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Abstract

The use of natural gas (NG) in dual-fuel heavy-duty engines has the potential to reduce pollutant and greenhouse gas
(GHG) emissions from the transport sector when compared to the conventional diesel engines. However, NG composi-
tion and methane slip are of interest because both can adversely affect the benefits of NG as an alternative fuel, especially
when considering GHG emissions. Therefore, this study experimentally investigated the effects of NG fuel properties on
the performance and emissions of both conventional dual-fuel and reactivity-controlled compression ignition (RCCI)
engine operations. Three different gas mixtures were selected to simulate typical NG compositions available in the world
market, with methane numbers (MN) of 80.9, 87.6 and 94.1. These fuels were tested in a single-cylinder compression igni-
tion engine operating at 0.6, 1.2 and 1.8 MPa net indicated mean effective pressure (IMEP). A high-pressure common rail
system allowed for the use of various diesel injection strategies while a variable valve actuation system enabled the effec-
tive compression ratio to be adjusted via late intake valve closing (LIVC). The RCCI combustion was found to be more
sensitive to changes in MN than the conventional NG-diesel dual-fuel operation. The gas mixture with the lowest MN
reduced both total unburned hydrocarbons emissions and methane slip at the expense of higher nitrogen oxides (NOx)
emissions. The effects of MN on the net indicated efficiency were more significant at 0.6 MPa IMEP, yielding differences of
up to 4.9% between the RCCI operations with the lowest and highest MN fuels. Overall, this work revealed that the com-
bination of the RCCI combustion and LIVC can achieve up to 80% lower methane slip and NOx emissions and relatively
higher net indicated efficiency than the conventional dual-fuel regime, independent of the NG composition.
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Highlights transportation sector due to its relatively lower carbon
footprint and competitive cost per unit of energy.'
However, the use of NG in naturally aspirated spark
ignition (SI) engines can decrease the peak torque and
power due to a reduction in volumetric efficiency when
compared to a counterpart gasoline SI engine.”
Turbocharged SI engines could potentially minimise
these effects and take advantage of the high knock

- Three NG compositions were evaluated in conven-
tional dual-fuel and RCCI combustion modes.

- RCCI combustion was more sensitive to changes in
methane number.

- LIVC strategy helps to adjust in-cylinder lambda
and minimise methane slip.

- Lower CH, and NOx emissions and higher effi-
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Table |. Euro VI emissions limits for Type 2B heavy-duty dual-fuel engines.

Emission Unit WHSC WHTC (GER%wHTc < 68%) WHTC (GER%wnTc > 68%)
Nitrogen oxides (NOXx) g/kWh 0.40 0.46 0.46

Carbon monoxide (CO) g/kWh 1.50 4.00 4.00

Particulate matter (PM) g/kWh 0.0l 0.01 0.0l

Total unburned hydrocarbon (THC) g/kWh 0.13 0.16 + 0.50 GERyp1c -

Non-methane hydrocarbon (NMHC) g/kWh - - 0.16

Methane (CHy) g/kWh - - 0.50

resistance of NG but the overall engine cost might not
be competitive. Moreover, the use of NG in a lean com-
bustion system is challenging due to reduced mixture
flammability, resulting in poor fuel conversion effi-
ciency. This results in the need for a relatively expensive
and complex aftertreatment system, which can no lon-
ger rely exclusively on a three-way catalyst.” However,
lean NG-diesel dual-fuel compression ignition combus-
tion have been demonstrated as an effective means of
utilising NG and potentially lowering the total cost of
ownership of heavy-duty vehicles.*

In a dual-fuel compression ignition engine, NG can
be supplied through port fuel injection (PFI) system to
ensure a lean and homogeneous distribution of the low
reactivity fuel in the combustion chamber prior to igni-
tion and combustion. The high reactivity diesel fuel is
directly injected into the combustion chamber to create
multiple ignition sites.’ This strategy enables reductions
in local fuel/air equivalence ratio and combustion tem-
peratures when compared to a diesel-only operation,
minimising soot and NOx formation.® Additionally,
dual-fuel compression ignition engines present lower
pumping and heat transfer losses than stoichiometric SI
engines, allowing for higher fuel conversion efficiency.

The benefits of an NG-diesel dual-fuel combustion,
however, are often accompanied with unburned
methane (CHy4) emissions, also known as methane slip.
According to the Intergovernmental Panel on Climate
Change (IPCC),” CH, is a GHG with 28 times higher
global warming potential (GWP) than carbon dioxide
(CO,) emissions over a 100-year lifetime. This increases
the relative impact of unburned CH, emissions on cli-
mate change® To demonstrate this adverse effect,
Stettler et al.” analysed the energy consumption, GHG
emissions and pollutants from five after-market dual-
fuel engine configurations in two vehicle platforms.
They reported that over a transient cycle, lean-burn
NG fuelled vehicles reduced CO, emissions by up to
9% when compared to the diesel-only baseline.
However, CH,4 emissions from incomplete combustion
increased the GHG emissions by 50%—127% relative
to the equivalent diesel engine vehicle.

To control the pollutant and GHG emissions of
dual-fuel combustion engines, the Regulation No. 49 of
the Economic Commission for Europe of the United
Nations (UN/ECE)'® complements the Euro VI

emissions standards for on-road heavy-duty vehi-
cles'"'? and establishes five different types of dual-fuel
engines. For the sake of brevity, this research work will
be focused on the analysis of Type 2B heavy-duty dual-
fuel (HDDF) engines. These operate over the hot part
of the World Harmonized Transient Driving Cycle
(WHTC) with an average gas energy ratio (GERwytc)
between 10% and 90% while maintaining the possibil-
ity of a diesel-only engine operation.

Displayed in Table 1 are the Euro VI emissions lim-
its for Type 2B HDDF engines over the stationary
(WHSC) and transient (WHTC) test cycles.
Hydrocarbon emissions limit under the WHTC will
vary depending on the GERwytc. If the GERwyre 1S
higher than 68%, the engine can operate with slightly
less stringent limits as indicated by the sum of non-
methane hydrocarbon (NMHC) and CH,4 emissions.
Nevertheless, CH, emissions should be controlled at
less than 0.5g/kWh. Achieving this target is particu-
larly challenging because of the stability of the CH,,"?
which is the predominant constituent of NG.'
Additionally, low exhaust gas temperatures observed
during the WHTC might not allow the methane oxida-
tion catalyst (MOC) to reach the light-off temperature
quickly enough, increasing the levels of methane slip.'

