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Natural gas combustion with pilot ignition has been considered to be one of the most promising ways to
utilize natural gas in existing diesel engine without serious engine modification and it has been widely
researched all over the world. In this study, three experiments of different loads (BMEP 0.240 MPa,
0.480 MPa and 0.767 MPa) were performed on a 2.8 L four-cylinder, natural gas manifold injection
dual-fuel engine to investigate the effects of natural gas injection timing on engine combustion perfor-

geyvlvc;rdsl: mance and emissions. The pilot injection parameters (pilot injection timing and pressure) and natural

ua-iue gas injection pressure remain constant at a speed of 1600 rpm in the experiment. The cylinder pressure,
Pilot ignited HRR, COVimep: flame devel t duration, CA50 and brake thermal effici lyzed. The result
Natural gas injection timing HRR, CoVimep, flame development duration, and brake thermal efficiency were analyzed. The results
Performance indicated that under low and part engine loads, the flame development duration and CA50 can be
Emissions reduced by properly retarding natural gas injection timing, while the CoVinyep increased with retarded

natural gas injection timing. As a result, the brake thermal efficiency is increased and the combustion sta-
bility slightly deteriorates. Meanwhile, under low and part engine loads, PM emissions in the dual-fuel
engine is much lower than that in conventional diesel engines, furthermore, at high load, the PM emis-
sions are near zero. CO and HC emissions are reduced with retarded natural gas injection timing under
low and part loads, however, NO, emissions are slightly increased. Under high load, the flame develop-
ment duration and CA50 are obviously prolonged with retarded natural gas injection timing companied
with a deterioration of brake thermal efficiency. CO and HC emissions are not significantly varied with
retarded natural gas injection timing under high load, except that NO, emissions decreased slightly.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

With increasing concerns about air pollution, more stringent
restrictions on vehicle emissions are implemented. The particulate
matter (PM) and nitrogen oxides (NO,) are the major harmful emis-
sions produced by diesel engines. In recent years, many methods
have been proposed to simultaneously reduce PM and NO, emis-
sions in diesel engine. Using alternative fuels and gaseous fuels in
existing diesel engine has been proved to be one of the most
practical ways to reduce the harmful emissions [1,2]. Consequently,
applications of various gaseous fuels on diesel engine have been
investigated, such as biogas, synthesis gas, hydrogen and natural
gas [2-6]. Moreover, shale gas technical breakthrough provides
extra 271 billion cubic meters natural gas production for American
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in 2013 and the number is believed to be increased in the future all
over the world [7]. Natural gas is available in great quantities with
considerably cheap price which also has the advantage of low emis-
sions of all carbonaceous emissions. Moreover, due to relatively
high auto-ignition temperature of natural gas, the high compression
ratio of most conventional direct injection diesel engine can be
maintained when natural gas is employed [8]. Concerning the
advantage mentioned above of natural gas and the huge number
of existing diesel engines, natural gas is likely used as the primary
fuel in a dual-fuel engine which is referred to as pilot ignited natural
gas dual-fuel engine. For most of the dual-fuel engines, natural gas is
usually inducted into the manifold, and then natural gas-air mix-
ture is ignited by a very small amount of diesel-like pilot fuels at
the end of the compression stroke. The pilot fuel, acting as an igni-
tion source, is usually directly injected into the cylinder near the
top dead center (TDC) [9-11] and diesel, dimethyl ether and bio-
diesel are the most common fuels that can be used as pilot. It is well
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Nomenclature

TDC top dead center

ATDC after top dead center

ABDC after bottom dead center
BTDC before top dead center
BBDC before bottom dead center
CA crank angle

BMEP  Brake mean effective pressure
ECU electronic control unit

HRR heat release rate

PES percent energy substitution
BTE brake thermal efficiency
co nitric oxide

NO, nitrogen oxides
THC total hydrocarbon

BSHC brake specific HC emissions

BSCO brake specific CO emissions

BSNO, brake specific NO, emissions

PM particulate matter

CoVimep coefficient of variation of indicated mean effective
pressure

IMEP Indicated mean effective pressure

y) excess air ratio

CA50 crank angle where 50% total heat released

known that NO, and PM emissions can be reduced drastically under
dual-fuel operation conditions, with the associated penalty in THC
emissions [1,8-10]. In addition to the economic and emissions ben-
efits, diesel/natural gas dual-fuel engine also makes conversion of
existing engine relatively simple and maintains full diesel capability
in case gaseous fuel is unavailable, both of which are important to
bring the technology to market.

