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A B S T R A C T

The objective of this study is to investigate the effects of key factors related to pilot injection on the performance 
and exhaust emission characteristics of a Dual Fuel (DF) engine. To this end, combustion and exhaust data were 
obtained under variations in pilot injection timing, injection duration, injection pressure, and multi-stage in
jection strategies. The results showed that as the pilot injection timing was advanced, Indicated Mean Effective 
Pressure (IMEP) increased. However, when the pilot injection was advanced beyond Before Top Dead Center 
(BTDC) 16◦, IMEP no longer increased, and heat release characteristics caused by end-gas auto-ignition 
appeared. As the injection duration increased, IMEP increased linearly. When the injection pressure rose above 
1000 bar, fuel supply and spray penetration increased, and unlike the case of increased injection duration where 
only the pilot fuel quantity rose, end-gas auto-ignition occurred. In terms of exhaust emission characteristics, as 
the pilot injection timing was advanced, the injection duration lengthened, and the injection pressure increased, 
unburned methane emissions decreased while nitrogen oxide emissions increased. Among the multi-stage pilot 
injection strategies, the Pre 2nd Pilot showed the best performance, achieving the shortest combustion duration, 
highest IMEP, lowest Coefficient of Variation (COV) of IMEP, and a significant reduction in unburned methane, 
thereby recording the lowest greenhouse gas emissions. Although Nitrogen oxides (NOₓ) emissions increased due 
to higher combustion temperature and pressure, they remained relatively low compared to other conditions with 
similar greenhouse gas levels.

1. Introduction

The maritime industry is a critical sector responsible for over 80% of 
global trade-related logistics transportation, and it is known that approx
imately 99% of the energy used in this sector is derived from fossil fuels [1].

Furthermore, the International Maritime Organization (IMO) has 
projected that, in the absence of additional mitigation measures, carbon 
dioxide emissions from the shipping industry could increase by up to 
50% compared to 2018 levels [2]. The importance of reducing green
house gas emissions in the maritime industry continues to grow, and in 
response, the IMO reinforced its greenhouse gas reduction strategy 
originally announced in 2018 and reported the updated version in 2023. 

The revised strategy outlines specific targets: a minimum 40% reduction 
in carbon dioxide emissions per transport work by 2030, a 70% reduc
tion in total annual greenhouse gas emissions from international ship
ping compared to 2008 levels by 2040, and the achievement of carbon 
neutrality by 2050 [3].

The IMO's greenhouse gas regulations are being strengthened to 
achieve carbon neutrality, and in order to meet the upcoming 2030 
greenhouse gas reduction targets, specific mitigation measures were 
agreed upon at the 83rd session of the Marine Environment Protection 
Committee (MEPC), held in April 2025 [4,5].

Greenhouse gas reduction in the maritime sector is recognized as a 
critical issue not only by the IMO but also by the European Union (EU), 
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which is one of the leading entities in environmental regulation [6]. Ac
cording to the implementation plan of the EU Emissions Trading System (EU 
ETS), only carbon dioxide will be subject to regulation until 2025. However, 
starting in 2026, unburned methane primarily emitted from Liquified Nat
ural Gas (LNG)-powered vessels and nitrous oxide mainly emitted from 
ammonia-fueled ships will also be included in the scope of regulation [7].

As regulations to reduce greenhouse gas emissions from the shipping 
industry are being strengthened, interest is increasing in technologies 
that replace diesel fuel with alternative fuels. [8–10] Representative 
alternative fuels include LNG, methanol, ammonia, and hydrogen, each 
with distinct advantages and disadvantages.

Methanol has the advantage of being liquid at room temperature, 
making it easy to transport and store, but it has been reported to cause 
corrosion or wear of engine components [11,12]. Ammonia and hydrogen 
are carbon-free fuels that emit no carbon dioxide during combustion, 
making them essential fuels for achieving carbon neutrality in future in
ternal combustion engines. However, in the short term, due to insufficient 
infrastructure and technological maturity, they are difficult to use widely.

Lastly, LNG fuel contains carbon, which makes it less favorable than 
carbon-free fuels such as hydrogen or ammonia in terms of greenhouse 
gas reduction. Nevertheless, since the related infrastructure and tech
nology are already mature, LNG has attracted significant attention as a 
short-term means of reducing greenhouse gases. In this respect, LNG fuel 
is regarded as a practical short-term greenhouse gas reduction option 
that can be applied in the shipping industry.

However, LNG has a higher autoignition temperature and a slower 
flame speed than diesel, which can lead to flame quenching. As a result, 
a portion of the methane supplied to the engine combustion chamber 
may remain unburned and be released through the exhaust, a phe
nomenon known as methane slip.

Methane remains in the atmosphere for a relatively short period, but 
it has a strong greenhouse effect and is known to exert a much more 
powerful short-term warming impact than carbon dioxide. Based on the 
100-year time horizon of Global Warming Potential (GWP100), methane 
is estimated to have about 28 times the greenhouse effect of carbon 
dioxide. Consequently, mitigating methane slip in LNG engines is 
recognized as a key challenge for achieving substantial greenhouse gas 

reduction in LNG-powered vessels [13].
Fig. 1 illustrates the mechanisms of methane slip occurrence in LNG 

engines. Methane slip primarily results from unburned methane gener
ated during the flame quenching process and methane leakage into the 
exhaust during the scavenging process. The formation of unburned 
methane caused by flame quenching occurs in crevice volume regions, 
such as the bulk area inside the combustion chamber and the narrow 
spaces between the piston rings and the combustion chamber wall.

To reduce methane slip, LNG engine manufacturers are considering 
various methods, and the application of a methane oxidation catalyst can 
be regarded as one of the mitigation strategies. A methane oxidation 
catalyst can be applied not only to newly built ship engines but also to 
currently operating vessels with minimal engine modifications. However, 
there are several technical challenges associated with its implementation.

Methane is one of the more difficult substances to oxidize, requiring 
temperatures above 600 ◦C in the absence of a catalyst. Therefore, 
methane oxidation typically employs catalysts containing platinum 
group metals (PGMs), with platinum and palladium being the most 
widely used [17–19]. However, ensuring the durability of methane 
oxidation catalysts under the exhaust gas conditions of marine engines, 
which contain poisoning substances such as moisture and sulfur oxides, 
remains an important challenge. [17,20–24].

In addition to exhaust after-treatment devices such as methane 
oxidation catalysts, it is also possible to reduce methane slip generated 
during the combustion stage. For methane slip occurring during the 
scavenging process, reduction can be achieved by optimizing the intake 
and exhaust valve timing, by optimizing the timing of methane fuel 
injection into the intake manifold, or by directly injecting gas fuel into 
the combustion chamber [13,25]. Furthermore, methane slip caused by 
the crevice volume of the combustion chamber, such as piston rings and 
intake valve seats, can be reduced by decreasing the crevice volume of 
the engine combustion chamber. Even without reducing the crevice 
volume, it is known that optimizing the ignition timing can reduce the 
unburned mixture caused by the crevice volume [26].

Among the methane slip generated during the combustion stage, 
methane slip caused by flame quenching of the bulk charge accounts for 
the majority. Therefore, in order to suppress flame quenching of the bulk 

Fig. 1. Sources of methane slip in marine LNG engines [14–16].
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mixture, it is necessary to improve the reactivity of the mixture itself or to 
optimize the pilot fuel injection strategy to enhance flame propagation.

