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ABSTRACT

The reliance of the transport, agriculture, marine, and power generation sectors on heavy-duty diesel
engines would continue in the foreseeable future due to their higher efficiency, torque, fuel economy, and
durability, despite growing concerns about emissions. This dependence would rise further due to the
unavailability of an equally efficient alternative prime mover having a similar or better power density.
The adoption of alternative fuels has emerged as a promising solution to tackle emission issues. Meth-
anol has exhibited great potential to reduce pollutants by adopting advanced combustion technologies
among various new fuels. Retrofitment of existing engines can be a viable solution for methanol adap-
tation because engine design modifications are not practical for on-field engines. The present study
focused on evaluating the performance and emissions of a commercial Genset CI engine adapted to
operate using diesel-methanol dual-fuel combustion (DFC) technology, which required very few hard-
ware modifications to facilitate retrofitment for methanol adaptation. Inlet charge temperature was
controlled using hot air from the turbocharger. Port fuel injection was used to induct methanol into the
engine manifold, and a premixed charge entered the engine combustion chamber. This charge was
ignited by spraying diesel directly into the engine combustion chamber. The engine's performance and
emissions were compared with the OEM configuration (diesel fuelling mode) at methanol's low, me-
dium, and high diesel replacement. The fuel injection parameters (injection timing and pressure) of
diesel were varied to obtain optimum fuel injection strategies for various engine loads. A sharp increase
in thermal efficiency was observed at 30% diesel displacement (on an energy basis) by methanol at a
9 kW generator load. In contrast, a slight penalty in thermal efficiency was observed at 80% diesel
displacement (on an energy basis) by methanol. Higher HC and CO emissions were also observed for the
engine using higher methanol fractions. The CO, emission was comparable to or less than the OEM diesel
configuration at identical loads. Exhaust smoke was considerably lower for methanol-fuelled operation,
indicating a significant reduction in particulates in the engine exhaust. Advancing fuel injection timings
and higher fuel injection pressure of diesel proved to be a good strategy for methanol adaptation in
genset engines, with an acceptable cylinder noise.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

attention and investment as a long-term sustainable fuel for the
transport sector. It can be produced by thermochemical processes

Methanol has emerged as a promising low-carbon fuel for in-
ternal combustion (IC) engines. Methanol can be easily synthesised
from various feedstocks, such as municipal solid waste (MSW), high
ash coals, low-value biomass waste etc. [1,2]. Its production scal-
ability is one of the prime reasons for methanol garnering serious
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(e.g., biomass gasification) instead of biological processes, which
significantly increases its energetic yield and avoids conflict with
the global food supply chain. Combined ethanol/methanol pro-
duction plants have been proposed to have higher energetic yields,
along with a lower carbon footprint [3]. Interestingly, liquid
methanol has 40% more hydrogen per unit storage volume than
liquid hydrogen (LH), which suffers from severe energy re-
quirements essential for liquefication and storage [4]. Methanol
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production from atmospheric CO- is an open area for research for
limitless methanol production and sustainable methanol and
global economy [5—7].

Methanol draws criticism for its toxicity; however, a large-scale
vehicle trial of M85 in California reported zero cases due to its
toxicity. Higher octane rating makes it an excellent alternative to
gasoline for simultaneously enhancing the engine power density
and reducing emissions. However, low cetane number and lower
viscosity and lubricity make it an inferior candidate for diesel
replacement in compression ignition (CI) engines. Despite these
challenges, enormous research efforts are being directed to adopt
methanol in CI engines. The low reactivity of methanol makes its
auto-ignition difficult in the compression ignition mode in a diesel
cycle. The low viscosity and inherent lack of lubricity of methanol
create lubrication issues in conventional diesel injection systems
such as high-pressure pumps and fuel injectors. Several lubricity
additives have been used in previous studies to improve the lu-
bricity of methanol [8]. Cetane improvers have also been attempted
to utilise 100% methanol via a high-pressure direct injection system
in CI engines [9,10]. Pilot diesel injection is another possibility to
assist the ignition of methanol by increasing the in-cylinder tem-
perature. Several possibilities have been explored for this approach.
Dong et al. used two separate HPDI injectors for methanol and
diesel [11]. However, it remains a complex design challenge to
accommodate two injectors in the crowded cylinder head. How-
ever, this approach can provide a practical solution for large bore
engines with uncongested cylinder heads and research to further
develop this technology. Wartsila developed a more practical so-
lution for methanol adaptation in a DFC mode CI engine [12]. A co-
axial injector was developed for methanol and diesel injection from
a single injector. However, this technology is still in its infancy and
is largely applicable to large-bore engines, with little practical
importance for smaller engines. Methanol fumigation/port injec-
tion is another common and more straightforward approach for
methanol adaptation via DFC in diesel engines [12,13]. This tech-
nology is similar to diesel/CNG dual-fuel technology, which is well-
proven for CNG buses. Methanol-diesel DFC engines are also under
development and are not commercialised yet. Several researchers
have investigated the performance and emissions of the prototype
engines developed using various methanol adaptation strategies.
Verhelst et al. [14] extensively reviewed methanol utilisation ap-
proaches in the engine. The primary objective of this review was to
investigate the impact of methanol on the NOx-PM trade-off.

