug/m®) and (~13 g/lkWh), respec-
tively. MD10 using DPI strategy exhibited a slightly narrower
optimum zone compared with the previous two cases. DPI strategy
resulted in slightly higher TPM (~2.0 x 10° ug/m®) compared with
SPI strategy, however this strategy was found to be more effective
for NO, reduction.
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Fig. 12 Correlation between TPM (ug/m® of exhaust gas shown by contour lines) and NO, (shown by background
contour) emitted by MD10 and mineral diesel-fueled engines using different fuel injection strategies

4 Conclusions

In this study, MD10 (10% (v/v) methanol blended with mineral
diesel) and baseline mineral diesel were utilized in a single-cylinder
research engine. The experiments were conducted using two fuel
injection strategies namely SPI and DPI at different FIPs and
SoMI timings. Results showed that the addition of methanol in
mineral diesel retarded the combustion events at lower FIP and
resulted in advanced combustion at higher FIPs. The effect of
increasing FIP was more dominant in MDI10 compared with
mineral diesel and it improved both, the combustion and the perfor-
mance characteristics. At higher FIPs, DPI strategy improved the

082305-12 / Vol. 142, AUGUST 2020

combustion, leading to higher BTE, lower EGT, and reduced
NO, emissions. MD10 using SPI strategy yielded lower particulates
compared with mineral diesel and DPI strategy was found to be less
effective in particulate emission reduction. The higher number con-
centration of smaller particulates (NPs and NMPs) from the MD10
fueled engine was an important observation of this study. The par-
ticulate number-mass analysis showed that increasing FIP and
advancing SoMI timings resulted in lower particulate mass emis-
sions. TPM-NO, correlation showed that suitable fuel injection
parameters are critical for achieving particulate-NO, trade-off in
modern engines and should be carefully analyzed.
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