In recent years, extensive research has been conducted to inves-
tigate the influences of various engine parameters on the perfor-
mance, combustion and emissions of natural gas/diesel dual-fuel
engine. For example, Liu et al. [22] investigated the effects of the
pilot fuel quantity on emissions characteristics with optimized pilot
injection timing on a premixed dual-fuel engine and they found
that the THC emissions reduced significantly with the increase of
the pilot diesel quantity. On the contrary, the PM emissions is
increased with the increase of the pilot fuel quantity. Papagiannakis
etal.[13,14] employed a comprehensive two-zone phenomenolog-
ical model to examine the effects of pilot fuel quantity and pilot
injection timing on dual-fuel engine performance and emissions,
and then validated the model with experiment in a premixed
dual-fuel engine. They reported that simultaneously increase of
the pilot fuel quantity accompanied with an increase of its injection
timing results in an improvement of the engine efficiency (increase)
and CO emissions (decrease), while it has a negative effect
(increase) on NO, emissions. Nwafor [15] investigated the effect
of advanced injection timing on the performance of diesel ignited
natural gas dual-fuel engine. And in most cases, they assumed that
natural gas-air mixture is homogenous and the effect of stratifica-
tion of natural gas-air mixture has not been seriously evaluated.
But the fact may not be the same with their hypothesis, especially
in a manifold injection natural gas dual-fuel engine. Carlucci et al.
[16] experimentally investigated the effects of methane supply
method combined with variable in-cylinder charge bulk motion
and they reported that natural gas port injection can probably
induce some stratification effect on the mixture in-cylinder and
the stratification of charge is capable to influence combustion flame
intensity and propagation inside the combustion chamber. Further-
more, this effect is enhanced when a suitable in-cylinder bulk flow
structure is employed; Huang et al. [17] conducted an experiment
study on a rapid compression machine to investigate the effect of
injection timing on natural gas direct-injection combustion. And
they found that early injection timing leads to longer duration of
initial combustion while late injection reduces the duration of ini-
tial combustion, they believed that this phenomenon is associated
with the degree of charge stratification and the intensity of turbu-
lence generated by the fuel jet.

According to previous investigations mentioned above, it can be
concluded that the combustion process of dual-fuel engine is sig-
nificantly influenced by the natural gas-air-pilot fuel mixture

and its distribution inside the cylinder. Moreover, the thermal
and kinetic interaction between pilot spray and natural gas-air
mixture are believed deeply influencing the combustion perfor-
mance and emissions of dual-fuel engine. Furthermore, natural
gas port injection had been proved to influence the combustion
flame intensity and propagation of dual-fuel engine due to induc-
ing some stratification effect on the mixture in-cylinder [16]. How-
ever, there are few reports focusing on the effects of stratifications
on the dual-fuel combustion process. So far, researches about the
effect of natural gas injection timing on the combustion and emis-
sions performance of the manifold injection pilot-ignited natural
gas dual-fuel engine are still lacking.

In this paper, the author equipped a GW2.8-TC diesel engine
with a sequential natural gas manifold injection system in order
to operate the diesel engine in dual-fuel mode. Experimental study
is conducted to characterize the effects of natural gas injection tim-
ing on the combustion performance and emissions (NOy, HC, CO,
and PM) of the dual-fuel engine, with special attention to the com-
bustion performance under low and part engine loads. Moreover,
cylinder pressures, flame development duration, CA50, CoVimep
and HRR also have been analyzed in this work. The purpose of this
paper is to explore the influence of the natural gas injection timing
under different operation conditions and to provide the basis for
natural gas injection timing optimization in a sequential natural
gas manifold injection dual-fuel engine.

2. Experimental set-up and procedure

A four-cylinder, direct injection, turbo-charged, common rail
diesel engine manufactured by GREAT WALL Co. in China was used
for dual-fuel conversion in this research. The specifications of the
original engine are listed in Table 1.

In the experiment, the commercial diesel fuel and natural gas
were used and the properties of the fuels are given in Tables 2
and 3.