The limits shown in Table 1 indicate that a NG-die-
sel dual-fuel engine needs to be highly optimised to curb
engine-out CH,4 emissions. A potential solution is to
modify the characteristics of the in-cylinder heat release
rate depending on the dual-fuel engine operating condi-
tions, such as load, speed and working temperatures.'>
The first strategy (Mode A) does not require NG and
typically employs a single diesel injection near firing top
dead centre (TDC). This strategy represents the conven-
tional diesel combustion (CDC) and can be used for
cold starting and idling the engine. A pilot and a post
diesel injection may be applied if necessary.'®!”

The second engine operation strategy (Mode B) is a
conventional dual-fuel combustion process.'® This
dual-fuel regime uses a relatively late diesel injection,
with or without a pre-injection, to provide the ignition
source for the premixed charge of NG and air. The
amount of energy supplied by the diesel fuel can be as
low as 3%.'” However, the use of high NG energy frac-
tions via a conventional PFI system can potentially
lead to excessive engine-out CH,4 emissions, decreasing
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the fuel conversion efficiency and the competitiveness
of the dual-fuel combustion over the CDC operation in
Mode A.%°

The third heat release strategy (Mode C) consists of
a more premixed dual-fuel combustion process, often
referred to as RCCI combustion.® This dual-fuel regime
is typically achieved by using an ecarly single diesel
injection,?"* early split diesel injections®'** or late split
diesel injections.* After a relatively longer ignition
delay, multiple compression ignition points initiate the
combustion which sequentially progresses from high
reactivity to low reactivity zones.>*** This helps to
increase the temperature and flammability of the pre-
mixed charge,”” promoting a more uniform burning
and decreasing CH,4 emissions.”® Previous studies have
shown that Mode C yields higher fuel conversion effi-
ciency and lower THC and NOx emissions than a dual-
fuel operation in Mode B.?” However, RCCI can have
a limited operating range over the engine speed-load
map due to peak in-cylinder pressure and pressure rise
rate limitations.*®°

Besides the diesel injection strategy, the properties of
the low reactivity fuel have a major impact on the dual-
fuel combustion process and influence both engine per-
formance and emissions.*! In the case of NG-diesel
dual-fuel engines, these effects are generally driven by
the gas composition, which can vary significantly with
the source of supply and production process.'**?
Moreover, the composition and the resulting properties
of liquefied natural gas (LNG) are susceptible to
changes during storage arising from the evaporation of
lighter components (e.g. boil-off).>***

Major NG properties that define its quality are the
energy density and knock resistance. The NG energy
density is usually given by the Wobbe index (WI),
which indicates the fuel interchangeability.*> WI can be
calculated as the ratio of the higher heating value
(HHV) per unit of volume and the square root of the
relative density under the same reference condition.'®*¢
Moreover, the resistance of an NG fuel to engine
knocking is described by the methane number (MN),
which can be calculated by different empirical
methods based on actual engine measurements.>*
Unfortunately, there is currently not a single commonly
used method for calculating the MN of NG fuels.?”-*®
Nevertheless, it is well known that higher hydrocar-
bons, such as ethane (C,Hg) and propane (C3Hg), have
lower knock resistances than CH4>® which can acceler-
ate compression ignition of the NG fuel and thus
decrease its MN.** The opposite is true for an NG mix-
ture containing a higher concentration of inert gases
such as CO, and nitrogen (N,).>’

Extensive studies on the influence of NG quality
have been performed on SI engines, demonstrating
that NG fuels with lower MN can reduce CHyu
emissions®>*' at the expense of lower engine effi-
ciency.*** However, there is limited research focused
on the effects of the gas composition on NG-diesel
dual-fuel engines, particularly in the more sensitive

RCCI combustion governed by chemical kinetics.**
One of the few studies was performed by Van Alstine
et al.,*> where engine experiments were combined with
computational fluid dynamics (CFD) simulations to
evaluate the influence of MN on conventional dual-fuel
combustion characteristics. Part load results for 10 dif-
ferent NG compositions showed that the method
selected for the calculation of MN (referred to as
MWM) did not correlate well with the propensity
for rapid heat release occurring near the end of the
combustion event.

Wu et al.*® performed CFD simulations of the effects
of MN on both conventional dual-fuel and RCCI com-
bustion at a medium engine load. Surprisingly, the
authors reported that the combustion and thermal
efficiencies of an RCCI operation were not sensitive to
variations in the NG composition. Finally, Kakaee
et al.*” assessed the impact of WI on RCCI combustion
using CFD studies. Mid-load results demonstrated that
an NG composition with a higher WI (and a lower
MN) can decrease THC and CO emissions via higher
peak in-cylinder pressures and temperatures. Overall,
the analysis of previous studies demonstrated that the
existing understanding of the effects of NG quality on
dual-fuel combustion has to be broadened. It is neces-
sary to elucidate the influence of NG composition over
a wide range of engine load conditions, focusing on
both conventional dual-fuel (Mode B) and RCCI
(Mode C) operations.

The current lack of an experimental comparison
showing the impacts of NG quality on different dual-
fuel combustion modes hinders the development of
high-efficiency and clean dual-fuel engines. Therefore,
the present work seeks to better understand the effects
of NG composition on the combustion, emissions and
fuel conversion efficiency of conventional dual-fuel and
RCCI operations at three engine loads. The experi-
ments were conducted with three gas mixtures of differ-
ent MN in a single-cylinder diesel engine. Advanced
combustion control strategies, such as multiple diesel
injections and late intake valve closing (LIVC) have
been explored. The results of this research work are
expected to guide the optimisation of multi-cylinder
dual-fuel engine calibration as well as help mitigate
climate forcing pollutants, such as CH; and CO,
emissions.

Experimental setup
Experimental facilities and engine specifications

A schematic diagram of the single-cylinder
compression ignition engine experimental setup is
depicted in Figure 1. An eddy current dynamometer
was used to absorb the power produced by the engine.
Fresh intake air was supplied to the engine via an exter-
nal compressor with closed-loop control for the boost
pressure. A throttle valve located upstream of a surge
tank provided fine control over the intake manifold
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Figure I. Schematic diagram of the dual-fuel engine experimental setup.

Table 2. Single cylinder HD engine specifications.