Ma et al. suggested that premixed methanol-air charge was the
main energy source and pilot diesel reduced the soot emissions
from the engine using this approach [15]. A higher latent heat of
vaporisation of methanol reduced the peak combustion tempera-
ture, resulting in lower NOx formation in the engine [ 16—18]. Panda
et al. [19] investigated methanol DFC mode operation using
different diesel injection strategies in a constant speed engine. They
reported that the pilot-main strategy yielded higher brake-specific
NOx (BSNOx) emissions due to rapid combustion. Soot emissions
also reduced due to shorter ignition delays. They concluded that a
pilot-main-post injection strategy for diesel could be the most
appropriate one for an overall reduction in emissions. Liu et al. [ 18]
investigated the effect of fuel injection pressure (FIP) on the heavy-
duty engine performance and emissions in DFC mode. Increased FIP
resulted in higher NOx emissions, lower soot emissions, and
improved brake-specific fuel consumption (BSFC). Krishnamurthy
et al. [20] compared the emissions of gasoline/toluene with
methanol in a DFC mode constant speed stationary engine. They
reported significantly lower NOx emissions from methanol
compared to baseline gasoline. The lowest soot emissions were
exhibited by methanol-diesel DFC mode operation. This study
suggested methanol as the best alternative to be used as a primary
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fuel in DFC mode CI engines. Other than these, most studies focused
on developing fuel injection strategies in engines operating at
constant load and speed. Some studies reported over 50% reduction
in NOx emissions across the engine operating range.

Several studies focused on methanol substitution fraction in DFC
mode. Optimising methanol fraction in DFC mode engines remains
one of the main challenges. The maximum power with methanol
substitution is limited by knocking in rich mixtures. On the other
hand, the lean limit makes it susceptible to unstable combustion
and misfire, leading to higher unburn hydrocarbon (UHC) emis-
sions. Guan et al. [21] reported that a maximum of 28% diesel
displacement by methanol was possible in a heavy-duty diesel
engine with an acceptable rate of pressure rise (RoPR). Saxena et al.
[22] reported that combustion instability increased with increasing
methanol fuel energy percentage, i.e., premixed ratio. However,
lower peak in-cylinder pressure (Pmax) increased with increasing
MPR at all loads. The authors reported higher UHC and CO emis-
sions and increased nucleation mode particles (NMP) from meth-
anol fuelling mode than baseline diesel mode. Dou et al. [23]
investigated the effect of pilot diesel's premixed ratio and injection
timing on the emission characteristics of the engine. They reported
that retarded injection timing is beneficial at a higher premixed
ratio for mitigating particulate emissions. A maximum of 85% diesel
displacement has been reported in the literature, but the maximum
diesel displacement by methanol depends on engine design, boost,
and valve timings [12,24].

Methanol DFC mode engine operation exhibits increased UHC
and CO emissions since the premixed methanol-air mixture easily
enters the crevices and squish regions in a DFC engine. Therefore,
modified piston designs with reduced squish area exhibit a
reduction in UHC emissions. Researchers have also explored mul-
tiple diesel pilot injection strategies. Advanced pilot injection
increased the charge reactivity in the squish region, promoting the
completion of combustion. Several researchers have reported lower
HC emissions from this approach [25]. Evaporative cooling of
methanol resulted in lower charge temperature, which reduced the
peak in-cylinder temperature during combustion. Lower in-
cylinder temperature was responsible for less intense ambient
conditions for oxidation of hydrocarbons, thereby increasing HC
emissions. Pan et al. [26] investigated air preheating to address this
issue, and a successful reduction in HC emissions was achieved;
however, this approach led to increased NOx emissions.

From the previous research studies summarised above, it can be
concluded that methanol can be adopted in CI engines with few
hardware modifications. Still, it leads to some penalties in HC and
CO emissions. However, these hardware modifications are required
to be kept to a minimum for the retrofitment of existing diesel
engines for faster adaption of methanol in the transport sector.
Therefore, a detailed study should be carried out in a commercial
diesel engine with minimum possible hardware modifications for
methanol adaptation in an existing diesel engine. A two-cylinder
Genset engine has been adapted for methanol by suitable hard-
ware modifications in this study to explore this further. The test
engine is popularly used in Gensets for power backup in offices,
commercial establishments, industries, and residential apartments.
The test engine was modified for DFC mode operation using
methanol and diesel, and the ECU was recalibrated/optimised for
duel-fuel operation. Detailed engine performance and emissions
investigations were conducted, and then the results were
compared with the unmodified engine with OEM ECU calibration
using diesel-only fuelling.

2. Experimental setup and methodology

A two-cylinder, four-stroke, turbocharged-intercooled, common
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rail direct injection (CRDI) Genset engine (FG Wilson Diesel
Generator) was used for conducting the experiments. The technical
specifications of the test engine are given in Table 1, and the
schematic of the experimental setup is shown in Fig. 1. A resistive
load bank was used for loading the alternator, which in turn loaded
the engine. Few hardware modifications were done in the test
engine for operating it in methanol-diesel DFC mode.

The OEM electronic control unit (ECU) was replaced with an
open ECU (Motec; M142 GPR Diesel). The open ECU was used to
modify the diesel injection parameters such as fuel injection
timing, FIP, and injected fuel mass per cycle with greater flexibility.
The injected fuel mass for diesel was changed by changing the ECU
map's cell value (fuel mass in mg) (Throttle vs RPM). Therefore, for
changing the FIP, the injector's pulse width (pulse width map: FIP
vs fuel mass) changed to meet the cell value according to the
injector calibration curve. An inlet meter valve mounted on a high-
pressure pump was controlled via ECU, which controlled the diesel
flow rate to maintain the desired rail and diesel injection pressures.
The diesel injection timing was controlled by actuating the injector
based on the timings set in the ECU timing map. On the other hand,
the methanol injection system was not linked with the open ECU.
Its injection quantity was controlled via another Arduino-based
fuel injection system, in which methanol port fuel injection was
controlled by the pulse width (injection duration) modulation.
Methanol injection in the inlet manifold was achieved by installing
a port fuel injection (PFI) system. Methanol was injected during the
intake stroke in the engine cycle using a separate fuel injector and a
feed pump. Methanol injection quantity was controlled by a cus-
tomised microcontroller-based (Arduino) system in each engine
cycle. The methanol injector was mounted in an intake manifold
plenum, which is cubical, having considerable volume for spray-air
mixing with lesser chances of fuel impingement. Downstream of
the plenum, two separate intake ports for both cylinders were
located. The multi-hole PFI injectors used in this study had a spray
penetration length of ~80 mm at 3.5 bar injection pressure [27],
which was as per the dimensions of the plenum.