In order to investigate the effects of natural gas injection timing
on engine combustion performance and emissions, a sequential
natural gas manifold injection system is adopted. The natural gas
injectors are mounted in the intake manifold as close as possible
to the intake valve for the purpose of improving the dynamic
response of the dual-fuel engine. The schematic diagram of dual-
fuel conversion and natural gas fueling system are shown in
Fig. 1. The original diesel engine is equipped with a BOSCH com-
mon rail injection system including the corresponding supporting
ECU. Under dual-fuel operation conditions, the original ECU is
retained and a dual-fuel ECU, especially developed for this work,
is added to cooperate with the original ECU and the crank shaft sig-
nal and cam signal are shared by both ECUs. The pilot and natural
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Table 1
Specifications of test engine.

Item Characteristics
Type In-line four-cylinder common
rail injection, turbocharged diesel engine
Combustion chamber w type
Bore X stroke 93 mm x 102 mm
Compression ratio 17.2:1
Injection system Common rail
Max. injection pressure 145 Mpa
Diesel direct-injection nozzle 6 x 0.137 mm
Natural gas injection nozzle 1 x 3.0 mm
Valve timing Opening Closing
Intake 24°BTDC 55°ABDC
Exhaust 54°BBDC 26°ATDC
Table 2
Test fuel properties.
Fuel properties Diesel Natural gas
Low heating value (M]/kg) 42.8 48.6
Cetane number 52.5 -
Octane number - 130
Auto-ignition temperature (°C) 316 650
Stoichiometric air-fuel ratio (kg/kg) 14.69 17.2
Carbon content (%) 87 75

Table 3
Natural gas composition.

Component Volumetric concentration (%)
Methane 96.160

Ethane 1.096

Butane 0.136

Iso-Butane, n-Butane 0.021

Iso-Pentane, n-Pentane 0.006

N> 0.001

H,S 0.0002

H,0 0.006

gas injection events are completely controlled by the dual-fuel ECU
which has been described in detail in the previous publication [18].
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natural gas tank, a two-stage regulator and a shut off solenoid
valve. After the regulator, the pressure of natural gas was
decreased from maximum pressure about 25 MPa to 0.4 MPa.
The gaseous was sequentially injected into intake manifold respec-
tively rather than conventional mixer.

The test engine was coupled with an eddy-current dynamome-
ter. The real-time engine speed, torque, power, exhaust gas and
coolant temperatures as well as lubricating oil pressure were
monitored by a Powerlink Engine Control System (Type FC2000).
The fuel consumption rates of pilot diesel was acquired by a high
precision electronic balances with the accuracy of 0.1 g and the
natural gas mass flow rate was measured by a FC2212L gas
consumption meter with accuracy of +0.01 kg/h. Exhaust gas
emissions were sampled directly from the exhaust pipe. Total HC,
CO, CO, and NOy emissions were measured by a Horiba MEXA-
584L automotive exhaust emission analyzer with accuracies of
+12 ppm, +0.06%, 0.5% and +30 ppm respectively, while PM emis-
sions was measured by a Horiba MEXA-600S opacimeter with
display resolution of +0.001 m~!. The in-cylinder pressure was
acquired by a Kistler 6055C piezoelectric pressure transducer and
200 continuous cycles with a resolution of 0.2° crank angle (CA)
were recorded for combustion performance analysis. Before the
start of experiment, the engine was warmed-up under pure diesel
operation mode until the coolant temperature reached about 75 °C
while the lubricating oil temperature reached 65 °C, and all tests
are conducted at ambient temperature about 20 °C.

In the present work, natural gas injection timing is defined as
the start injection crank angle at which the natural gas injection
signal is sent to natural gas injectors by the dual-fuel ECU. In order
to explore the effects of natural gas injection timing on the com-
bustion characteristics and emissions, the natural gas injection
timing was varied from —500 °CA to —240 °CA ATDC and the other
parameters remain unchanged. The operation conditions of engine,
under low-, part- and high-load are summarized in Table 4. The
pilot diesel injection timing was fixed at —8 °CA ATDC for the pur-
pose of simultaneous reducing cylinder pressure rise rate and NO,
emissions compared with that under pure diesel operation modes.
To present the percent energy substitution (PES), the following
expression is employed:

g LHVNG

. ; . S=- - x 100% 1
The natural gas supply system is consisted of a high pressure mpLHVp + mycLHV NG (1)
= regulator Diesel common rail
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Fig. 1. Engine set-up and instrumentation layout.
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Table 4
Engine operating conditions.