Parameter Value

Bore/stroke 129/155 mm

Connecting rod length 256 mm

Swept volume 2.026 dm®

Geometric 16.8

compression ratio

Maximum in-cylinder 18 MPa

pressure

Piston type Re-entrant bowl

Diesel injection Bosch common rail, injection

system pressure of 30-220 MPa, 8 holes,
150° spray

NG port fuel G-Volution controller and two

injection system clean air power injectors SP-010,

injection pressure of 800 kPa

pressure. The air mass flow rate (n1,,) was measured
with a thermal mass flow meter. The temperature of
the boosted air was controlled using a water-cooled
heat exchanger. Another surge tank was installed in the
exhaust manifold to damp out pressure fluctuations.
An electronically controlled backpressure valve located
downstream of the exhaust surge tank was used to set
the required exhaust manifold pressure.

The heavy-duty (HD) engine hardware specifications
are outlined in Table 2. The combustion system con-
sisted of a 4-valve swirl-oriented cylinder head and a
stepped-lip piston bowl design. Coolant and oil pumps
were driven by separate electric motors. Engine coolant
and oil temperatures were set to 85°C. The oil pressure
was held at 450 kPa throughout the experiments.

Besides, the engine is equipped with a prototype
lost-motion variable valve actuation (VVA) system on
the intake camshaft. The system incorporates a

hydraulic collapsing tappet on the valve side of the
rocker arm, enabling the adjustment of the intake valve
closing (IVC) via a normally open high-speed solenoid
valve assembly and a special intake cam design. This
allows for a Miller cycle operation via LIVC,*** which
helps to improve upon the work extraction potential
from over-expansion.”® This is achieved via a reduction
in the effective compression ratio (ECR), which
decreases the compression pressures and temperatures
as well as the in-cylinder mass trapped at a given boost
pressure.

The intake valve lift curves employed in this study
are depicted in Figure 2. The intake valve opening
(IVO) was held constant at —354*1 crank angle
degrees (CAD) after firing top dead centre (ATDC), as
determined at 0.5 mm valve lift. The relatively late IVO
was used to minimise the scavenging effects and thus
the chances of having CHy short-circuiting the combus-
tion chamber via positive valve overlap.* The IVC was
moved from —157+=1 CAD ATDC in the conven-
tional dual-fuel cases to a preselected IVC at —97 £ 1
CAD ATDC in the RCCI cases with LIVC lowering
the ECR from 16.8 to 13.8. To better account for the
flow resistance across the intake valves®' and inertia of
the gas in the intake port before the inlet valves are
closed,’” a pressure-based ECR was used as a reference.
Therefore, the ECR was calculated as

ECR = Ve dpeiveive

Vz’yl @ 7TDC

where Vyaefeciiverve 18 the in-cylinder volume at the
effective IVC, which was obtained from the intersection
of the average intake manifold pressure and an extrapo-
lated polytropic compression curve fitted to the
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Figure 2. Overview of the fixed exhaust valve lift and variable
intake valve lift curves used in this study.

experimental in-cylinder pressure;’'>*

the clearance volume at TDC.

and ch/@ TDC is

Fuel supply

The NG fuel was stored in a rack of six interconnected
15 MPa bottles outside of the engine test cell. Specially
developed hoses for the conveyance of NG have been
used, as they are constructed of an electrically conduc-
tive nylon core designed to dissipate static build-up.
From there, the NG was fed into a pair of pneumati-
cally controlled safety valves, a high-pressure filter and
a high-pressure regulator that dropped the gas pressure
to 1 MPa. The pressure regulator was water-cooled to
counteract the reduction in temperature experienced by
the gas during expansion.

After the high-pressure regulator, the NG was
brought inside the test cell and into an Endress + Hauser
Promass 80A Coriolis flow meter. Finally, a low-pressure
filter, a purge/pressure regulator and an emergency shut-
off valve followed the mass flow meter, before a flex hose
connected the gas path to the injector block. The NG
injector block was installed upstream of the intake surge
tank to facilitate the mixing of the fuel with the boosted
air. An injector driver controlled the pulse width of the
gas injectors and allowed to run the engine under varying
ratios of diesel and NG by changing the NG mass flow
rate (niyg).

A dedicated engine control unit (ECU) was used to
control the high-pressure common rail diesel injection
system, which supported up to three injections per
cycle. Two Endress + Hauser Promass 83A Coriolis
flow meters were used to determine the diesel mass flow
rate (Higes;) by measuring the total fuel supplied to and
from the diesel high-pressure pump and injector.

Fuel properties

During the dual-fuel operation, direct-injected diesel
triggered the ignition of the bulk fuel mass of port fuel
injected NG. The relevant properties of the diesel and

NG fuel used in this work are listed in Table 3. Three
different gas compositions were purchased from Air
Products to simulate typical NG mixtures available in
the market:'*

- Mix 1 has a high MN due to the relatively higher
concentration of N, and represents a part boil-off
gas and part vaporised LNG fuel.

- Mix 2 works as a reference fuel due to the simplified
composition, containing only CH4 and a small per-
centage of C,Hg.

- Mix 3 represents an NG fuel with a relatively low
MN, despite the high concentration of CHy.

The NG surrogates listed above were carefully designed
to evaluate the effects of MN on dual-fuel combustion
characteristics, performance and emissions. The mole
fraction of CH4 was held within a range of =1.5% to
minimise an indirect effect on methane slip (e.g. engine-
out CH4 emissions). The presence of C,H¢ and C3;Hg
can shorten the ignition delay**>*>> and the burn
rate,>® while a higher mass fraction of N, can slow
down the reaction rates.*’

The preferred method for calculating the MN was
given by an online calculator developed by DNV GL
for LNG.”” According to Van Essen et al.,>* this MN
calculation uses the combustion properties of the fuel
mixture and is based on a methane-propane scale
referred to as Propane Knock Index (PKI).
Nevertheless, the results of other MN algorithms
demonstrated a similar trend for the three mixtures
investigated in this study (see Table 3).

Another important parameter for the dual-fuel oper-
ation is the gas energy ratio (GER), which is given by
the ratio of the energy content of the NG injected to the
total fuel energy supplied to the engine. As revealed in
Table 3, the use of a GER of 80% can reduce exhaust
CO, emissions by approximately 20% when assuming
the complete conversion of hydrocarbon fuel into CO,
and that the brake efficiency of the dual-fuel engine is
the same of the conventional diesel engine.

iy LHV G
mNGLH VNG + ’/hdiexelLH Vdiesel

GER =

Exhaust emissions measurements and analysis

Exhaust emissions, such as CO, CH4, NOx and THC,
were measured with a Horiba MEXA-7170 DEGR
emissions analyser equipped with a heated line. The
concentration of gaseous emissions in the exhaust
stream was converted from parts per million (ppm) to
net indicated specific emissions (in g/kWh). These were
referred to ISCO, ISCH,, ISNOx and ISTHC, respec-
tively, and were calculated using the methodology
described in Regulation number 49 of the UN/ECE.'°
The aforementioned regulation also required the conver-
sion of NOx and CO emissions to a wet basis by apply-
ing a correction factor for the raw exhaust gas which is
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Table 3. Fuel properties.