A higher enthalpy of vaporisation of methanol reduces the
intake charge temperature considerably in a high methanol sub-
stitution ratio. In addition, the engine's inlet air system was
modified to maintain the incoming air temperature constant by
partially (or completely) bypassing the intercooler located down-
stream of the turbocharger. Air from the intercooler and the hot
bypass were mixed in the inlet manifold. Their respective valves
adjusted the hot and cold air proportions to achieve the desired
steady-state inlet air temperature. The methanol injector was
placed downstream of the turbocharger and intercooler. A single-
point methanol injection system was employed in the intake

Table 1
Technical specifications of the test engine.
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plenum (cubical), after which intake ports for both the cylinders
were located.

The fuel consumption rate of diesel and methanol were
measured using the burette fuel measurement method. Inlet air
flow rate measurement was done using a laminar flow element
(LFE). Regulated exhaust emissions (HC, CO, NOx, and CO;) were
measured using a Horiba emission gas analyser (Horiba; MEXA-
584L), and the smoke opacity was measured using a smoke
opacimeter (AVL; 437).

The engine tests were performed at a fixed speed of 1500 rpm at
four Generator loads (20, 40, 60, and 80% corresponding to 3, 6, 9,
and 12 kW, respectively). The expression used to obtain methanol
premixed ratio (MPR) is:

M *LHV (m)

MPR = Mm*LHV (m) + my *LHV(d)

where my; and m, represent the mass flow rate of methanol and
diesel consumed, and LHV(m) and LHV(d) represent the lower
heating values of methanol and diesel, respectively. This study
evaluated three premixed methanol ratios: M30, M50, and M80
corresponding to 30, 50, and 80% diesel energy displacement by
methanol, respectively. The deviations in obtaining these specific
premixed ratios in dual-fuel operation were +2%. The performance
and emission characteristics of the DFC mode using optimised ECU
were compared with baseline diesel mode using stock ECU. Various
fuel properties of methanol and diesel are given in Table 2.

All measurements for baseline diesel were taken in OEM
configuration, without any hardware or software modifications. For
methanol-diesel DFC experiments, OEM ECU was replaced by the
open ECU for analysing the effect of diesel injection parameters
(diesel injection timings and FIP) on the test engine performance
and emission characteristics. The OEM wiring harness was also
replaced. All essential sensors were calibrated, and the calibration
data was included in the open ECU software (M1 Tune). Fuel in-
jection timing and pressure sweeps were carried out for all Genset
loads. The diesel injection timing was optimised with constraints of
engine knocking, brake-specific energy consumption (BSEC), and
visible white smoke (representing unburnt hydrocarbons). The FIP
was also kept to the lowest value to avoid wall impingement of the
diesel spray. It is more likely to happen in lower ambient temper-
atures in higher MPR conditions. Methanol was injected in the inlet
manifold during intake at 4 bar FIP. The injection quantity was
varied by controlling the injector's pulse width, controlled by a
micro-controller-based injector driver module.

Initially, the experiments were conducted to study the effect of
different premixed ratios of methanol on the performance

Engine Parameters Specifications

Four-stroke, two-cylinder, constant-speed, common-rail direct-injection (CRDI) turbocharged CI engine

Make/Model FG-Wilson Diesel Generator/FBD2-1.2D2
Engine type

Fuel Injection System CRDI/HSD, Delphi, Dual fuel filter system
Aspiration Turbocharged-Intercooled (TC-IC)
Turbocharged Pressure 1.5 + 0.3 bar (absolute)

Rated Power 16.2 kW

Rated Engine Speed 1500 rpm

Bore/Stroke 87 mm/100 mm
Displacement Volume 12L
Compression Ratio 175

Governor Type

Cooling System/Capacity
Lubricating System
Lubricating Oil Type 15W40
Lubricating Oil Capacity 45L

Electronic/Isochronous
Liquid Cooled/5.5 L

Oil Sump, Engine mounted lube oil pump & cooler, Full flow spin-on lubricating oil filter
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Fig. 1. Schematic of the experimental setup showing the positioning of exhaust plenum, turbocharger, laminar flow equipment (LFE), intercooler, temperature sensor, methanol

injector, intake manifold.

characteristics of the Genset engine at varying loads. For this, diesel
injection timing was maintained fixed at 3° CA bTDC and the FIP
was maintained at 500 bar. In addition, the inlet air temperature
was maintained at 42 + 2 °C at all test conditions for methanol-
diesel dual-fuel combustion. The location of the temperature
sensor was upstream of the methanol injector. Next, only methanol
and diesel injection quantities were varied to obtain desired pre-
mixed ratio at a specific engine load. Following this, diesel injection
parameters were varied to optimumise fuel injection parameters to
improve the engine performance and emission characteristics. This
included experiments at varying the diesel injection timings (3° CA
bTDC, 6° CA bTDC, and 9° CA bTDC) and the FIP of diesel (500 bar,
750 bar, and 1000 bar).

3. Results and discussion

The results and discussion section is divided into five sub-
sections. In the first sub-section, the effect of variations in MPR
on the engine performance characteristics (Brake thermal effi-
ciency (BTE), brake specific energy consumption (BSEC), and
exhaust gas temperature (EGT)) is compared with conventional
diesel combustion (CDC) at varying loads. The impact of MPR and
diesel injection timings on emissions (HC, CO, CO,, NOx, and Smoke
Opacity) was investigated at varying engine loads in the second
sub-section. The injection timing was in the range of 3°—9° CA
bTDC to avoid the engine knocking and NOx formation. The effect of
different diesel FIP on emissions was investigated for M50 in the
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Table 2

Important properties of diesel and methanol [12,28—-30].
Fuel Properties Diesel Methanol
Calorific Value (MJ/kg) 44.26 19.76
Kinematic Viscosity (mm?/s) @ 40 °C 2.96 0.798
Density (g/cm?) @ 30 °C 0.837 0.783
Carbon Content (%) 86 38
Hydrogen Content (%) 13 12
Oxygen Content (%) — 50
Autoignition Temperature (°C) 250 450
Latent Heat of Vaporisation (kJ/kg) 250 1110
Cetane Number 54.7 12
Stoichiometric Air-Fuel Ratio 144 6.47
Higher Flammability Limits vol% 0.6-7.5 6.7-36
Boiling point (°C) 188—-343 65
Burning Velocity (cm/s) (@ 197 °C & 1 atm pressure)  86.7 83.5
Adiabatic flame temperature (°C) 2286 1870
Minimum Ignition energy (mJ) 20 0.14

third sub-section. Finally, correlations between the Smoke Opacity-
NOx variations and the NOx-efficiency variations were compared at
optimised diesel injection parameters in the fourth and the fifth
sub-sections.
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diesel at different Genset loads in methanol-diesel DFC strategy.