Engine speed Natural gas injection Natural gas flow rate

Pilot fuel common rail

Pilot fuel injection A Percent energy

(r/min) x BMEP pressure (MPa) (kg/h) pressure (MPa) quantity (kg/h) substitution (%)
(MPa)“

1600 x 0.240 0.4 3.315 72 0.712 2.067 84.470

1600 x 0.480 0.4 4.139 72 0.855 1.850 84.974

1600 x 0.767 04 5.082 72 1.129 1.758 84.022

€ BMEP values are calculated under natural gas injection timing of —500 °CA ATDC.

3. Results and discussions

To clearly illustrate the effect of natural gas injection timing on
the combustion process, the results are provided for typical opera-
tion conditions of the three load levels (avoid influencing by valve
overlap). Moreover, the flame development duration is defined as
the interval crank angles between start of ignition and the crank
angle at which 10% mass (pilot diesel and natural gas) fraction
burned. In addition, the CoVimep [19] is used to evaluate the com-
bustion stability in this paper and it is defined as

COVimep = I‘l’w'"El'; x 100% 2)

where Gimep is the standard deviation of IMEP and IMEP is the mean
value of the IMEP of a specific combustion cycle.

3.1. The effect of natural gas injection timing on the cylinder pressure
and heat release

The experimental results of the cylinder pressure and HRR are
shown in Figs. 2-4, at the speed of 1600 rpm, with BMEP
0.240 MPa, 0.480 MPa and 0.767 MPa, respectively, under different
natural gas injection timings. Observing the heat release curves in
Figs. 3-5, the combustion processes can be identified to take place
in three stages: the first stage corresponding to the first peak of
the HRR curves is the pilot diesel premixed combustion while the
second stage corresponds to the natural gas rapid combustion (pre-
mixed combustion) and the last stage is the combustion of natural
gas—air mixture and the rest of the pilot diesel fuel [1,4,20-22].

At lower loads (BMEP =0.240 MPa) and part engine loads
(BMEP = 0.480 MPa) operation conditions, as shown in Figs. 2 and
3 respectively, with the retarded natural gas injection timing, the
cylinder compression pressure increased and the highest cylinder
pressure was observed at the latest natural gas injection timing.
The results indicated that the compression pressure is affected
by the natural gas injection timing in a complex way primarily
due to the interactions of volumetric efficiency, combustion phas-
ing of this engine, and specific heat ratio effects. In general, the
compression pressure is higher with the retard of natural gas injec-
tion timing, due to faster combustion. Moreover, the first stage of
the combustion process was not obviously affected by natural
gas injection timing variations; while the second peak of the HRR
curves increased with the retarded natural gas injection and the
results indicated that the natural gas rapid combustion stage was
enhanced and the later diffusion combustion stage decreased with
the retarded natural gas injection timing. This is mainly due to the
time for natural gas and air mixed is reduced by retarding natural
gas injection and there is no enough time to form homogenous
charge. Therefore, the later natural gas is injected, the more strat-
ification of natural gas-air mixture is formed and obviously, it
seems to have a positive effect to enhance the natural gas combus-
tion rate. More evidence can be found in BMEP = 0.480 MPa com-
pared with BMEP = 0.240 MPa operation conditions. However, at
high load (BMEP =0.767 MPa), as shown in Fig. 4, the cylinder
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Fig. 2. HRR and cylinder pressure versus natural gas injection timing under
BMEP = 0.240 MPa.
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pressure curves transformed from a typical two-peak profile to a
single-peak profile with the retarded natural gas injection timing
and the first peak of the HRR curve (pilot diesel premixed combus-
tion) decreased exceptionally with the retarded natural gas injec-
tion timing while the duration of second stage (natural gas rapid
combustion) and the third stage increased. This is probably due
to retarded the natural gas injection timing reduced the mixture
time of natural gas and air and obtained a stratified-like air-fuel
mixture in cylinder. However, the stratified-like air-fuel mixture
is probably over-rich for ignition kernel formation and combustion
flame propagation of the pilot fuel. Consequently, less pilot fuel
burned in the first stage and more heat of pilot fuel released during
expansion stroke. Moreover, as our expectation, a prolonged com-
bustion process is observed in Fig. 4 at high loads with retarded
natural gas injection timing.