Property Unit Diesel Natural gas (NG)
Mix | Mix 2 Mix 3

Methane number (IMN)

DNV GL (PKI)® - - 94.1 87.6 80.9

Wirtsila*® - - 96.0 89.0 82.0

MWM®’ - - 95.0 88.0 85.0

Cummins Westport® - - 89.2 85.9 82.4
Lower heating value (LHVfyer) M)/kg 429 479 49.8 48.9
Wobbe index (WI) MJ/Nm? - 49.3 51.5 51.1
Stoichiometric air fuel ratio (AFRge) - 14.5 16.5 17.1 16.8
Gas density (101.325 kPa, 15°C) kg/m? - 0.700 0.708 0.725
Air Products material number - - 363815 359987 364241
Cetane number - > 45 - - -
Liquid density (101.325 kPa, 20°C) kg/dm? 0.827 - - -
Gas composition (mole fraction)

Methane (CHy,) % - 96.4 95.0 94.0

Ethane (C,Hy) % - 0.8 5.0 3.0

Propane (CsHg) % - 04 - 2.0

Nitrogen (N,) % - 24 - 1.0
Fuel contents (mass fraction)

Carbon (%Cyer) % 86.6 72.0 75.3 74.3

Hydrogen (%Her) % 13.2 24.0 24.7 24.1

Nitrogen (%Ngel) % - 4.0 - 1.6

Oxygen (%0Ofe1) % 0.2 - -
Calculated carbon intensity

Assuming the complete conversion of gCO,/M) 739 55.1 55.4 55.6
hydrocarbon fuel into CO,

Maximum theoretical CO, reduction % - 25.5 25.1 24.7
considering a constant brake efficiency

Estimated CO, reduction with a GER =80% % - 20.4 20.1 19.8

dependent on the in-cylinder fuel mixture composition.
The measurement of the THC was performed on a wet
basis by a heated flame ionisation detector (FID). An
AVL 415SE smoke metre was used to determine the con-
centration of black carbon containing soot, which was
reported on a filter smoke number (FSN) basis.

Data acquisition

The instantaneous in-cylinder pressure was measured
by a Kistler 6125C piezoelectric pressure sensor coupled
with an AVL FI Piezo charge amplifier. Intake and
exhaust manifold pressures were measured by two
Kistler 4049A water-cooled piezoresistive absolute pres-
sure sensors coupled to Kistler 4622A amplifiers.
Temperatures and pressures at relevant locations were
measured by K-type thermocouples and pressure
gauges, respectively. Two data acquisition (DAQ) cards
and a personal computer were used to acquire the sig-
nals from the measurement devices. A USB-6251 high-
speed DAQ card received the crank angle resolved data
synchronised with an optical encoder of 0.25 CAD res-
olution. A USB-6210 low-speed DAQ card acquired
the low-frequency engine operation conditions. These

data were displayed live by an in-house developed
DAQ program and combustion analyser.

Data analysis

Crank angle based in-cylinder pressure traces were
averaged over 200 consecutive cycles for each operating
point and used to calculate the IMEP and the apparent
net heat release rate (HRR). Since the absolute value of
the heat released is not as important to this study as
the bulk shape of the curve to crank angle, a constant
ratio of specific heats (y) of 1.33 was assumed through-
out the engine cycle. The pressure rise rate (PRR) was
represented by the average of the maximum pressure
variations of 200 cycles of cylinder pressure versus
crank angle. Combustion and in-cylinder flow stability
were monitored by the coefficient of variation of IMEP
(COV_IMEP) over the sampled cycles.

The mass fraction burned (MFB) was given by the
ratio of the integral of the HRR to the maximum cumu-
lative heat release. Combustion phasing was determined
by the crank angle of 50% (CA50) cumulative heat
release. Combustion duration (CA10-CA90) was repre-
sented by the period between the crank angles of 10%
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Table 4. Dual-fuel engine testing conditions.

Parameter Unit Low load Medium load High load
Engine load (IMEP) MPa 0.6 1.2 1.8
Engine speed rpm 1200 1200 1200
Diesel injection pressure MPa 100 130 160
Gas energy ratio (GER) % 80 = | 80 = | 80 = |
Test cell ambient air temperature °C 302 353 40+ 3
Intake manifold air temperature °C 42+ 1 431 44+ |
Intake manifold air pressure kPa 125 190 260
Exhaust manifold pressure kPa 135 200 270
Exhaust gas recirculation (EGR) % 0 0 0
(CA10) and 90% (CA90) cumulative heat release. The
mean in-cylinder gas temperature at any crank angle 8074 T Full load curve
position was computed by the ideal gas law.> 1 @  Testpoints
A current probe was used to acquire the electric cur- 24 e,

rent signal sent from the ECU to the diesel injector sole- & |
noid. The signal was corrected by adding the respective =
energising time delay, which was previously measured § 1.8 PY
in a constant volume chamber. The resulting diesel 5 4o
injector current signal allowed for the determination of 3

. Y . 1.2 o
the actual start of diesel injection. In the case of multi- 2
ple diesel injections, it was necessary to determine the E i
split ratio between the first and second injections. This 0.6 o
was given by the ratio of the energising time of each J
injection to the total energising time.

Ignition delay was defined as the period between the 00 [ rero -t 1 71
: L 600 900 1200 1500 1800 2100

actual start of diesel injection and the start of combus- Engine Speed [rpm]

tion (SOC), set to 0.3% MFB point of the averaged
cycle. After the calculation of the combustion charac-
teristics (e.g. CA50) and ignition delay, the average in-
cylinder pressure and the resulting HRR were
smoothed using a Savitzky-Golay filter.

The ratio of the work done to the rate of fuel energy
supplied to the engine was represented by the net indi-
cated efficiency as

Net indicated efficiency
3.6P;
(mdieselLHVdiesel> + (mNGLHVNG)

where Pj,; is the engine net indicated power calculated
from the measured IMEP. Combustion efficiency calcu-
lations were based on the emissions products not fully
oxidised during the combustion process except soot as

Combustion efficiency
_ {1 P {(ISCO LHV o) + (ISHC LHVNg)} }

103 (mdieselLHVdiesel) + (mNGLHVNG)
where LHVco is equivalent to 10.1 MJ/kg.>?
Combustion losses associated with THC emissions
were hypothesised to be a result of unburned NG fuel
only. This can be considered a conservative approach
as the LHV y¢ for the three NG compositions used in
this study are higher than the LHV jje5;-

Figure 3. Experimental test points over an estimated HD
engine speed-load map.