3.1. Effect of MPR on the engine performance characteristics

Figs. 2 and 3 show the performance characteristics of the test
engine fuelled with different premixed ratios of methanol in the
methanol-diesel DFC mode. The methanol injection quantity was
varied simultaneously with diesel to obtain different MPR (30%,
50%, and 80%) while keeping other parameters constant.

The Genset engine was operated with stock ECU with OEM maps
to generate baseline data for the CDC mode. For methanol-diesel
DFC mode operation, diesel injection timing was kept fixed at 3°
CA bTDC and the FIP was maintained at 500 bar. Methanol was
injected at 4 bar FIP in the inlet port. Fig. 2 (overall Genset
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efficiency) showed that methanol's premixing affected the engine's
efficiency differently, depending on the premixed ratio and mixture
homogeneity. With an increasing load, overall Genset efficiency
increased for all test fuels. At higher engine load, combustion
temperature increased due to combustion of higher fuel mass;
hence the degree of incomplete combustion and amount of un-
burnt/partially oxidised hydrocarbons reduced. Hence the Genset
efficiency increased for all test fuels with increasing Genset load
due to improved combustion efficiency. M30 augmented the Gen-
set efficiency by the highest amount w.r.t. baseline diesel at all
loads in the DFC mode.

Furthermore, a higher gain in efficiency was achieved at a higher
Genset load. Premixing a lower amount of methanol enhanced the
Genset efficiency mainly due to methanol's properties and the
premixed charge (methanol) present in the combustion chamber
just before the diesel injection. Ignition of diesel spray leads to
initiation of combustion of the lean homogeneous methanol-air
charge. Rapid heat release by methanol premixed combustion
might be delayed after a few crank angle degrees due to the delayed
chemical kinetics of pre-combustion reactions. Diesel's diffusion-
controlled combustion mainly dominated this enhanced overall
heat release, hence benefitted in pushing the piston with greater
thrust. This could be a probable reason for higher work output and
efficiency. Oxygen enriched charge due to methanol also improved
the combustion efficiency.

Similar findings of delayed combustion due to higher ignition
delay of methanol because of premixing were also reported [17,31].
In a study by Wang et al. [32], the major reasons for higher BTE of
diesel-methanol DFC mode were reduced compression work due to
methanol induction and reduced exhaust energy losses due to
shorter combustion duration. The hydroxyl group in methanol
might have resulted in higher OH radicals in the combustion zone,
increasing the oxidation rate of combustion products, which
accelerated the combustion [33]. In addition, decreasing the diesel
energy share could have reduced the heat losses due to lower flame
impingement on the walls. Shorter combustion duration and rela-
tively lower combustion temperature also create favourable con-
ditions for reducing the heat losses. The engine efficiency was
slightly higher for M50 than CDC at 3 kW Genset load and improved
with increasing the load. Combustion deteriorated for a higher
premixed ratio of methanol at a lower Genset load, mainly because
the combustion temperature was already low at lower loads,
further reduced with induction of large methanol quantity, which
has relatively higher heat capacity. Hence, these conditions are not
conducive for sustaining the combustion effectively, leading to
lower Genset efficiency. However, at higher loads, higher com-
bustion temperatures were experienced. For M50, overall com-
bustion energy was equally contributed by the premixed
combustion of methanol and diffusion-controlled diesel combus-
tion. Their combined resultant heat release enhanced the power
output of the engine. Although, the increase in the efficiency was
slightly lower than M30. In the case of M80, the efficiency of Genset
deteriorated at all engine loads in comparison to baseline diesel
operation, and this deterioration was observed to be lower at
higher Genset loads. In M80, most combustion generated heat was
contributed by the premixed combustion of methanol. The lower
share of energy contributed by diesel's mixing-controlled com-
bustion phase hampered the ignitability of methanol-air mixture;
hence net combustion energy released was not enough to generate
rated power output [34].

Moreover, higher ignition delay of diesel in ambient having
higher methanol fraction delayed the combustion phasing, which
reduced the net effective work transfer from the combusting gases
to the piston. In addition, because of a large quantity of methanol
injection in the inlet manifold, there were greater chances of larger
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fuel droplets in the combustion chamber in addition to having
liquid methanol film formation on the combustion chamber sur-
faces. Their incomplete combustion resulted in fuel wastage and
higher HC emissions, reducing overall Genset efficiency.

From the trends of BSEC shown in Fig. 2, it can be observed that
the test cases resulting in higher Genset efficiency exhibit lower
BSEC, which is apparent. Hence, the lowest BSEC values were
observed for Genset fuelled with M30 in this study.