To reduce methane slip caused by flame quenching of the bulk 
charge, one method is to supply methane fuel mixed with hydrogen, 
which has a faster flame speed. Another method is to inject pilot fuel 
during the intake stroke so that it mixes well with the methane–air 
mixture, thereby enhancing the reactivity of the mixture [13,27–32].

The pilot fuel injection strategy has a significant influence on the 
combustion of the mixture. For smooth combustion of the mixture, an 
appropriate pilot injection strategy involving the timing and duration of 
pilot fuel injection is required. If the pilot injection timing is too early, 
the combustion pressure increases, and once the pressure exceeds a 
certain threshold, the fuel–air mixture around the periphery of the 
combustion chamber may auto ignite. In addition, when the injection 
timing is excessively advanced, the injected pilot fuel can mix with the 
surrounding mixture, leading to dilution of its concentration and a 
reduction in its effectiveness as an ignition source, which may result in 
misfiring. Conversely, excessively delayed pilot fuel injection timing is 
also known to cause misfiring [33,34].

It is also possible to reduce methane slip through the Reactivity 
Controlled Compression Ignition (RCCI) combustion strategy, and in the 
RCCI combustion mode, when the pilot injection is advanced beyond a 
certain threshold, the widely distributed diesel within the combustion 
chamber ignites simultaneously at multiple locations. This contributes 
to the reduction of methane slip and is also known to lower nitrogen 
oxide emissions [35–37].

The strategy of split pilot fuel injection has been reported to suppress 
the formation of unburned methane caused by flame quenching. 
Regarding the timing of split injection, when pilot fuel is injected early 
during the compression stroke and partially mixed with the fuel–air 
mixture, followed by a secondary injection, the resulting pilot flame 
distribution becomes broader compared to single injection. Increasing 
the mass fraction of the first injection has been shown to significantly 
reduce unburned methane near the cylinder walls [38,39].

In LNG marine engines, various methods have been attempted or 
studied to reduce unburned methane emissions. Approaches that require 
modifications to the combustion chamber geometry or the application of 
new devices can be applied to newly built LNG ship engines, but they are 
difficult to implement in existing LNG vessels already in operation. In 
contrast, adjustments to pilot injection strategies can be made without 
mechanical modifications, making them applicable to both newly 
manufactured engines and those currently in use, and thus represent a 
cost-effective method for reducing methane slip.

Although many researchers have studied unburned methane emis
sions under different pilot injection strategies, most analyses have 
focused on only one or two strategies distinct from conventional pilot 
injection. Therefore, this study analyzes the engine performance and 
exhaust emission characteristics, including methane slip, under three 
single pilot injection strategies and three split pilot injection strategies 
using a research single-cylinder dual-fuel (DF) engine platform. Through 
this analysis, the study aims to provide information on the effects of each 
pilot injection strategy on engine performance and emissions, while 
proposing pilot injection strategies that can reduce methane slip in 
LNG–Diesel dual-fuel engines with minimal side effects.

2. Experimental method

2.1. Engine test apparatus

The single-cylinder DF engine used in this study was constructed by 
modifying a commercial diesel engine. The combustion chamber shape 
of the original commercial diesel engine featured a “Re-entrant Type” 
bowl designed for diesel combustion, which presents disadvantages 
when performing dual-fuel combustion under conditions with a high 
methane energy ratio. Therefore, the piston bowl shape was redesigned 
with reference to the combustion chamber geometry of a medium-speed 

DF engine, and the compression ratio was adjusted to simulate the 
pressure and temperature conditions of the medium-speed DF engine's 
combustion chamber. The manufactured single-cylinder engine has a 
combustion chamber volume of 1133 cc and a compression ratio of 
17.15, with detailed specifications provided in Table 1.

The single-cylinder engine used in this study offers several advan
tages for combustion analysis compared to multi-cylinder engines. Inter- 
cylinder interference effects are eliminated, and auxiliary systems 
required for engine operation, such as cooling, lubrication, and fuel 
supply, are not driven by the engine. As a result, the operating condi
tions of these auxiliary systems do not affect engine performance, 
allowing combustion characteristics to be analyzed with greater 
precision.

Fig. 2 presents the schematic diagram of the single-cylinder engine 
used in the experiment, illustrating the equipment employed for engine 
operation and the interconnections between components. The single- 
cylinder engine was driven by a 55 kW DC motor dynamometer, 
which enabled precise control of engine load and rotational speed.

The intake air supplied to the engine was delivered as dry, particle- 
free air by compressing ambient air using an air compressor, followed by 
treatment through an air dryer and filter. The flow rate was regulated 
using a mass flow controller (MFC). An in-line heater was installed to 
control the intake air temperature. Additionally, a surge tank was 
incorporated to stabilize the supplied airflow and to minimize the 
impact of pulsations caused by the opening and closing of the intake 
valve on the intake pressure.

The gaseous fuel supplied to the engine was compressed methane 
with a purity of 99.95%. To maintain a stable supply pressure, four 47-l 
gas cylinders were connected in parallel. The gas was depressurized 
using a regulator and its temperature was controlled via an in-line heater 
before being delivered to the MFC. The methane discharged from the 
MFC was then supplied to a venturi mixer installed in the engine intake 
manifold, where it was uniformly blended with intake air prior to 
entering the combustion chamber.

Ultra-low sulfur diesel was used as the pilot fuel supplied to the 
engine, and a dedicated fuel pump system driven by an electric motor 
was employed for its delivery. The pressure of the supplied pilot fuel was 
regulated by controlling the duty cycles of the common rail pressure 
control valve and the high-pressure pump metering valve using a pulse- 
width modulation (PWM) method.

A solenoid-type diesel injector manufactured by Denso, equipped 
with a seven-hole nozzle, was used for pilot injection. The injection 
timing and duration were controlled using the CompactRIO system from 
National Instruments.

The in-cylinder combustion pressure was measured using a piezo
electric pressure sensor (model 6052C) from Kistler, while the intake 
and exhaust pressures were measured using pressure transducers. 
Detailed information related to the sensors used for combustion data 
acquisition is summarized in Table 2. Experimental data acquisition and 
analysis were conducted using a DAQ system provided by National 
Instruments.

Table 1 
Specifications of 1.1 L single cylinder Dual Fuel engine.

Item Specification

Bore (mm) 107
Stroke (mm) 126
Connecting Rod (mm) 200
Displacement Volume (cc) 1133
Compression Ratio 17.15
Intake Valve Open (degree) 343
Intake Valve Close (degree) 567
Exhaust Valve Open (degree) 136
Exhaust Valve Close (degree) 372
Injector hole Number 7
Injector hole diameter (mm) 0.174
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For exhaust gas analysis, two types of exhaust gas analyzers were 
used: the HORIBA VA-5000 and the GASMET GT-6000. The primary 
analysis of exhaust gas concentrations was based on data obtained from 
the GASMET GT-6000, which utilizes Fourier-transform infrared (FTIR) 
spectroscopy. The HORIBA VA-5000, which operates on the non- 
dispersive infrared (NDIR) principle, was used exclusively for real- 
time methane concentration monitoring at 0.5-s intervals and served 
to cross-validate the methane measurements from the GASMET GT- 
6000. Detailed specifications of both analyzers are provided in Table 3.