Finally, the lambda was calculated as

Mygir

Lambda = - ;
My AFRNG + Mgieset AF R gjesel

Test methodology

Dual-fuel engine testing with three different NG com-
positions was carried out under steady-state loads of
0.6, 1.2 and 1.8 MPa IMEP and an engine speed of
1200 rpm. These loads are equivalent to 25%, 50% and
75% of full engine load, respectively, and represent
high residency areas in a typical HD vehicle drive cycle
such as the WHSC. The location of these test points
over an estimated speed and load map can be seen in
Figure 3. Stable engine operation was quantified by
COV_IMEP values of less than 5%.

The test conditions are summarised in Table 4. The
GER was held at 80% = 1%, regardless of the NG
mixture. The high substitution ratio was selected in
order to maximise the use of NG and help to achieve a
GERwutc of more than 68%. The intake and exhaust
manifold pressure setpoints were taken from a Euro V
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Figure 4. The effects of NG composition on: (a) conventional dual-fuel and (b) RCCI combustion modes at a low engine load of

0.6 MPa IMEP.

Table 5. ECR and optimum diesel injection strategies for the conventional dual-fuel and RCC| combustion modes investigated in

this study.
Combustion mode ECR  Low load Medium load High load
Dual-fuel 16.8 Late single, Late single, Late single,
SOl @ —5.2 CAD ATDC SOl @ — 1.0 CADATDC SOI_I @ 5.0 CAD ATDC
RCCI + LIVC 13.8  Early single, Late split, Late split,

SOI_I @ —35.7 CAD ATDC

SOI_I @ —60 CAD ATDC,
SOI_2 @ 6.2 CAD ATDC,
split ratio of 49/51

SOI_I @ —60 CAD ATDC,
SOI_2 @ 8.5 CAD ATDC, split ratio
of 41/59

compliant multi-cylinder HD diesel engine in order to
provide a sensible starting point. This was necessary
because an external boosting device and a back-
pressure valve were used in place of a turbocharger.

The study was performed without external exhaust
gas recirculation (EGR) in order to simplify the experi-
mental investigation. Nevertheless, all comparisons
were carried out for the cases that attained the highest
net indicated efficiency and/or an engine-out NOx of
less than 8.5 g/kWh. This imposed trade-off was neces-
sary in order to simulate a Euro VI emissions compli-
ance with a NOx conversion efficiency of
approximately 95% in the selective catalyst reduction
(SCR) system.

Moreover, conventional dual-fuel engine operation
at the baseline ECR of 16.8 was compared against an
RCCI combustion at a lower ECR of 13.8. The RCCI
operation was combined with a LIVC strategy in order
to adjust the in-cylinder lambda and the charge reactiv-
ity, targeting higher levels of combustion efficiency and
exhaust gas temperature (EGT). The ECR of 13.8 rep-
resented the latest LIVC that could be used without
adversely affecting the combustion stability and soot
emissions.

The selected diesel injection strategies are depicted
in Table 5. The conventional dual-fuel operation was
achieved with a single diesel injection near TDC at all
engine loads. The RCCI combustion, however,
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Figure 5. The effects of NG composition on: (a) conventional dual-fuel and (b) RCCI combustion modes at a medium engine load of

1.2 MPa IMEP.

employed an early single diesel injection at low load
and a late split injection strategy at medium and high
engine loads. In the case of a late split injection strat-
egy, the diesel fuel energy supplied to the engine during
the first injection had to be reduced as the engine load
was increased. This was necessary to control the com-
bustion process within the upper bounds for calibra-
tion, which were linked to engine hardware limitations
and consisted primarily of a PRR limit of 2.0 MPa/
CAD and a maximum average in-cylinder pressure
(PMAX) of 18 MPa. The start of the first diesel injec-
tion (SOI_1) was held constant at —60 CAD ATDC
while the second diesel injection (SOI_2) and the aver-
age split ratio were swept.

The optimum engine calibrations were attained after
a long optimisation process with Mix 2, which targeted
the previously described trade-off between NOx emis-
sions and net indicated efficiency. The use of earlier
diesel injection timings generally increased NOx emis-
sions with minimal improvement in net indicated effi-
ciency. The only exception to this trend was for the
RCCI regime at the lowest engine load of 0.6 MPa
IMEP. At this condition, a more advanced SOI_1 actu-
ally reduced both NOx emissions and net indicated effi-
ciency via a more homogenous and later combustion

event.”! Finally, the diesel injection strategies were not
modified when testing the dual-fuel engine with the
other two NG compositions. This approach simplified
the experimental analysis and allowed to highlight any
weakness a dual-fuel engine calibration might have
when experiencing a change in the NG quality.

Results and discussion

Combustion analysis

The effects of NG composition on conventional dual-
fuel and RCCI engine modes with a constant GER of
approximately 80% are depicted in Figures 4-6. The
combustion characteristics of the conventional dual-
fuel mode remained nearly identical when changing the
NG fuel mixture at a given engine load, suggesting that
MN has little impact on the HRR of the dual-fuel com-
bustion with a single diesel injection near TDC. This
finding can be attributed to the fact that the ignition
and burning of the bulk mass of NG were highly depen-
dent on the high-temperature turbulent diffusion flames
created by the diesel fuel. At such conditions, the pre-
mixed gas temperature did not reach its autoignition
temperature and the mixture reactivity relied mostly
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Figure 6. The effects of NG composition on: (a) conventional dual-fuel and (b) RCCI combustion modes at a high engine load of

1.8 MPa IMEP.

upon the local oxygen concentration rather than on the
NG properties.>

Moreover, there was a reduction in the first peak
heat release of the conventional dual-fuel combustion
when increasing the engine load from 0.6 to 1.8 MPa
IMEP. This behaviour was associated with a shorter
ignition delay measured at elevated engine loads (see
Figure 7), which was induced by the increased charge
reactivity (e.g. fuel-richer mixtures) and the higher in-
cylinder gas pressures and temperatures at such condi-
tions.*!>> The aforementioned effect can be demon-
strated by the ignition delay of —1.75 CAD recorded at
1.8 MPa, where all three NG mixtures had the onset of
the low-temperature heat release (LTHR) prior to the
diesel injection at a calculated in-cylinder gas tempera-
ture of approximately 950°C.