As shown in Fig. 3, the EGT values obtained for the methanol-
diesel DFC strategy were comparable to the baseline diesel injec-
tion strategy at all Genset load conditions. At higher Genset loads
(9 kW and 12 kW), EGT for M30 and M50 having diesel injection
timing at 3°CA bTDC was slightly higher than CDC. The augmented
heat release due to methanol's premixed combustion in addition to
diesel's diffusion-controlled combustion might have resulted in
slightly higher EGT in these cases. Further, methanol has a higher
latent heat of vaporisation; and methanol premixing increases the
heat capacity of the charge. Both these factors lower the overall
charge temperature in the cylinder. Hence, heat transfer losses
might be lower for dual-fuel cases due to a lower temperature
difference between the in-cylinder gases and the cylinder walls.
Hence, this might have resulted in higher exhaust gas temperature.
On the other hand, at 9 and 12 kW, 80% premixed methanol cases
resulted in lower EGT than that of 30% and 50% premixing. A cooler
in-cylinder environment due to higher premixing might have
increased the ignition delay of diesel. Delayed combustion offered a
shorter time for combustible gases for heat transfer losses, leading
to higher EGT. However, delayed combustion results in lower peak
cylinder pressure due to higher cylinder volume, leading to lower
EGT. Therefore, the dominance scale of these factors affects the EGT.
For this case, lower combustible charge pressure might be a major
reason for lower EGT for M80 at higher loads. Further, EGT
decreased slightly upon advancing the diesel injection timings.
Early diesel injection provided more time for heat transfer during
the combustion; hence, EGT reduced in the manifold.

3.2. Effect of MPR and diesel injection timings on the emission
characteristics

The effect of MPR and diesel injection timings on HC, CO, CO»,
NOx emissions, and smoke opacity is investigated in this sub-
section. Fig. 4 shows the HC emissions for different engine oper-
ating conditions. The HC emissions form because of incomplete
oxidation of hydrocarbon fuels. Primary formation of HC takes
place in fuel-lean regions, fuel-rich regions, and regions of low
temperature. It has been observed that 0.5 < ¢ < 1 and temperature
below 1200 K result in unfavourable ambient conditions for
oxidation of hydrocarbons [35].

From Fig. 4, it can be seen that the HC emissions are insignificant
for CDC. For methanol-diesel DFC mode, the HC emissions were
significant, and they increased with increasing MPR but reduced
with increasing Genset load. HC emissions decreased significantly
when the Genset load was increased from 3 kW to 6 kW. This was
attributed to reduced localised lean charge pockets due to higher
fuel mass inducted and higher ambient temperature. Unlike CDC,
methanol was premixed and homogenously distributed in the
combustion chamber in DFC, and the pilot diesel initiated the
ignition of the methanol-air mixture. A significant fraction
remained in the piston bowl for diesel direct injections close to the
TDC (adopted in this study) [36]. Premixed methanol-air charge in
the squish and crevices regions is unlikely to be burned by the
diesel flames and consequent premixed combustion of methanol-
air mixture in the combustion chamber. This is the main reason
for higher HC emissions with higher MPR.

At higher MPR, the ignition delay of the pilot diesel was higher
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Fig. 4. Brake-specific HC emission variations with methanol percentages and fuel in-
jection timings of mineral diesel at different Genset loads in methanol-diesel DFC
strategy.

due to the higher rate of methanol entrainment in the diesel jet. Xu
et al. [37] demonstrated that the presence of methanol in the
entrained air could decrease the OH radical concentration, inhib-
iting high-temperature reactions of diesel. A higher ignition delay
at higher MPR resulted in a relatively higher energy release in the
expansion stroke, delaying combustion and maximum heat release.
A similar effect of the low reactivity fuels was reported in several
other studies [38,39].

The expansion cooling may further reduce the ambient tem-
perature resulting in decay in the oxidation rate of HC emissions
formed [12]. A higher MPR also reduced the peak temperature
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during compression stroke due to increased specific heat of the
charge. The combined effect of these factors was the reason for the
observed trends. The HC emissions decreased with advancing
diesel injection timings. The most advanced diesel injection timing
investigated was 9° CA bTDC, which was relatively closer to the TDC
than the injection in usual LTC strategies using premixed com-
bustion. Closer to TDC, the linear velocity of the piston is negligible.
Hence it is unlikely that the injected diesel would wet the cylinder
walls and enter the crevices, which are important sources of HC
emissions. This could probably explain the trends observed in this
study. On the other hand, advanced injection timings provide
greater residence time to the pilot diesel before the TDC. Therefore,
the SoC advances, resulting in a higher fraction of heat release
closer to the TDC.

EGT trends also confirmed this justification, as discussed in the
previous sub-section. Advanced SoC also resulted in a reduction in
expansion cooling. Therefore, the ambient temperature increased,
resulting in better oxidation of HC formed in the combustion
chamber. The effect of ignition timing seemed more significant at
higher MPR and lower Genset loads. For constant Genset load,
injected diesel mass decreased with increasing MPR. For the same
MPR, injected diesel mass increased with increasing Genset load.
Higher diesel mass injected at advanced injection timings results in
diesel droplets entering the squish zones, increasing the HC emis-
sions. This counter-effect may be a reason for the relatively lower
impact of injection timings at lower MPR and higher Genset loads.
A slight increase in the HC emissions was observed for 12 kW load
and 50% MPR with advancing diesel injection timings. The
increased mass of pilot diesel increased the mixture reactivity in
the piston bowl. Thus, the combustion rate increased, resulting in
higher in-cylinder temperatures. This was also evident from the
increasing EGT trend with increasing Genset load.

The CO emission trends for the study are shown in Fig. 5. The CO
emission trends were quite similar to HC emissions. This was
attributed to similar fundamental reasons responsible for the for-
mation of both these pollutants. Higher CO emission was observed
in CDC mode at the lowest Genset load. CO emission decreased
rapidly with increasing in-cylinder temperature. However, with a
further increase in the Genset load, CO emission decreased at a
relatively lower rate. Lower Genset loads, leaner charge pockets,
and low ambient temperatures were the reasons for higher CO
emission. With increasing Genset load, the temperature increased.
However, higher fuel injection mass at higher Genset load also
increased the fuel-rich mixture zones, counter-balancing the effect
of temperature. Like HC emission trends, at 12 kW with 50% MPR,
CO emission increased with the advancement in diesel injection
timing. This further reinforces the argument given earlier. Due to
the homogenous nature of methanol distribution in the charge, a
significant fuel fraction remains close to the cylinder head. For
retarded combustion, the charge in this region flows into the squish
region and remains unburned during the cycle. As a result, the
ignition is initiated in the piston bowl near the periphery [40].
Therefore, for retarded combustion, the downward motion of the
piston further assists this phenomenon.