2.2. Combustion and exhaust data analysis method

Combustion results were calculated using in-cylinder pressure data 
measured by a piezoelectric pressure sensor. Since the piezoelectric 
pressure sensor cannot detect absolute pressure, the values from the 
intake pressure sensor, which can measure absolute pressure, were used 
to correct the zero reference of the in-cylinder pressure data. From the 
combustion chamber pressure data, combustion characteristics such as 

Fig. 2. Schematic diagram of engine experiment apparatus.

Table 2 
Specifications of the sensor used to measure engine combustion characteristics.

Instruments Item Specification

Piezoelectric pressure 
sensor 
(Kistler, 6052C)

Measuring range 0–300 bar.a
Linearity, all ranges 
(23◦) ≤ ± 0.5% of full scale

Intake air pressure sensor 
(Sensys, PTD)

Measuring range − 1–2 bar.g
Accuracy ±0.5% of full scale

Exhaust gas pressure sensor 
(Sensys, PTD)

Measuring range 0–10 bar.g
Accuracy ±0.5% of full scale

Intake air Mass Flow 
Controller 
(Teledyne Hasting, HFC- 
307B)

Measuring range 0–2000 SLPM

Accuracy ±0.5% of reading   
+ 0.2% of full scale

Methane Mass Flow 
Controller 
(Teledyne Hasting, HFC- 
303B)

Measuring range 0–100 SLPM

Accuracy
±0.5% of reading   
+ 0.2% of full scale

Exhaust gas temperature 
sensor 
(K-type thermocouple)

Measuring range 0–1000 ◦C

Accuracy
± 1.5◦C or ± 0.4% of 
reading

Engine Speed Sensor 
(Autonics, E50)

Maximum response 
frequency

300 kHz

Maximum response 
speed

50,000 RPM

Table 3 
Specifications of exhaust gas analyzer (HORIBA VA-5000 & GASMET GT-6000).

Item Specification

HORIBA 
VA- 
5000

Measurement 
principle

Non-dispersive  
infrared rays (NDIR)

Species CH4

Measurement 
range

0–3150 ppm

Linearity ±1.0% of full scale
Repeatability ±0.5% of full scale
Response time T90: 30 s
Drift (Zero & Span) ± 2.0%/week of F⋅S

GASMET 
GT- 
6000

Measurement 
principle

Fourier Transform  
Infrared spectroscopy (FTIR)

Species CH4, CO, CO2, NO, NO2, SO2, H2O

Measurement 
range

CH4: 0–20,000 ppm 
CO: 0–2000 ppm 
CO2: 0–10 vol% 
NO: 0–1000 ppm 
NO2: 0–1000 ppm 
SO2: 0–50 ppm 
H2O: 0–30 vol%

Zero-point drift < 2% of measuring range per zero-point 
calibration interval

Sensitivity drift None
Linearity deviation < 2% of measuring range

Temperature drift
< 2% of measuring range across long term 
operating temperature range
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the rate of heat release (ROHR), mass fraction burned (MFB), and 
indicated mean effective pressure (IMEP) were calculated, using the 
average in-cylinder pressure data over 100 cycles. In addition, to eval
uate combustion stability, IMEP was calculated for each of the 100 in
dividual cycles of in-cylinder pressure data, and the coefficient of 
variation of IMEP (IMEP COV) was determined. The uncertainty of the 
previously calculated average IMEP value was represented by the 
standard deviation of the 100 individual IMEP data points.

Emission results were calculated using data measured by an exhaust 
gas analyzer employing the Fourier Transform Infrared Spectroscopy 
(FTIR) method. The results were obtained as the average of exhaust gas 
data continuously measured at 30-s intervals for about 10 min, starting 
from the point when the concentration of emitted gases stabilized. 
Furthermore, the uncertainty of the measured exhaust gas data was 
represented by calculating the standard deviation of the exhaust gas 
data measured during the 10-min period.

In-cylinder temperature is one of the key factors influencing the 
formation of nitrogen oxides (NOₓ) and unburned hydrocarbons (UHC). 
However, direct measurement of this temperature is difficult. When 
thermocouples are used, only the temperature at a specific point inside 
the combustion chamber can be measured, and due to the time delay 
associated with heat transfer from the combustion gases to the ther
mocouple, it is challenging to capture the rapid temperature fluctuations 
caused by combustion.

Therefore, in this study, the bulk gas temperature inside the cylinder 
was calculated by constructing a 1D model of the experimental engine, 
as shown in Fig. 3, using the Three-Pressure Analysis (TPA) method 
provided by Gamma Technologies' GT-Power software.

The Three-Pressure Analysis (TPA) method uses measured intake 
pressure, exhaust pressure, and in-cylinder pressure from engine ex
periments to perform non-predictive combustion simulations based on 
the two-zone combustion concept, Woschni's heat transfer correlation, 
and chemical equilibrium calculations, thereby enabling the calculation 
of physical quantities that are difficult to measure experimentally. 
Model validation was performed by comparing the actual in-cylinder 
pressure with the pressure calculated through the Three-Pressure 
Analysis and confirming that the two results match. Fig. 4 shows that 
the experimental and analytical results match closely, confirming the 
accuracy of the constructed TPA model.

According to the Intergovernmental Panel on Climate Change (IPCC) 
report, carbon dioxide (CO₂) is the primary greenhouse gas contributing 
most to global warming. However, methane (CH₄), despite its shorter 
atmospheric lifetime, exhibits much stronger instantaneous radiative 
forcing per unit mass compared to CO₂. Based on the 100-year Global 
Warming Potential (GWP100), methane is known to have a greenhouse 
effect equivalent to about 28 times that of CO₂ [40].

To quantitatively assess the greenhouse effect of exhaust emissions 
under different engine operating conditions, the impact of unburned 
methane was converted into an equivalent CO₂ emission amount. This 
conversion was incorporated into the total greenhouse gas emission 
analysis. The calculation method for total greenhouse gas emissions, 
based on the exhaust gas flow rate ṁexh, is presented in Eq. 2.1. 

ṁGHG = ṁCO2 +28ṁCH4 = ṁexh[CO2] +28ṁexh[CH4] (2.1) 

2.3. Engine experimental conditions

To analyze the combustion and exhaust emission characteristics of a 
methane–diesel dual-fuel engine under applicable pilot injection stra
tegies, the controlled variables listed in Table 4 were selected. As 
mentioned earlier, the main cause of methane slip is flame quenching. 
To explore pilot injection strategies that can reduce methane slip by 
suppressing flame quenching, the following pilot injection strategies 
were included in the experimental conditions.

First, changes in pilot injection timing delay or advance the start of 
combustion, thereby altering the combustion phase, and the resulting 
combustion and exhaust characteristics were analyzed. In addition to 
changes in the combustion phase, the amount and distribution of 
injected pilot fuel can affect the distribution and intensity of the high 
temperature regions generated by pilot fuel ignition, which in turn can 
influence the combustion and ignition of the methane–air mixture. 
Therefore, to evaluate the combustion and exhaust characteristics ac
cording to the amount and distribution of injected pilot fuel, experi
ments were conducted under conditions of varying pilot injection 
duration, injection pressure, and multi-stage pilot injection. The specific 
manipulated values for each pilot injection strategy are presented in 
Table 5.

Pilot injection timing was based on a reference condition of injection 
at Before Top Dead Center (BTDC) 8◦, and a total of seven pilot injection 
timing conditions were tested. The experimental conditions for pilot 
injection duration were based on a reference condition of 0.33 ms, and a 
total of seven pilot injection duration conditions were tested.