The RCCI mode, however, was more sensitive to
changes in the NG composition. This was demonstrated
by the larger variations in PMAX and peak HRR, par-
ticularly when using an ecarly single diesel injection at
0.6 MPa IMEP. The higher sensitivity to the NG fuel
properties was attributed to the fact that RCCI

combustion is dependent upon the autoignition charac-
teristics of the in-cylinder charge. Diesel fuel supplied
to the engine during the SOI_1 increased the reactivity
of the in-cylinder mixture and created favourable condi-
tions for the compression ignition of NG.
Consequently, NG fuels with a higher concentration of
C;Hg and thus a lower MN were faster to ignite, as
demonstrated by the more advanced SOC for the RCCI
mode with Mix 3 in Figure 7.

Nevertheless, RCCI combustion presented signifi-
cantly longer ignition delays between the SOI 1 and
SOC than the conventional dual-fuel mode. This was
primarily due to the use of early SOI_Is targeting the
colder squish zone. The lower compression tempera-
tures obtained via a LIVC strategy also helped to slow
down the reaction rates and maintain a sufficiently long
ignition delay despite the relatively richer mixtures at a
given engine load. Nevertheless, the increase in charge
reactivity and the formation of multiple compression
ignition sites via early diesel injections yielded more
advanced SOC in the RCCI mode. As a result, the sec-
ond diesel injection used at 1.2 and 1.8 MPa IMEP took



Pedrozo et al.

407

60
E‘ ,
B
= 30
-
[e]
D o . coee—
(6]
@]
2 _
-30 10
[ IMix 1 5
[ Mix 2 <
I Viix 3 Lo S
Dual-fuel N
GER = 80% o
(7]
1008
(o}
N (7]
10 —-20
5 ,
£ o [ .
[=]
=) ]
1S
Q -10—
@]
(2] _
-20 T \ T
0.6 1.2 1.8
Engine Load [MPa IMEP]
(a)

60
E‘ 4
S
= 30
:I | ’_-
o
(2]
o 97
o
7 J
-30 10
[ IMix 1 L 5
[ Mix 2 <
I ix 3 o S
RCCI + LIVC N
GER = 80% o
(%]
-0 &
o)
r (%]
10 -20
5 J
. _
s e EEN
D S
Q J
o,
o -107
o
(2] =
-20 | T T
0.6 12 1.8
Engine Load [MPa IMEP]
(b)

Figure 7. The effects of NG composition on the start of combustion (SOC) and ignition delay (e.g. time between start of diesel
injections and SOC) of: (a) conventional dual-fuel and (b) RCCI combustion modes.

place after the combustion had already started, as sup-
ported by the negative ignition delays between SOI 2
and SOC in Figure 7.

To avoid excessive PRR and control the levels of
PMAX, the amount of diesel fuel injected during the
SOI_1 had to be reduced as the engine load was
increased from 0.6 to 1.8 MPa IMEP (see Table 5).
This was due to the shorter ignition delays observed at
higher engine loads, following the same trend of the
conventional dual-fuel combustion. Finally, extra
attention is required when switching from the conven-
tional dual-fuel to the RCCI mode, particularly when
operating the engine with low MN fuels. The NG injec-
tor pulse width (e.g. mass flow rate) and the resulting
GER must be reduced before adding diesel fuel via an
early single or through the first injection event of the
late split diesel injection strategy.

The effects of engine load and NG composition on
additional combustion characteristics are depicted in
Figures 8 and 9. The increase in engine load from 0.6 to
1.8 MPa IMEP required a delay in the CA50 to main-
tain both dual-fuel operating modes within the upper
limits of PMAX, PRR and NOx emissions. This com-
bustion control was achieved through a later SOL_1 in
the conventional dual-fuel regime and by injecting less

diesel fuel at the SOI_1 or retarding SOI_2 in the RCCI
mode.

In general, the RCCI operation with LIVC allowed
for more advanced CAS50 and CA90 positions than the
conventional dual-fuel cases. This was likely a result of
lower local combustion temperatures, which allowed
for earlier optimum combustion processes. Moreover,
combustion duration was typically shorter in the RCCI
regime except at the highest load of 1.8 MPa IMEP,
where slightly earlier CA90s did not compensate for
the more advanced SOC and increased the CA10—
CA90 period. Nevertheless, a more homogenous and
progressive combustion process, induced by the reactiv-
ity of the diesel fuel injected during the first injection,
yielded lower levels of PRR and COV_IMEP than the
conventional dual-fuel mode with a late single diesel
injection. These benefits were often achieved at the
expense of higher PMAX levels.

In terms of NG quality, changes in the fuel composi-
tion had little impact on the HRR characteristics of the
conventional dual-fuel regime. However, the use of NG
fuels with a lower MN such as Mix 3 shortened the
CA10-CA90 period of the RCCI regime at all engine
loads. This resulted in relatively more advanced CAS0
and CA90 positions as well as higher levels of PRR and
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combustion modes.

PMAX. As mentioned earlier, this sensitivity to the NG
composition was associated with the presence of more
reactive fuel components (e.g. C:Hg and CsHg) that
potentially helped to shorten the ignition delay,*>*
increase local flame speed®®> and create favourable
conditions for the autoignition of the bulk NG fuel."?

The most significant differences in HRR characteris-
tics caused by the NG fuel properties occurred under
an RCCI operation at 0.6 and 1.8 MPa IMEP. The sen-
sitivity of parameters like CA50, CA90 and PRR to the
NG composition was attributed to the presence of a
relatively higher quantity of diesel fuel at the SOI_1 at
0.6 MPa IMEP (e.g. theoretical split ratio of 100/0) and
due to the lower lambda and higher in-cylinder charge
reactivity experienced by the RCCI regime at 1.8 MPa
IMEP.

Engine-out emissions

Engine-out emissions for dual-fuel operations with dif-
ferent NG compositions are depicted in Figures 10 and
11. The use of a low MN gas such as Mix 3 increased
NOx emissions, particularly when running the engine
in the more sensitive RCCI mode. The lower resistance
to autoignition probably increased local combustion

temperatures when compared to those obtained with a
high MN fuel (e.g. Mix 1). Soot levels were maintained
below 0.1 FSN for all cases as the diesel fuel repre-
sented only 20% of the total energy supplied to the
engine.