CO, is a desirable combustion product in the engine exhaust
since it is the least harmful engine emission. It is produced from the
complete combustion of the hydrocarbon fuel in the combustion
chamber of an engine. It is a greenhouse gas, though, and lower
brake-specific CO, emission is desirable.

Fig. 6 shows brake-specific CO, emission variation with meth-
anol percentages and diesel injection timing for DFC at different
Genset loads at constant engine speed along with CDC. CO; emis-
sion at a fixed Genset load was nearly constant, and DFC showed
lower CO, emission than CDC at all Genset loads. Higher efficiency
and lower specific energy consumption for M30 could be the reason
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Fig. 5. Brake-specific CO emission variations with methanol percentages and fuel in-
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behind lower CO; emissions than CDC. Further, in the high MPR
case, despite higher BSEC, methanol's low carbon content
decreased the CO; emission from the DFC mode operation. As the
diesel injection timing advanced, CO; emission slightly increased at
higher engine loads. However, CO, emission variations with
increasing methanol percentages were negligible at all engine
loads.

NO, and NO, are the major constituents of NOx. NO is the main
component of NOx in case of complete combustion [41]. The main
advantage of methanol application in CI engines is the ultra-low
emissions of NOx [18,42]. The NOx emissions are very sensitive to
the in-cylinder temperature, and its formation increased rapidly at
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strategy.

a temperature greater than 1527 °C [41—45]. NOx is formed due to
the oxidation of nitrogen present in the atmosphere at very high in-
cylinder temperatures during combustion. NOx formation is mainly
governed by the high in-cylinder temperature, excess oxygen
availability, and time at extreme conditions [41,45].

Fig. 7 shows the NOx emissions from the Genset engine at
different diesel injection timings and MPR for DFC mode w.r.t.
baseline CDC mode at varying engine loads. NOx emissions
increased as the diesel injection timing was advanced for all test
conditions. At retarded diesel injection timing, lower NOx emis-
sions in the DFC mode were observed because of the heat release
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Fig. 7. Brake-specific NOx emissions variations with methanol percentages and fuel
injection timings of mineral diesel at different Genset loads in methanol-diesel DFC
strategy.

later in the power stroke. The peak in-cylinder temperature of the
localised zones was reduced due to expansion cooling. In addition,
higher latent heat of vaporisation and heat capacity of methanol-air
premixed charge reduced the peak in-cylinder temperature, lead-
ing to lower NOx formation [46,47]. The NOx emission reduction
was observed especially at the DFC of the lean charge [48]. As diesel
injection was advanced, the advanced combustion phasing resulted
in a higher heat release rate (HRR). The near TDC heat release
increased the peak cylinder temperature and pressure resulting in
higher NOx emission. NOx generation is dependent on the reaction

Energy 248 (2022) 123593

time (combustion duration) also [49]. Similar results were also
reported by Liu et al. [50].

Brake-specific NOx emissions increased with increasing Genset
load at all MPR. After attaining a maximum value at 9 kW Genset
load, brake-specific NOx emissions decreased for 6° and 9° CA
bTDC. Though, raw emissions of NOx (in PPM) increased with
increasing Genset load and advancing diesel injection timings. BTE
trends also influenced the NOx emissions, as evident from the NOx
trends seen in the CDC mode. Higher NOx emissions at higher
Genset load were due to reduced ignition delay, causing combus-
tion of larger fuel quantity in the premixed phase, resulting in
higher peak in-cylinder temperature, which promoted the NOx
formation [51]. Generally, NOxX emissions increased with increasing
methanol percentages at 3°, and 6° CA bTDC at all Genset loads, but
no definite trend at 9° CA bTDC. For 9° CA bTDC, NOx emissions at
3 kW Genset load decreased with an increasing MPR, while at 9 kW
Genset load, they were in the increasing order. At 6 kW Genset load,
NOx emissions decreased up to 50% MPR and then increased with
80% MPR at 9° CA bTDC diesel injection timing. The trend, however,
reversed at 12 kW Genset load. Increased NOx emissions with
increasing MPR may be due to the oxygen content in methanol,
increasing oxygen availability in the high-temperature combustion
zone and increasing the NOx formation. The other reason may be
lower in-cylinder temperature because of the premixing of meth-
anol, leading to greater heat release in the premixed phase and
higher temperature yielding higher NOx [52]. An important
observation from this graph is that the NOx emissions in methanol-
diesel DFC mode are relatively lower than the CDC mode at
retarded diesel injection timings. However, NOx emissions
increased with advancing diesel injection timings. The lowest
reduction in NOx emissions was observed for 3° CA bTDC and 30%
MPR at 3 kW Genset load.

The smoke opacity is measured by reducing the light passing
through a tube filled with the exhaust gas. Smoke opacity is a
qualitative measure of particulate matter emitted by the engine in
the exhaust. Smoke opacity is correclated with the larger particu-
lates present in the exhaust gas.