Pilot injection pressure was set to a reference value of 600 bar, with 
five additional pressure levels tested, resulting in six pilot injection 
pressure conditions overall.

To analyze the combustion and exhaust gas characteristics of the DF 
engine when pilot fuel was injected in multiple stages, three types of 
multi-stage pilot injection strategies were applied: Post 2nd Pilot, Early 
2nd Pilot, and Pre 2nd Pilot. To make the supplied diesel amount similar 
between the multi-pilot injection condition and the single injection con
dition with a duration of 0.33 ms, the injection duration of the first and 
second injections in the multi-pilot injection was set equally to 0.27 ms.

Fig. 3. Three pressure analysis (TPA) model of the single-cylinder DF in GT-Power.

M. Jeong and S. Park                                                                                                                                                                                                                          Applied Thermal Engineering 306 (2026) 133111 

5 



The Post 2nd Pilot strategy involves an additional pilot injection 
after the reference injection timing. The Early 2nd Pilot strategy in
troduces an additional pilot injection immediately before the reference 
injection timing. The Pre 2nd Pilot strategy advances the additional pilot 
injection by more than 50 crank angles (CA◦) prior to the reference 
timing, injecting pilot fuel into the combustion chamber during the 
compression stroke well in advance.

The proportion of pilot fuel energy relative to the total fuel supplied 
to the combustion chamber under each pilot injection strategy is shown 
in Table 6 below.

Fig. 4. Comparison of averaged in-cylinder pressure obtained from simulation (TPA) and experimental measurements under varying pilot injection strategy: (a) pilot 
injection timing, (b) pilot injection duration, (c) pilot injection pressure, and (d) multiple pilot injections.

Table 4 
Controlled variables among the engine experimental conditions.

Experimental Conditions Description

Engine Speed (RPM) 950
Intake Methane Flow Rate (LPM) 29.5
Intake Air Temperature (◦C) 45.0
Coolant Temperature (◦C) 70.0
Oil Temperature (◦C) 70.0

Table 5 
Manipulated variables among the engine experimental conditions.

Experimental Conditions Description

Pilot Injection Timing  
(CA◦, BTDC)

− 2 0 4 8  
(Ref.)

12 16 20

Pilot Injection Duration (ms) 0.30 0.33 (Ref.) 0.36 0.40 0.45 0.50 0.55

Pilot Injection Pressure (bar) 500
600 
(Ref.) 700 800 1000 1450

Multi Pilot Injection  
(CA◦, BTDC)

Ref. Injection 8
Post 2nd Injection − 32 − 16 − 8 0
Early 2nd Injection 12 16 20
Pre 2nd Injection 60 80 100
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3. Results and discussion

3.1. Effect of pilot injection timing

In this study, to investigate the combustion and emission charac
teristics associated with pilot injection timing, experiments were con
ducted under a fixed lambda condition of 1.9. The pilot fuel quantity and 
injection pressure were held constant, while the injection timing was 
varied within a range of BTDC -2◦ to 20◦. Combustion behavior and 
exhaust emissions were measured across these conditions.

Fig. 5 presents the combustion pressure curves and heat release rates 
measured by varying the pilot fuel injection timing from BTDC − 2◦ to 
20◦, illustrating the influence of injection timing on combustion pressure 
and heat release characteristics. As shown in Fig. 5, advancing the pilot 
injection timing leads to an increase in peak heat release rate and 
combustion pressure.

As the pilot injection timing was advanced, notable changes were 
observed in the shape of the ROHR curve. When the pilot fuel was 
injected between BTDC -2◦ and 12◦, the ROHR curve exhibited a rapid 
rise immediately after pilot fuel ignition, followed by a gradual increase 
and a slow decline. This behavior indicates that the mixture surrounding 
the pilot flame combusted rapidly, resulting in a sharp increase in 
ROHR, and the subsequent combustion proceeded in a premixed mode, 
producing a gently sloping ROHR curve.

However, at more advanced injection timings of BTDC 16◦ and 20◦, 
the heat release rate (HRR) curve exhibited a clear two-stage rise. The 
first sharp increase was due to the ignition of the pilot fuel, while the 
second sharp increase occurred near TDC, which can be attributed to the 
autoignition of the methane–air mixture in the outer regions of the 
combustion chamber under high temperature and pressure conditions.

Fig. 6 illustrates the MFB profiles corresponding to various pilot fuel 
injection timings, providing a quantitative assessment of how injection 

timing influences the combustion progression rate. In the results for 
injection timings ranging from BTDC -2◦ to 12◦, combustion initiation 
occurs after TDC, and as the injection timing is advanced, the duration of 
CA10–90 shortens. This indicates that the combustion phase shifts closer 
to TDC, and compared to later injection conditions, flame propagation 
occurs under higher temperature and pressure conditions, thereby 
shortening the overall combustion duration.

From the point when the pilot injection timing reaches BTDC 16◦, 
combustion begins before TDC, and due to the autoignition of the 
mixture in the end-gas region, the combustion speed of the mixture is 
accelerated. As a result, the duration of the CA10–70 interval becomes 
significantly shorter than that of the CA70–90 interval.

Fig. 7 shows the IMEP and the IMEP COV as functions of pilot injection 
timing. In general, the crank angle at which 50% of the fuel mass is burned 
(CA50) is known to be an important parameter for converting the thermal 
energy generated from combustion into mechanical work [41].

According to the results in Fig. 7, as the pilot injection timing is 
advanced from BTDC -2◦ to 16◦, IMEP increases. However, when the 
injection timing is further advanced to BTDC 20◦, CA50 deviates from 
the optimal range, resulting in a decrease in IMEP.

In the case of IMEP COV, it shows a decreasing trend as the pilot 
injection timing is advanced. Yet, once the injection timing reaches 
BTDC 8◦, IMEP COV approaches about 2%, and further advancement 
does not lead to a noticeable reduction in combustion variability.

Fig. 8 shows the CO₂ emissions corresponding to various pilot injection 
timings. Fig. 9 presents the CH₄ emissions under the same conditions. 
Fig. 10 illustrates the results of converting methane emissions into CO₂- 
equivalent values based on their global warming potential (GWP).

Table 6 
Proportion of pilot fuel energy relative to the total fuel supplied to the combustion chamber under each pilot injection strategy.

Experimental Conditions Ratio of pilot fuel energy to total energy

Pilot Injection Timing  
(CA◦, BTDC)

5.1%

Pilot Injection Duration (ms)
0.30 0.33 0.36 0.40 0.45 0.50 0.55
3.7% 5.1% 6.3% 7.9% 10.8% 13.5% 16.3%

Pilot Injection Pressure (bar)
500 600 700 800 1000 1450
4.2% 5.1% 6.0% 7.2% 8.9% 13.1%

Multi Pilot Injection  
(CA◦, BTDC)

Ref. Injection 5.1%
Post 2nd Injection

4.9%Early 2nd Injection
Pre 2nd Injection

Fig. 5. Cylinder pressure and ROHR according to pilot injection timing.

Fig. 6. Comparison of Mass Fraction Burned according to pilot injection timing.
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According to the results shown in Fig. 8 and Fig. 9, the concentrations 
of CO₂ and CH₄ in the exhaust gas remained nearly constant up to the 
condition where the pilot injection timing was BTDC 12◦. When the 
timing was advanced beyond this point, autoignition of the mixture in the 
end-gas region caused the CH₄ concentration to decrease significantly, 
while oxidation of CH₄ led to a slight increase in CO₂ concentration.