3.2. The effect of natural gas injection timing on the combustion
performance

As far as flame development duration is concerned (Fig. 5), we
observe that the flame development duration is decreased with
the retarded natural gas injection timing at low load (BMEP =
0.240 MPa) and part engine load (BMEP = 0.480 MPa), while at high
load (BMEP=0.767 MPa), the flame development duration is
increased with the retarded natural gas injection timing. It reveals
that the stratification of natural gas-air mixture is better for pilot
ignition and natural gas flame propagation at low and part engine
loads, especially at low load. The natural gas-air mixture is usually
over lean and it is difficult to be ignited by the pilot fuel at low
load, while retarded natural gas injection timing products a local
rich mixture, and consequently, the natural gas rapid combustion
stage is enhanced with retarded natural gas injection timing as
we observed in Figs. 2 and 3. Therefore, the flame development
duration is reduced at low and part engine loads. However, at high
load, the flame development duration is relatively increased with
the retarded natural gas injection timing. This is due to stratifica-
tion of mixture at high load may lead to over-rich regions and that
may slow down the initialization of the ignition source and flame
kernel formation [23].

Observing the CA50 curves in Fig. 6, retarded natural gas
injection timing provides a local rich and stratification mixture.
Obviously, the flame spread speed is accelerated and the CA50
becomes closer to the TDC at low and part engine loads. However,
at high load, the CA50 is remote from the TDC with retarded
natural gas injection timing and this is probably related to local
over-rich mixture which has a negative effect on the natural gas
ignition and flame propagation.

The brake thermal efficiency is increased with the retarded nat-
ural gas injection timing at low and part engine loads as shown in
Fig. 7, especially at low load. The maximum increased value is
16% compared with the minimum one. However, the curves of ther-
mal efficiency decreased slightly at high load with the retarded nat-
ural gas injection timing. The results indicated that retarded natural
gas injection timing probably obtained a stratified-like air-fuel
mixture, which reduced over lean regions and enhanced the kernel
formation and flame propagation of pilot ignition sources at low
and part loads. But at high load, the same stratified-like air-fuel
mixture probably produced over-rich regions in cylinder for the
ignition kernel formation and flame propagation of pilot ignition
sources. This probably slowed down the combustion process. As a
result, the flame development duration and the CA50 are prolonged
with retarded natural gas injection timing. Additionally, more pilot
diesel burned during expansion stroke which is in accordance with
the results of flame development duration and CA50.

The variation of CoViymep with retarded natural gas injection
timing is provided in Fig. 8. At low and part loads, with retarded
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natural gas injection timing, the CoVinep, slightly increased at early
injection timings and then dramatically deteriorated at the latest
injection timings. The maximum value of the CoVipep is more than
7%; however, at high loads, the values of CoVjpyep are no more than
2% and the variation does not show a univocal behavior. The results
indicated that combustion stability probably deteriorated at low
and part loads due to over stratification of mixture obtained by
retarding natural gas injection timing, especially at very later
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injection timing. At high loads, the cyclic variation is very small
and slightly affected by the natural gas injection timing. This is
probably explained by the over all richer mixture in cylinder and
the stability of combustion is not significantly affected by the mix-
ture stratification at high loads.

3.3. The effect of natural gas injection timing on emissions

The brake specific CO emissions are a function of the air/fuel
ratio and the charge temperature, which control the fuel’s oxida-
tion and decomposition [19,24,25]. At low and part engine loads,
the temperature of mixture is increased with retarded natural
gas injection timing due to shorter time left to natural gas mix with
air. Moreover, the variation of natural gas injection timing also pro-
vides stratification mixture and this improves utilization of natural
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Fig. 11. BSNO, emissions versus natural gas injection timing under different loads.

gas during the second stage of combustion (natural gas premixed
combustion). Therefore, as we observed in Fig. 9, the BSCO
decreased with retarded natural gas injection timing under low
and part engine loads. However, under high engine loads, the BSCO
emissions slightly varied and did not show a univocal behavior.
This is probably due to high fuel/air ratio compared with that
under low and part engine loads and therefore, the variation of nat-
ural gas injection timing has no obviously effects on it.