Fig. 8 shows the variations of smoke opacity with MPR in DFC
mode at different injection timings of diesel and CDC at different
Genset loads. In general, smoke opacity increased with advancing
diesel injection timing for DFC at all Genset loads. The CDC showed
slightly lower smoke opacity at lower load (3 kW) than DFC mode,
while this trend was the opposite at higher Genset loads (9 kW and
12 kW). Higher HC emissions in DFC mode operation at lower
Genset loads might be possible for the higher smoke opacity.
However, at higher loads, non-sooty exhaust due to oxygen in
methanol might have resulted in better combustion in the fuel-rich
zone than mineral diesel-fuelled CDC [51]. The smoke opacity
variations with MPR were different at varying Genset loads. How-
ever, CDC mode exhibited lower smoke opacity than the DFC mode
at 3 KW Genset load. For 6 kW Genset load, Smoke opacity for 3°
and 6° CA bTDC diesel injection timing were nearly identical, and
both decreased with an increasing MPR. However, at 9° CA bTDC
diesel injection timing, smoke opacity increased from 30% to 50%
MPR before decreasing at 80% MPR. At 9 kW Genset load, smoke
opacity decreased with increasing MPR at all diesel injection tim-
ings. Smoke opacity was the maximum for CDC and the lowest for
3° CA bTDC diesel injection timing at 80% MPR. The smoke opacity
at 12 kW Genset load was different for all MPR in DFC mode, and its
variation was random. Smoke opacity at 12 kW load first increased
with increasing MPR and then decreased in DFC mode. However,
the CDC mode exhibited a much higher value than other loads and
diesel injection timings in DFC mode. The smoke opacity was the
maximum for the CDC mode at 12 KW Genset load. In general, with
diesel injection timing advance in DFC mode, smoke opacity



A.K. Agarwal, V. Kumar, A. Jena et al.

6.0

Load = 3 kW

Il coc [ ]3CADBTDC[J6 CA bTDC [KX7]9 CA bTDC

. )
4.5 B
DFC

]

P
X
<]

<

&

>

=)

L

X KK
XK
7.
LLERLA

Smoke Opacity (%)
- w
13
1
K
oo

otete

%
e

e
&
5

e
Hete

e
Retele

4

°
<

»
T

Smoke Opacity (%)
a5

o
it

Load = 9 kW,

-
il

S~

pfefotolete

st
petele

a
1

Smoke Opacity (%)
=

9

I

Load = 12 kW

1

Fig. 8. Smoke opacity variations with methanol percentages and fuel injection timings
of mineral diesel at different Genset loads in methanol-diesel DFC strategy.

-
@

Smoke Opacity (%)
¢ 3

J .
.J r
| T
0 30 50
Methanol Percentage (%)

increased at all MPR. The overall trend of smoke opacity is that
exhaust soot emission in CDC mode of Genset engine is higher at
higher load. It decreased with methanol induction in the inlet port
in DFC mode.

The study's main objective was to replace the maximum amount
of diesel with methanol without compromising the engine per-
formance and emissions. After comparing the different MPRs in
dual-fuel operation, it was found that M50 was suitable from both
performance and emissions points of view. M50 exhibited higher
BTE, along with the reductions in NOx and smoke emissions. Hence,
M50 was selected for further diesel injection parameter optimisa-
tion. With further tests, 3° bTDC diesel injection timing was found
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suitable at all engine loads, considering all emissions. Advancing
injection timing resulted in significantly higher NOx emissions.
Hence, M50 with 3° bTDC diesel injection was chosen for investi-
gating the effect of diesel injection pressure.

3.3. Effect of diesel injection pressure on regulated emissions

After investigating the effects of diesel injection timings on
engine performance and emissions in the DFC mode engine in the
previous sub-sections, diesel FIP was varied (500, 750, and
1000 bar) to investigate its effect on the engine-out emissions. The
emission tests were conducted for M50 while keeping the diesel
injection timing fixed at 3° CA bTDC, while the diesel FIP was var-
ied. The emissions from DFC mode at varying diesel injection
timings were compared with the CDC mode at different Genset
loads.

Fig. 9 shows the brake-specific emissions and smoke opacity
variations with Genset load at three Diesel FIP at fixed injection
timings in DFC mode with 50% MPR compared to baseline CDC
mode.

The BSCO emission first increased and then decreased slightly
with the FIP increase at a lower load (3 kW). However, increasing
diesel FIP at all Genset loads decreased the brake-specific HC
emissions. This was due to improved spray atomisation of diesel
and better mixing with the premixed charge present in the com-
bustion chamber, leading to better combustion. The improved
combustion leads to oxidation of HC to CO, increasing CO emission
[53,54]. With further increase in the FIP, the in-cylinder tempera-
ture increased, assisting the oxidation of CO further. The increased
temperature is evident from the NOx emission trend, which
increased with the FIP. The trend of CO emission with the FIP was
similar at higher engine loads. Both HC and CO emissions decreased
due to improved oxidation because of increased engine load,
leading to higher in-cylinder temperature.

On the other hand, Brake-specific NOx emissions increased with
increasing diesel FIP. This is also because of better combustion,
resulting in relatively higher in-cylinder temperature, leading to
more NOx formation. The DFC mode emitted lower NOx than the
CDC mode, except at 1000 bar diesel FIP. Smoke opacity decreased
with increasing diesel FIP in the DFC mode, except for 9 kW Genset
load. At 9 kW Genset load, smoke opacity first increased and then
decreased with increasing diesel FIP. At lower Genset loads, smoke
opacity in DFC mode at all FIP was higher than in the CDC mode.
However, the CDC mode exhibited higher smoke opacity at higher
loads than the DFC mode at all diesel FIPs. At low loads, higher
smoke in dual-fuel mode than CDC might be due to deteriorated
combustion, as also observed from higher HC and CO emissions.
Due to 50% premixing in low load conditions, methanol evaporative
cooling might have lowered the combustion temperature. This
incomplete combustion was seen as higher smoke emissions.
However, higher combustion temperature at high loads resulted in
improved combustion of premixed methanol. Also, in CDC, the
combustion was mainly diffusion-controlled, resulting in higher
particulate emissions than partially premixed combustion phase in
the dual-fuel mode. The main outcome of this study is that HC
emissions and smoke opacity can be reduced by increasing the
diesel FIP in DFC mode. Diesel FIP of 750 bar in DFC mode resulted
in a good trade-off between HC and NOx emissions. A higher diesel
FIP significantly reduced the HC emissions at a low load.