On the other hand, the specific CO₂ emission and specific CH₄ 
emission, defined as the amount emitted per unit of engine output, 
decreased markedly as the pilot injection timing was advanced up to 
BTDC 12◦. In this range (BTDC -2◦ to 12◦), the concentrations of CO₂ and 
CH₄ in the exhaust gas remained nearly unchanged, but the increase in 
engine output reduced the specific emissions.

When the pilot injection timing was BTDC 20◦, the specific CO₂ 
emission increased due to the decrease in engine output, while the 
specific CH₄ emission decreased because the reduction in CH₄ concen
tration caused by autoignition of the mixture in the end-gas region was 
greater than the effect of the reduced engine output.

According to the results shown in Fig. 10, both the total greenhouse 
gas emissions and the specific emissions were lowest when the pilot 
injection timing was set to BTDC 20◦, with the specific emission recor
ded at 957 g/kWh. The trend in greenhouse gas emissions with respect 
to pilot injection timing closely resembled the variation in methane 
emissions presented in Fig. 8. The reason the greenhouse gas emission 
trend is similar to the methane emission trend is that methane has a 

global warming potential approximately 28 times greater than that of 
carbon dioxide.

Fig. 11 shows the calculated average combustion chamber tempera
ture according to pilot injection timing. The results indicate that as the 
pilot injection timing is advanced, the ignition timing of the air–fuel 
mixture also advances, leading to an earlier onset of temperature rise. 
When the temperature rises earlier in the cycle, the heat generated from 
combustion combined with the upward motion of the piston increases the 
pressure and further compresses the in-cylinder gases. This synergistic 
effect contributes to a higher average combustion chamber temperature.

Fig. 12 illustrates the concentration and specific emission of NOₓ in 
the exhaust gas as a function of pilot injection timing. The results show 
that both NOₓ concentration and specific emissions increase as the pilot 
injection timing is advanced. This trend is attributed to the rise in peak 
pressure and temperature within the combustion chamber as the injec
tion timing is advanced, which enhances thermal NOₓ formation re
actions and consequently increases NOₓ production.

3.2. Effect of pilot injection duration

In DF engines, combustion characteristics are known to vary 
depending on the mixing ratio of diesel and methane [42,43]. In this 
study, the effects of varying diesel pilot injection quantities, limited to no 
more than 10% of the total energy input, on the combustion and emission 

Fig. 7. IMEP & IMEP COV according to pilot injection timing.

Fig. 8. Carbon dioxide emission according to pilot injection timing.

Fig. 9. Methane emission according to pilot injection timing.

Fig. 10. Green House Gas emission according to pilot injection timing. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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characteristics of a DF engine were investigated. The supply of methane 
fuel was kept constant, while the pilot injection timing was fixed at BTDC 
8◦ and the injection pressure was maintained constant. The pilot injection 
duration was varied from 0.30 ms to 0.55 ms, and the corresponding 
combustion behavior and exhaust emissions were measured.

Fig. 13 presents the measured in-cylinder pressure and heat release 
rate according to pilot injection duration, illustrating the influence of 
increased pilot fuel quantity on combustion pressure and heat release 
behavior. As the pilot injection duration increases from 0.30 ms to 0.55 
ms, both the peak combustion pressure and the heat release rate rise 
accordingly.

This increase is attributed to the enhanced ignition energy resulting 
from the larger pilot fuel quantity, as well as the greater total energy 
supplied to the combustion chamber. The rise in ignition energy is evi
denced by the magnitude of the initial heat release peak associated with 
premixed combustion of the pilot diesel, as observed in the early phase 
of the heat release rate curve. However, no secondary peak in the heat 
release rate caused by the autoignition of the end gas was observed.

Fig. 14 illustrates the combustion mass fraction as a function of pilot 
injection duration. As the pilot fuel injection duration increases, the 
crank angle corresponding to CA10 indicative of ignition delay is 
observed to advance. A comparison between the conditions with a pilot 

injection duration of 0.30 ms and 0.55 ms reveals that the ignition 
timing advances by approximately 3 CA◦, indicating a reduction in 
ignition delay.

The CA10–70 interval, which represents the main combustion 
duration, was found to decrease as the pilot injection duration increased. 
A comparison between the conditions with a pilot injection duration of 
0.30 ms and 0.55 ms revealed that the CA10–70 interval was reduced by 
approximately 10 CA◦. This decrease was attributed to the increased 
pilot fuel quantity, which enhanced the ignition energy supplied to the 
methane–air mixture.

Fig. 15 presents the indicated IMEP and its IMEP COV as a function of 
pilot injection duration, providing insight into the impact of pilot fuel 
quantity on engine performance and combustion stability.

As the pilot injection duration increases, IMEP was observed to rise 
proportionally due to the increase in ignition energy supplied to the 
combustion chamber and the greater total fuel energy resulting from the 
increased pilot fuel quantity. A comparison between the conditions with 
a pilot injection duration of 0.30 ms and 0.55 ms revealed that IMEP 
increased by approximately 1.6 bar. In addition, as the pilot injection 
duration increased, ignition stability improved, resulting in a decrease 
in IMEP COV.

However, when the pilot injection duration exceeded 0.45 ms, no 
further reduction in IMEP COV was observed.

In Fig. 16, CO₂ emissions are shown to increase linearly with pilot 
injection duration. This trend is attributed to the rising proportion of 
diesel, which has a higher carbon content, among the total fuel supplied 
to the combustion chamber as the pilot fuel quantity increases. Specific 
CO₂ emissions decrease by approximately 10 g/kWh when the pilot in
jection duration increases from 0.30 ms to 0.36 ms, but from 0.36 ms to 
0.55 ms, specific CO₂ emissions are observed to rise gradually. However, 
since both engine output and CO₂ emissions increase simultaneously 
with longer pilot injection durations, the variation in specific CO₂ 
emissions remains relatively small.

In Fig. 17, the concentration of unburned methane in the exhaust gas 
shows little change when the pilot injection duration increases from 
0.30 ms to 0.36 ms. However, within the range of 0.40 ms to 0.55 ms, 
methane concentration decreases proportionally with increasing pilot 
injection duration. This trend is attributed to the enhanced ignition 
energy supplied to the methane–air mixture due to the increased diesel 
quantity, which reduces the occurrence of unburned methane caused by 
flame quenching. Moreover, the increase in pilot injection duration not 
only contributes to higher engine output but also mitigates flame 
quenching effects, thereby reducing specific methane emissions.

According to the results shown in Fig. 18, when the pilot injection 
duration increases from 0.30 ms to 0.40 ms, the effect of increased CO₂ 
emissions outweighs the reduction in unburned CH₄, leading to a rise in 
total greenhouse gas emissions. However, when the pilot injection 
duration is further extended from 0.40 ms to 0.55 ms, a significant 
reduction in unburned CH₄ emissions is observed, resulting in a decrease 
in total greenhouse gas emissions despite the continued rise in CO₂ 
emissions.

Fig. 19 presents the calculated average in-cylinder temperature as a 
function of pilot injection duration. The results indicate that while the 
timing of temperature rise remains unchanged with increasing pilot 
injection duration, the overall in-cylinder temperature increases. This 
phenomenon is attributed to both the greater total energy supplied to 
the combustion chamber and the accelerated combustion rate, which 
leads to a larger portion of the air–fuel mixture being burned when the 
piston is near TDC.