HC emissions are primarily produced by incomplete combus-
tion and lower combustion rates in dual-fuel operation conditions.
Moreover, Liu et al. [12] experimentally validated that around 90%
of the HC emissions in dual-fuel operation conditions were com-
posed by the unburned methane. This is due to much higher octane
number of natural gas than that of diesel fuel and natural gas has
lower flame propagation speed compared to diesel fuel. Therefore,
retarded natural gas injection timing improves the natural gas
combustion process and accelerates the flame propagation speed
under lean mixture operation conditions. Thus, as shown in
Fig. 10, the BSHC emissions decreased with retarded natural gas
injection timing under low and part engine loads. However, the
similar variation is not observed under high load and it can be
explained by that the combustion temperature is high enough for
HC oxidation and the variation of natural gas injection timing
has no significant effects on accelerating natural gas flame propa-
gation under high engine load.

Formation of NO, emissions are directly related to the peak
temperature of combustion and in dual-fuel operation condition,
NO, emissions mainly come from the pilot diesel combustion.
Fig. 11 gives BSNO, emissions curves under different loads and
the results indicated that NO, emissions increased with retarded
natural gas injection timing under low and part engine loads while
slightly decreased under high load. This trend is in accordance with
HRR curves shown in Figs. 2-4. Retarded natural gas injection tim-
ing at low and part loads leads to more natural gas entrained in the
spray of pilot diesel and enhances the combustion of pilot diesel.
So NO, emissions are slightly deteriorated at low and part loads.
But under high loads, with retarded natural gas injection timing,
a stratified-like air-fuel mixture is produced in-cylinder and
over-rich regions are likely to be formed. As a result, the flame
development duration and CA50 are prolonged. More heat released
during expansion stroke and the combustion temperature is pro-
gressively decreased. Therefore, NO, emissions slightly decreased
with retarded natural gas injection timing at high loads.

Fig. 12 shows that PM emissions slightly increased with
retarded natural gas injection timing at low load. However, at part
and high loads, the PM emissions are near zero and seems insensi-
tive to the variation of natural gas injection timing. Generally
speaking, the value of the PM emissions are much lower all over
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Fig. 12. PM emissions (expressed in light absorption coefficient or K value) versus
natural gas injection timing under different loads.

the entire operation range compared with that in conventional die-
sel operation conditions. This is mainly due to the primary compo-
nent of natural gas is methane (CH4) which is a lower member in
the paraffin family, and has a smaller tendency to produce partic-
ulate matter [26]. Secondly, at low load, the flame development
duration reduced with retarded natural gas injection timing and
the diesel-air mixed is deteriorated. So PM emissions increased
with retarded natural gas injection timing [27].

4. Conclusions

The effects of natural gas injection timing on combustion per-
formance and emissions were experimentally investigated on a
four-cylinder, manifold sequential injection natural gas dual-fuel
engine and the results of the investigation are summarized as
following:

(1) An improvement in BTE under low and part engine loads is
achieved by employing later natural gas injection timing,
especially at low load. The maximum increase of BTE gets
up to 16% compared with the minimum one. Moreover,
under high engine load, the earlier natural gas injection tim-
ing should be adopted to get a better BTE. Additionally, with
increased engine loads, the BTE is consistently increased and
the highest BTE is obtained at earlier natural gas injection
timing under high load.

(2) Retarded natural gas injection timing under low and part
engine loads could enhance flame propagation and improve
natural gas combustion efficiency. Consequently, the flame
development duration and CA50 are reduced while the com-
bustion stability represented by CoVimep is slightly deterio-
rated. However, retarded natural gas injection timing
under high engine load has a negative impact on the com-
bustion performance.

(3) As far as emissions are concerned, BSCO and BSHC decreased
with retarded natural gas injection timing under low and
part engine loads. However, under high load, both BSCO
and BSHC are not significantly influenced by natural gas
injection timing variation. BSNO, emissions increased under
low and part engine loads while slightly decreased under
high loads with retarded natural gas injection timing. Addi-
tionally, the PM emissions are very low in dual fuel opera-
tion mode and near zero at high load. Overall, it is not
sensitive to natural gas injection timing except for a slightly
increased at low load.

(4) The combustion performance and emissions can be signifi-
cantly improved by adjusting natural gas injection timing
according to different operation conditions and it appears
that the optimum natural gas injection timing accompanied

with reasonable pilot injection parameters can be a potential
tool to improve dual-fuel engine combustion performance
and emissions.
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