3.4. Effect of MPR on smoke Opacity-NOx trade-off
The trend of smoke opacity qualitatively reflects the trend for

soot emissions from the engine. Fig. 10 shows the correlation be-
tween the NOx emissions and smoke opacity variations with the
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MPR. The experimental data are presented for 6 and 9 kW Genset
loads, diesel injection timing of 3° CA bTDC and diesel FIP of 500 bar
in DFC mode.

The MPR range was divided into three regions based on the NOx
and Smoke opacity in the DFC mode. The left-most border data
point represents the baseline CDC mode NOx emissions and Smoke
opacity. These three regions were high NOx and soot, low NOx and
soot, and high NOx-low soot regions. The intersection point of the
NOx emissions and smoke opacity in the low NOx and soot region
showed a trade-off point of NOx-soot. This qualitative analysis of
NOx and smoke opacity exhibited the NOx and soot emissions in
the CDC and DFC modes. The vertical or horizontal shifting of the

1
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trade-off point showed the combustion effectiveness in suppress-
ing the NOx and soot emissions. A smaller area below the NOx and
smoke opacity lines showed better NOx and soot reduction. NOx
and soot emissions in CDC mode were higher than in the DFC mode.
In DFC mode, as MPR increased, the NOx and soot decreased up to
50% MPR at 9 kW Genset load; however, at 6 kW Genset load, they
remained constant. The NOx emissions increased beyond 50% MPR
while soot emissions reduced up to 80% MPR. This qualitative
analysis of NOx and smoke opacity reflected that NOx and soot
emissions were the lowest for MPR between 30% and 50% and
lower for 6 kW Genset load than 9 kW.

3.5. Effect of MPR on correlation between overall genset efficiency
and NOx

Fig. 11 represents the NOx emissions and overall Genset effi-
ciency correlation with the MPR at 6 and 9 kW Genset loads for CDC
and DFC modes, at diesel injection timing of 3° CA bTDC and diesel
FIP of 500 bar.

This graphical correlation in Fig. 11 is divided into three distinct
regions: high NOx and medium efficiency (starting from 0 to 30%
MPR), low NOx and high efficiency (ranging from 30% to 50% MPR),
and medium NOx and lower efficiency (ranging from 30% to 80%
MPR). The central region showed a high Genset efficiency and low
NOx emissions. There were two intersection points/saddle points,
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at which efficiency and NOx emissions change their slope. The left-
most saddle point-1 was high NOx medium efficiency, and the
right-most saddle point-2 was at medium NOx lower efficiency.
Right movement of saddle point-1 and left movement of saddle
point-2 showed excellent Genset engine combustion. The area
between these two saddle points represents higher overall Genset
efficiency and lower NOx emissions. The main reasons for NOx
emissions have been identified as high combustion temperature,
and availability of excess oxygen, according to the Zeldovich
mechanism [42]. However, Fig. 11 shows that increasing methanol
fraction from M30 to M50 resulted in reductions in the BTE and
NOx emissions at 9 KW engine load. On the other hand, the NOx
emissions remained constant at a 6 kW engine load. Further
increasing the methanol fraction from M50 to M80 resulted in a
reduction in BTE with an increase in NOx emissions at both loads.
This might be attributed to suitable combustion phasing, better
combustion quality, and lower heat losses for lower methanol
premixing, i.e., M30, compared to the CDC mode, which improved
the BTE. With increasing methanol ratio to M50 and M80, BTE
decreased due to deteriorated combustion and delayed combustion
phasing. However, the role of charge cooling due to methanol
premixing in reducing the NOx emissions was only observed till
M50. For M80, excess oxygen availability due to the large presence
of methanol combustion might have altered the trend, resulting in
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higher NOx emissions. Similar behaviour of BTE and NOx emissions
was reversed when changing the proportion of gasoline-diesel RCCI
combustion from 50/50 to 75/25 [55]. For a higher premixed
quantity of gasoline, a delayed and extended heat release rate was
observed. The high temperature during the extended period of heat
release resulted in increased NOx emissions. Hence, this might also
be a possible reason for higher NOx emissions in this study.

The qualitative correlation between overall Genset efficiency
and NOx emissions exhibited maximum efficiency at 30% MPR. The
DFC mode engine obtained minimum NOx emissions at 50% MPR.
This qualitative study experimentally demonstrated that a DFC
mode engine exhibited a superior performance and emissions for a
medium range of MPR (30—50%).

4. Conclusions

This experimental study was performed to investigate the per-
formance and emissions characteristics of the diesel-methanol DFC
mode engine vis-a-vis conventional diesel combustion (CDC) mode
engine operation. The objective was to find optimum parameters
for superior engine performance in DFC mode, with significant
Methanol utilisation in the engine. The diesel injection timings and
MPR were varied in the DFC mode, and their effect on engine
performance and emissions was investigated and compared with
baseline CDC mode. This study concluded that the overall Genset
efficiency increased in DFC mode compared to the baseline CDC
mode, except at higher MPR (80%). The maximum overall Genset
efficiency increased by 20.3% at 9 kW Genset load and 30% MPR.
Higher HC and CO emissions were observed in DFC mode than
baseline CDC mode. Brake-specific NOx emissions decreased with
increasing MPR but worsened at advanced diesel injection timings.
NOx emissions at 3° CA bTDC were always lower in DFC mode than
the baseline CDC mode. Smoke opacity was lower in the DFC mode
than the CDC mode at higher Genset load. With advancing diesel
injection timings and increasing MPR at higher loads, these values
decreased. In DFC mode, HC, CO, and smoke opacity reduced upon
increasing diesel FIP; however, NOx emissions increased. A FIP of
750 bar and injection timing of 3° CA bTDC were optimum at lower
loads. EGR can be explored to tackle the NOx emissions at advanced
injection timings and higher FIP in DFC mode. Moderate diesel FIP
and retarded diesel injection timing offered the best trade-offs for
HC and NOx emissions. Overall, Genset efficiency can be enhanced,
and NOx and soot emissions reduced by port injection of methanol
(30—50% on an energy basis) and bypassing turbocharged air to
maintain inlet charge temperature constant.
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