Fig. 20 shows the NOₓ concentration and specific emissions in the 
exhaust gas as a function of pilot injection duration. As the pilot fuel 
quantity increases, both NOₓ concentration and specific emissions were 
observed to rise simultaneously. This increase in NOₓ emissions is due to 
the elevated in-cylinder pressure and temperature resulting from the 
greater pilot fuel quantity, which promotes thermal NOₓ formation.

Fig. 11. Calculation results of average in-cylinder temperature according to 
pilot injection timing.

Fig. 12. NOx emission according to pilot injection timing.
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3.3. Effect of pilot injection pressure

In DF engines, pilot fuel injection pressure has been reported to in
fluence combustion performance and exhaust emissions. According to 
Liu et al., increasing the pilot injection pressure enhances the penetra
tion of diesel fuel within the combustion chamber, thereby improving 
the mixing between diesel and the in-cylinder gases. This leads to an 
advancement of CA50 and a reduction in ignition delay, along with a 
decrease in unburned hydrocarbon emissions [44].

In this study, the effects of pilot injection pressure on combustion and 
exhaust emission characteristics were analyzed. To independently iden
tify the influence of pilot injection pressure, the methane fuel supply, pilot 
fuel quantity, injection duration, and injection timing were kept constant, 
while only the injection pressure was varied from 500 bar to 1450 bar.

Fig. 21 shows the effects of varying the pilot injection pressure from 500 
bar to 1450 bar on in-cylinder pressure and HRR. The results indicate that as 

the pilot injection pressure increases, both combustion pressure and heat 
release rate. In addition, under conditions where the pilot injection pressure 
exceeds 1000 bar, a secondary peak in the heat release rate is observed.

Both an increase in pilot injection pressure and an increase in pilot 
injection duration result in a greater pilot fuel quantity. However, while 
the increase in pilot injection duration led to higher combustion pres
sure and heat release rate, it did not produce the second heat release 
peak associated with end-gas autoignition. Therefore, the second heat 
release peak observed under increased pilot injection pressure is 
attributable not merely to the increase in fuel quantity, but to the 
extended spray penetration caused by the higher injection pressure.

Fig. 22 was reconstructed based on the in-cylinder diesel fuel distri
bution images obtained from the study conducted by Federico et al., and 
this figure schematically illustrates how the distribution of injected fuel 
expands as pilot injection pressure increases [45]. As shown in the figure, 
the extension of pilot fuel penetration caused by higher injection pressure is 
presumed to promote the autoignition of end-gas.

Fig. 13. Cylinder pressure and ROHR according to pilot injection duration.

Fig. 14. Mass Fraction Burned according to pilot injection duration.
Fig. 15. IMEP & IMEP COV according to pilot injection duration.
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Fig. 23 shows the MFB profiles corresponding to various pilot in
jection pressures, and it was observed that as injection pressure in
creases, ignition delay decreases and the combustion rate accelerates.

As pilot fuel injection pressure increases, CA10 advanced. Specif
ically, when the injection pressure was raised from 500 bar to 1450 bar, 
CA10 advanced by approximately 5 CA◦. In addition, the combustion 
duration between CA10 and CA70 shortened with increasing injection 
pressure. When the pilot injection pressure increased from 500 bar to 
1450 bar, the CA10–70 interval decreased by about 11.5 CA◦, indicating 
a faster combustion rate under higher injection pressure conditions. This 
is presumed to be due to the increase in pilot fuel quantity and the 
deeper penetration of pilot fuel.

Fig. 24 shows the increase in IMEP and the decrease in IMEP COV 
with rising pilot injection pressure. This is presumed to be due to the 
increase in total fuel quantity and the faster combustion rate resulting 
from the higher pilot injection pressure.

Fig. 25 shows that the CO₂ concentration in the exhaust gas increases 
linearly with rising pilot injection pressure. This increase is due to the 
greater pilot fuel quantity resulting from higher injection pressure under 
a constant injection duration, which raises the proportion of diesel with 

Fig. 16. Carbon dioxide emission according to pilot injection duration.

Fig. 17. Methane emission according to pilot injection duration.

Fig. 18. Green House Gas emission according to pilot injection duration. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 19. Calculation results of average engine cylinder temperature according 
to pilot injection duration.

Fig. 20. NOx emission according to pilot injection duration.
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high carbon content in the total fuel supplied to the combustion cham
ber, thereby increasing CO₂ emissions. In addition, the specific CO₂ 
emissions did not change significantly as pilot injection pressure 
increased, since both CO₂ emissions and engine output rose simulta
neously, balancing the emission intensity.

Fig. 26 illustrates that the concentration of unburned CH₄ in the 
exhaust gas generally decreases with increasing pilot injection pressure. 
However, the rate of reduction varies depending on the pressure range. 
When the injection pressure increases from 500 bar to 800 bar, the 
decrease in methane concentration is relatively modest, whereas a more 
pronounced reduction is observed when the injection pressure exceeds 
1000 bar.

Under conditions where the pilot injection pressure exceeds 1000 
bar, the significant reduction in unburned CH₄ concentration appears to 
result from end-gas autoignition induced by the increased spray pene
tration length. This phenomenon suppresses the generation of unburned 
CH₄ near the cylinder wall region caused by flame quenching.

Fig. 21. Cylinder pressure and ROHR according to pilot injection pressure.

Fig. 22. Schematic diagram of diesel fuel distribution according to pilot in
jection pressure.

Fig. 23. Mass Fraction Burned according to pilot injection pressure.

Fig. 24. IMEP & IMEP COV according to pilot injection pressure.
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Fig. 27 presents the greenhouse gas emissions as a function of pilot 
injection pressure, showing that total greenhouse gas emissions first 
increase and then decrease as injection pressure rises. When the pressure 
increases from 500 bar to 800 bar, the rise in CO₂ emissions due to 
increased pilot fuel quantity outweighs the reduction in unburned 
methane, leading to higher greenhouse gas emissions.

However, when the pressure exceeds 1000 bar, the reduction in CH₄ 
emissions has a greater impact on greenhouse gas emissions than the 
increase in CO₂ emissions, resulting in a decrease in total greenhouse gas 
output. In terms of specific greenhouse gas emissions, a consistently 
decreasing trend was observed with increasing pilot injection pressure.

In this study, the injection duration was fixed while the injection 
pressure was increased, and the performance and greenhouse gas 
emissions were analyzed according to the injection pressure.

Therefore, since higher injection pressure increases the penetration 
depth of the pilot fuel while simultaneously changing the pilot injection 
quantity, it is necessary to distinguish whether the achievement of lower 
unburned methane emissions and greenhouse gas emissions at higher 
pilot injection pressure is due to the change in penetration depth of the 
pilot fuel or due to the increase in pilot injection quantity.

Fig. 28 shows the comparison of unburned methane emission con
centration and greenhouse gas reduction per injection quantity resulting 
from increased pilot injection duration and increased injection pressure. 
According to Fig. 28 (a), Increasing injection pressure reduces more 

unburned methane per unit increase in injection quantity compared to 
extending the injection duration. Furthermore, according to Fig. 28 (b), 
even when considering the IMEP increase caused by the rise in pilot 
injection quantity, it is still confirmed that increasing injection pressure 
achieves a greater reduction in greenhouse gases relative to the increase 
in injection quantity.