Additionally, NG composition had little impact on
soot emissions at a given engine load and dual-fuel
regime. This was likely due to a trade-off between local
temperatures and mixture formation, where the hotter
dual-fuel combustion with a low MN fuel compensated
for the slightly worse fuel-air mixing process induced by
the shorter ignition delay. The only exception occurred
for an RCCI operation at 0.6 MPa IMEP, where NOx
and soot increased simultaneously as the MN was
reduced. This was attributed to the relatively early
CA90s and lower late-cycle gas temperatures attained
with Mix 2 and 3, which offset the increase in local
combustion temperatures and deteriorated the soot oxi-
dation process. Lambda was relatively insensitive to
changes in MN, and small differences were likely asso-
ciated with variations in LH V., AFRe and net indi-
cated efficiency.

Conventional dual-fuel combustion was NOx limited
at all engine loads. This required adjustments in the
SOI 1 as the engine load was increased in order to
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Figure 1 1. The effects of NG composition on CH,;, THC and CO emissions of: (a) conventional dual-fuel and (b) RCCI combustion modes.

reduce peak combustion temperatures and maintain the
levels of NOx within the target of less than 8.5 g/kWh.
Alternatively, the RCCI operation with LIVC decreased
NOx emissions by up to 80% (to a minimum of 1.6g/
kWh at 0.6 MPa IMEP) when compared to the conven-
tional dual-fuel mode. The reduction in engine-out NOx
emissions did not correlate well with the increase in the
calculated peak mean in-cylinder gas temperature shown
in Figures 4 to 6. The relatively lower levels of NOx
were associated with the formation of a more homoge-
nous fuel-air mixture and lower local combustion tem-
peratures.” Moreover, the use of LIVC in the RCCI
mode potentially helped reduce NOx emissions by low-
ering the lambda and thus the oxygen availability.

The increase in engine load to 1.2 and 1.8 MPa
IMEP, however, minimised the NOx reduction benefit
of the RCCI combustion. This was due to a decrease in
the amount of diesel fuel at SOI_1 (e.g. lower split
ratio), which led to a more diffusive dual-fuel combus-
tion process.'> Consequently, the presence of locally
fuel-rich zones created by the second diesel injection
elevated the levels of soot at mid- and high load RCCI
operations. The use of an early diesel injection at
0.6 MPa IMEP allowed for lower soot emissions than
the conventional dual-fuel combustion.

Nevertheless, the RCCI mode with LIVC achieved
the lowest levels of CH4;, THC and CO emissions, as
shown in Figure 11. This improvement over the

conventional dual-fuel combustion was attained at all
engine loads and was primarily a result of an increased
in-cylinder charge reactivity promoted by the diesel fuel
injected earlier in the cycle. On average, the relative
reductions in ISCH,, ISCHC and ISCO achieved
approximately 81% at 0.6 and 1.2MPa IMEP and
about 57% at 1.8 MPa IMEP. The lowest levels of CH4
emissions of 1.2-1.3 g/kWh were achieved by the RCCI
regime with Mix 2 and 3 at the engine loads of 1.2 and
1.8 MPa IMEP. The decrease in lambda brought about
by the use of LIVC also helped to increase the flamm-
ability of the in-cylinder charge when compared to a
conventional dual-fuel operation at the baseline ECR.
However, the excessively lean fuel-air mixtures and the
low-temperature combustion limited the reduction in
methane slip to 5.0-7.1g/kWh at 0.6MPa IMEP
depending on the NG composition.

Dual-fuel engine operations with a low MN fuel
(e.g. Mix 3) reduced the ISCH, and ISTHC in the
majority of the test cases. This was attributed to
higher local combustion temperatures, as supported
by the increase in NOx emissions (see Figure 10).
This effect was likely associated with the greater con-
centrations of C,Hg and C3;Hg in the NG composi-
tion, which advanced the SOC and accelerated the
dual-fuel combustion process. A similar trend had
been reported in the literature when adding larger
concentrations of ethane (e.g. 10% and 20%) into a
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Figure 12. The effects of NG composition on EGT and efficiencies of: (a) conventional dual-fuel and (b) RCCI combustion modes.

gaseous mixture used in a conventional dual-fuel
engine.19 The reduction in MN, however, demon-
strated little effect on ISCO. This indicates that the
CO oxidation process could be controlled by the high
reactivity and high-temperature zones created by the
diesel injections rather than by the NG composition.
Finally, the increase in engine load minimised CHy,
THC and CO emissions regardless of the dual-fuel
regime because of the relatively lower in-cylinder
lambda and higher combustion temperatures.

Engine performance

The effects of NG composition on exhaust gas tem-
perature (EGT) and efficiencies at different loads are
depicted in Figure 12. The alteration of the MN had lit-
tle impact on the EGT of the conventional dual-fuel
and RCCI operating modes. The differences of =6°C
were most likely a result of changes in CA90 position
and day-to-day variations in the test cell ambient air
temperature (see Table 4). However, the EGT was
increased as more fuel was injected at higher engine
loads, demonstrating the opposite trend of the lambda
showed in Figure 10.

At 0.6 MPa IMEP, a reduction in MN increased the
combustion efficiency and helped to improve upon the
net indicated efficiency of both dual-fuel combustion

modes. This was attributed to the higher degree of pre-
mixed combustion experienced by both dual-fuel strate-
gies at low engine loads, where a low MN fuel was able
to aid the reactivity of the in-cylinder charge. Relatively
earlier and shorter dual-fuel combustion processes with
Mix 3 (see Figure 8) also brought the thermodynamic
advantage of releasing the thermal energy closer to
TDC and thus increasing the extraction of work during
the expansion stroke.®® The highest increase in net indi-
cated efficiency of 4.9% (from 43.1% to 45.2%) was
attained when switching the NG composition from Mix
1 to Mix 3 under an RCCI operation with LIVC.

There were, however, minimum improvements in
combustion efficiency when using a low MN fuel at 1.2
and 1.8 MPa IMEP. At these particular loads, reduc-
tions in THC and CO emissions were probably offset
by the differences in LHV/;;, levelling out the combus-
tion efficiency for the three NG compositions in both
dual-fuel modes. Moreover, the use of Mix 3 decreased
the net indicated efficiency when operating the engine
in the conventional dual-fuel mode. This effect was
likely a result of an increase in heat transfer losses
introduced by the relatively higher combustion tem-
peratures of the low MN fuel. In the RCCI regime,
however, shorter and more advanced combustion with
Mix 3 helped to maximise the expansion work and
maintain similar levels of net indicated efficiency to
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those achieved with the other NG fuels at mid- and
high load conditions.

When comparing the two dual-fuel modes, RCCI
operation with LIVC achieved an EGT in the order of
44-75°C higher than that measured for the conven-
tional dual-fuel combustion with the baseline IVC.
This was associated with a reduction in the intake mass
flow rate via a lower ECR of 13.8, as supported by the
reduction in lambda (see Figure 10). The RCCI mode
also attained an EGT of 390°C, on average, at 0.6 MPa
IMEP. This level of temperature is beneficial for the
methane oxidation catalyst (MOC) used in dual-fuel
engines, as the device generally requires an EGT of
more than 400°C for high CHj4 conversion effi-
ciency.'*%* The combination of this advanced dual-fuel
strategy with cylinder deactivation® has the potential
to achieve even higher EGTs and further improve upon
the CH4 conversion efficiency in MOCs.

Moreover, the RCCI mode with LIVC resulted in
higher combustion efficiencies (of up to 98.9%) than a
conventional dual-fuel operation (of up to 97.2%). The
largest improvement was observed at a low engine load
of 0.6 MPa IMEP, where the average combustion effi-
ciency was increased from 82.0% in a conventional
dual-fuel mode to 95.2% in the RCCI regime. This was
attributed to reductions in the levels of CO, CH,; and
unburned HC emissions, as discussed in the previous
Subsection.

Finally, the RCCI operation increased the net indi-
cated efficiency at all engine loads when compared to
the conventional dual-fuel mode. The highest relative
increase was attained at 0.6 MPa IMEP, where the
RCCI combustion with Mix 3 achieved a net indicated
efficiency 45.2% — significantly higher than the 36.6%
for a conventional dual-fuel mode with the same NG
fuel. A net indicated efficiency of 45.2% was also
obtained by the RCCI combustion with Mix 2 and Mix
3 at 1.2 MPa IMEP. The relatively low lambda of 1.33,
on average, limited the net indicated efficiency of the
RCCI mode to approximately 44.0% at 1.8 MPa
IMEP. An increase in lambda via a higher boost pres-
sure can potentially reduce heat transfer losses and
increase the net indicated efficiency at such condition.
However, further investigation is necessary to deter-
mine if the upper bounds for calibration (e.g. PMAX of
18 MPa) would limit the amount of diesel fuel injected
at —60 CAD ATDC.

Conclusion

In this study, engine experiments were performed to
investigate the effects of natural gas (NG) composition
on conventional dual-fuel and RCCI combustion
modes. Testing was carried out with three gas mixtures
of different methane numbers (MN) in a heavy-duty
compression ignition engine equipped with a stock die-
sel piston, a high-pressure common rail diesel injection

system and a variable valve actuation system on the
intake valves. The analysis was conducted without
exhaust gas recirculation at a constant engine speed of
1200rpm and three engine loads of 0.6, 1.2 and
1.8 MPa IMEP. The gas energy ratio (GER) was held
at 80% £ 1% while the diesel injection strategy was
optimised for the best trade-off between NOx emis-
sions, PMAX, PRR and net indicated efficiency in both
dual-fuel combustion modes. Miller cycle via late
intake valve closing (LIVC) was used to decrease the
effective compression ratio (ECR) and help control
charge reactivity in the RCCI mode. The primary find-
ings can be summarised as follows:

1. The RCCI combustion was more sensitive to
changes in MN than the conventional dual-fuel
operation. This was due to the fact the RCCI
mode is reliant upon the autoignition characteris-
tics of the in-cylinder charge, which were affected
by the NG composition. Alternatively, conven-
tional dual-fuel operation relied mostly on the
high-temperature turbulent diffusion flames cre-
ated by a late single diesel injection. Nevertheless,
the optimum diesel injection timings remained the
same for the three NG fuel mixtures at a given
dual-fuel combustion mode. However, engine-out
emissions and performance varied slightly.

2. A reduction in MN (from 94.1 to 80.9) advanced
the combustion phasing and shortened the com-
bustion duration in the majority of the test cases,
resulting in higher combustion temperatures. This
helped to minimise the THC and CH,4 emissions at
the expense of higher NOx emissions, particularly
when operating the engine in the RCCI combus-
tion mode. Exhaust gas temperatures (EGT) were
not significantly affected by NG composition,
varying by =6°C.

3. In terms of performance, the most significant
effects introduced by changes in the NG composi-
tion were observed on an RCCI operation at
0.6 MPa IMEP. At such a light load condition, the
use of a low MN fuel helped to advance and accel-
erate the burn rate and to increase the combustion
efficiency, resulting in 4.9% higher net indicated
efficiency than the test case with a high MN fuel
(45.2% vs 43.1%).

4. The RCCI operation with LIVC was shown as an
effective means of simultaneously achieving lower
NOx and CH,4 emissions than a conventional dual-
fuel mode, particularly at low and medium engine
loads. The lowest levels of NOx emissions (1.6—
2.9 g/kWh) were attained with relatively low CHy
emissions (5.0-7.1 g/kWh) at 0.6 MPa IMEP. The
lowest levels of CH, emissions (1.2-1.4g/kWh)
were obtained with controlled NOx emissions (7.0—
8.0g/kWh) at 1.2MPa IMEP. This improvement
over the conventional dual-fuel mode was
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accomplished at the expense of a more complex
combustion control via multiple diesel injections
and LIVC. Moreover, the second diesel injection
used at 1.2 and 1.8 MPa IMEP contributed to
slightly higher soot levels in the RCCI mode.

5. This study also revealed that the RCCI combustion
with LIVC (ECR of 13.8) can increase the EGT by
up to 75°C when compared to the conventional
dual-fuel operation at the baseline ECR of 16.8.
This characteristic will likely help to achieve higher
levels of CH,4 conversion efficiency in the exhaust
aftertreatment system, decreasing the amount of
methane slip.

Overall, this experimental investigation introduced a
better understanding of the effects of NG composition
on conventional dual-fuel and RCCI combustion
modes at a wide range of engine load conditions. The
results demonstrated that changes in MN do not neces-
sarily require modifications in engine calibration if varia-
tions in fuel conversion efficiency are within an acceptable
range and additional engine-out emissions can be man-
aged by the aftertreatment system. Nevertheless, this
work showed that the advanced RCCI operation with
LIVC significantly reduced NOx and CH,4 emissions while
achieving higher peak combustion efficiency (98.9% vs
97.2%) and net indicated efficiency (45.2% vs 42.3%)
than the conventional dual-fuel combustion. These
research findings can be used to support the optimisation
and development of high-efficiency and clean dual-fuel
engines, potentially helping to minimise their impact on
air pollution and climate change.
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