These results suggest that, in terms of greenhouse gas reduction 
through unburned methane reduction, the penetration depth of pilot 
fuel is more important than simply increasing the pilot injection 
quantity.

Fig. 29 presents the calculated average temperature within the 
combustion chamber as a function of pilot injection pressure. The results 
indicate that while the timing of temperature rise remains largely un
changed with increasing injection pressure, the overall chamber tem
perature increases. This temperature elevation is attributed to the 
greater total energy supplied to the combustion chamber due to 
increased pilot fuel quantity, as well as the advancement of the com
bustion phasing, which causes the mixture to ignite closer to TDC, 
thereby raising in-cylinder temperatures.

Fig. 30 shows the NOₓ concentration and specific emissions in the 
exhaust gas as a function of pilot injection pressure, and it was observed 
that both NOₓ concentration and specific NOₓ emissions increase as 
injection pressure rises. This trend is attributed to the increase in in- 
cylinder temperature and pressure caused by higher pilot injection 
pressure, which promotes thermal NOₓ formation.

3.4. Effect of Multi-stage pilot injection

In this study, Multi pilot injection was implemented by introducing 
an additional pilot injection before or after the baseline injection timing, 
which was set at BTDC 8◦. When the additional injection was performed 
after the baseline timing, it was designated as “Post 2nd pilot injection.” 
If the additional injection occurred earlier than the baseline, specifically 
between BTDC 12◦ and BTDC 20◦, it was referred to as “Early 2nd pilot 
injection.” Likewise, when the additional injection was introduced 
significantly earlier, between BTDC 60◦ and BTDC 100◦, it was termed 
“Pre 2nd pilot injection.” The combustion and exhaust emission results 
obtained from the dual pilot injection configurations were compared 
with those from the “Single Injection” case, in which only one pilot in
jection was performed at BTDC 8◦.

Fig. 31 compares the in-cylinder pressure and heat release rate be
tween the single pilot injection strategy and the post pilot injection 
strategy. The results show that both combustion pressure and heat 
release rate under the post 2nd pilot injection condition are lower than 

Fig. 25. Carbon dioxide emission according to pilot injection pressure.

Fig. 26. Methane emission according to pilot injection pressure.

Fig. 27. Green House Gas emission according to pilot injection pressure. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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those observed with the single pilot injection at the Ref timing, and the 
negative combustion characteristics of the “Post 2nd Injection” strategy 
appear to be caused mainly by two factors.

First, the pilot fuel quantity is divided into two injections, reducing 
the amount of fuel in the initial pilot responsible for ignition. As a result, 
the number of diesel flame kernels initiating the combustion of the 
methane–air mixture decreases, leading to a slower pressure rise and 
reduced heat release rate.

Second, the pilot fuel injected after the first pilot injection is intro
duced into a combustion mixture that is hot but has a low oxygen con
centration, and therefore fails to combust properly, resulting in little 
meaningful contribution to the overall combustion process.

Fig. 32 compares the in-cylinder pressure and heat release rate be
tween the single pilot injection strategy and the early 2nd pilot injection 
strategy, in which an additional pilot injection is introduced prior to the 
reference injection timing (Ref). When the early 2nd pilot injection is 
performed ahead of the Ref timing, ignition of the methane–air mixture 
is initiated by the preceding pilot. It was observed that advancing the 
early 2nd pilot injection timing leads to an earlier onset of combustion.

As the ignition timing of the methane–air mixture advances, both the 
combustion pressure and heat release rate increase. Notably, when the 
early 2nd pilot injection is performed at BTDC 16◦ and 20◦, a distinct 

Fig. 28. Comparison of (a) unburned methane emission concentration and (b) greenhouse gas reduction relative to pilot fuel injection quantity under strategies of 
increased injection duration and increased injection pressure.

Fig. 29. Calculation results of average engine cylinder temperature according 
to pilot injection pressure.

Fig. 30. NOx concentration according to pilot injection pressure.
Fig. 31. Cylinder pressure and ROHR according to the multi-stage pilot in
jection strategy (Post 2nd Pilot Injection).
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heat release peak caused by end-gas autoignition appears in the heat 
release rate profile, consistent with the behavior observed in Fig. 5
under the same injection timings.

Fig. 33 compares the in-cylinder pressure and heat release rate be
tween the single pilot injection strategy and the pre 2nd pilot injection 
strategy. In terms of heat release characteristics, the single pilot injec
tion strategy shows a broad and low-intensity heat release profile. In 
contrast, the pre 2nd pilot injection strategy shows a narrow and high- 
intensity heat release profile.

In addition, a distinct difference was observed in the timing of heat 
release onset between the reference injection condition and the strategy 
involving pre 2nd pilot injection followed by ignition through pilot in
jection at BTDC 8◦. Under the single pilot injection strategy, a heat release 
peak appears due to pilot diesel ignition, followed by a heat release curve 
associated with the combustion of the methane–air mixture.

However, when the pre 2nd pilot injection is performed and ignition 
occurs with the subsequent injection at BTDC 8◦, the heat release rate 
rises sharply immediately after the BTDC 8◦ injection, and the onset of 
heat release is advanced.

Fig. 34 is a reconstructed image based on the CFD-calculated in- 
cylinder temperature distribution results from studies conducted by 
Mustafa et al. and Amin et al. on situations where pilot fuel is divided 
into two injections [38,46].

When pilot fuel is pre-injected and subsequently ignited by the later 
pilot injection, as shown in the figure, the pre-injected fuel does not 
ignite immediately but reaches the cylinder wall, and is then presumed 
to combust following the ignition of the later pilot fuel.

As a result, a wide high-temperature region is formed from the cyl
inder center to the wall, which is estimated to accelerate the combustion 
of the methane–air mixture and reduce unburned methane.

Fig. 32. Cylinder pressure and ROHR according to the multi-stage pilot injection strategy (Early 2nd pilot Injection).

Fig. 33. Cylinder pressure and ROHR according to the multi-stage pilot injection strategy (Pre 2nd Pilot Injection).
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Fig. 35 presents the combustion mass fraction profiles under various 
pilot injection strategies, enabling a more quantitative assessment of 
ignition delay and combustion rate. In the case of the post 2nd pilot 
strategy, both the ignition delay and the CA10–70 duration was the 
longest among the tested conditions. Notably, the CA10–70 phase 
accounted for approximately 50% of the total combustion duration 
(CA10–90), representing the highest proportion observed.

Under the post 2nd pilot strategy, the methane–air mixture is ignited 
by the pilot fuel injected at BTDC 8◦, while the subsequently injected pilot 
fuel does not contribute meaningfully to the combustion process, as pre
viously discussed in Fig. 31. Consequently, the effective ignition energy 
supplied to the mixture is lower than that of the single injection strategy, 
resulting in a delayed CA10 and an extended CA10–70 duration.

Conversely, the pre 2nd Pilot strategy in Fig. 35 exhibited a signifi
cantly shorter CA10–70 duration less than CA10◦ indicating a much 
faster combustion rate. The ignition delay following the pilot injection at 
BTDC 8◦ was also reduced to below 8 CA◦.

Fig. 36 presents a comparison of the IMEP and its IMEP COV between 
the multi-stage pilot injection strategy and the single pilot injection 
strategy.

In Fig. 36, generally exhibited lower IMEP and higher IMEP COV 
compared to the single pilot injection strategy. Furthermore, as the timing 
of the additional pilot injection was delayed, IMEP decreased while IMEP 
COV increased. This is because, after the methane–air mixture is ignited by 

the pilot fuel injected at BTDC 8◦, the combustion of the subsequently 
injected diesel fuel becomes incomplete or inefficient.

The early 2nd pilot strategy showed higher IMEP and lower IMEP 
COV compared to the single pilot injection strategy. This is because the 
ignition of the mixture was initiated by the pilot fuel injected earlier 
among the two pilot injections, causing the combustion phase to 
advance. However, it was found that as the timing of the additional pilot 
fuel injection was further advanced, the IMEP decreased.

The pre 2nd pilot strategy recorded the highest IMEP and the lowest 
IMEP COV among all injection strategies. This is attributed to the simulta
neous ignition of the pre-injected pilot fuel and the pilot fuel injected at 
BTDC 8◦, which enhances combustion stability and increases combustion 
speed.

Additionally, when the pre 2nd pilot strategy was applied, a decreasing 
trend in IMEP was observed as the timing of the additional pilot injection 
was further advanced. This is presumed to result from the fact that as the 
pre 2nd pilot injection timing is advanced, the pre-injected pilot fuel be
comes diluted with the mixture before ignition occurs by the pilot injection 
at BTDC 8◦, thereby forming a weaker ignition kernel.

In Fig. 37 and Fig. 38, for the post 2nd pilot strategy, the concen
trations of CO₂ and CH₄ hardly changed depending on the timing of the 
additional pilot injection. However, as the timing of the additional pilot 
injection was delayed, the specific CO₂ emissions and specific CH₄ 
emissions tended to increase. This appears to be because the concen
tration of the two components in the exhaust gas remained relatively 

Fig. 34. Conceptual diagram of ignition process: Multi-stage pilot injection (pre 2nd pilot & ref-pilot).

Fig. 35. Mass Fraction Burned according to the multi-stage pilot injec
tion strategy.

Fig. 36. IMEP & IMEP COV according to the multi-stage pilot injec
tion strategy.
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constant, but the output decreased due to the delayed injection timing, 
thereby increasing the specific emissions. As a result, in Fig. 36, the post 
2nd pilot strategy generally recorded higher greenhouse gas emissions 
among the three multi-stage pilot injection strategies.

In Fig. 37and Fig. 38, for the early 2nd pilot strategy, as the timing of the 
additional pilot injection was advanced, the CO₂ concentration increased 
and the CH₄ concentration decreased. This is because, as the timing of the 
additional pilot injection was advanced, the pressure and temperature in 
the combustion chamber increased, and autoignition occurred in the end- 
gas region, thereby oxidizing more unburned CH₄ into CO₂.

Moreover, since the magnitude of increase and decrease in the con
centrations of the two components according to the timing of the 
additional pilot injection was greater than the change in engine output, 
the specific CO₂ emissions increased and the specific CH₄ emissions 
decreased. As a result, in Fig. 39, the early 2nd pilot strategy recorded 
950 g/kWh of greenhouse gas emissions when the additional pilot in
jection was performed at BTDC 20◦.

In Fig. 37 and Fig. 38, for the pre 2nd pilot strategy, the CO₂ con
centration in the exhaust gas was the highest and the CH₄ concentration 
was the lowest among all multi-stage pilot injection strategies. This is 
presumed to be because the pilot fuel injected in advance and the pilot 
fuel injected at BTDC 8◦ ignited simultaneously, forming widely 
distributed ignition kernels in the combustion chamber, which effec
tively oxidized the unburned CH₄.

Furthermore, in the case of applying the pre 2nd pilot strategy, when 
the additional pilot injection was introduced at BTDC 60◦ and BTDC 80◦, 
both the specific CO₂ emissions and specific CH₄ emissions were lower 
than those of other multi-stage pilot injection strategies. These results 
are because the pre 2nd pilot strategy produced higher output and lower 
specific unburned CH₄ emissions compared to other multi-stage pilot 
injection strategies. As a result, in Fig. 39, the pre 2nd pilot strategy 
recorded 765 g/kWh of greenhouse gas emissions when the additional 
pilot injection was performed at BTDC 60◦, which is the lowest green
house gas emission value among all pilot injection strategies.

Fig. 40 presents the calculated average in-cylinder temperature 
under the post 2nd pilot multi-stage pilot injection strategy. As shown, 
the average temperature begins to rise following the onset of combus
tion of the methane–air mixture at BTDC 8◦. However, as the timing of 
the additional pilot injection is further retarded, the average tempera
ture tends to decrease.

This trend is attributed to the fact that delayed pilot injections occur 
under conditions of reduced oxygen concentration within the combustion 
chamber. Consequently, the combustion of the additionally injected diesel 
fuel becomes less effective, leading to a lower overall temperature rise.

Fig. 41 presents the calculated average in-cylinder temperature 

Fig. 37. Carbon dioxide emission according to the multi-stage pilot injec
tion strategy.

Fig. 38. Methane emission according to the multi-stage pilot injection strategy.

Fig. 39. Green House Gas emission according to the multi-stage pilot injection 
strategy. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 40. Calculation results of average engine cylinder temperature according 
to the multi-stage pilot injection strategy (Post 2nd Injection).
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under the early 2nd pilot strategy. The results indicate that as the timing 
of the additional pilot injection is advanced, the onset of temperature 
rise occurs earlier, and the peak in-cylinder temperature increases 
correspondingly.

Fig. 42 presents the calculated average in-cylinder temperature 
under the pre 2nd pilot strategy. The results indicate that advancing the 
timing of the additional pilot injection leads to a reduction in peak in- 
cylinder temperature.

This phenomenon is presumed to occur because when the pilot fuel is 
injected as early as BTDC 100◦, it undergoes significant diffusion before 
being ignited by the pilot fuel injected at BTDC 8◦.

Fig. 43 presents the concentration and specific emissions of NOₓ in 
the exhaust gas under various multi-stage pilot injection strategies. 
When the post 2nd pilot strategy was applied, both the NOₓ concen
tration and specific emissions were lower compared to other pilot in
jection strategies. This reduction is attributed to the relatively weak 
ignition energy provided by the pilot injection, which leads to slower 
combustion and consequently lower in-cylinder temperatures conditions 
that suppress the formation of thermal NOₓ.

Under the early 2nd pilot strategy, Fig. 43 shows that both the 
concentration and specific emissions of NOₓ in the exhaust increase 
sharply as the timing of the additional pilot injection is further 
advanced. This trend corresponds with the results in Fig. 41, which 
indicate that advancing the pilot injection timing leads to a rise in peak 
in-cylinder temperature and prolongs the duration of elevated com
bustion chamber temperatures. These thermal conditions promote the 
formation of thermal NOₓ, resulting in higher NOₓ emissions.

Under the pre 2nd pilot strategy, Fig. 43 shows that both the con
centration and specific emissions of NOₓ in the exhaust decrease as the 
timing of the additional pilot injection is further advanced. This trend 
corresponds with the results in Fig. 40, which indicate that advancing 
the pilot injection timing leads to a reduction in peak in-cylinder tem
perature, thereby suppressing the formation of thermal NOₓ.

Notably, in the pre 2nd pilot strategy, when the additional injection 
was carried out at BTDC 60◦, the peak in-cylinder temperature was 
approximately 1160 ◦C, which is similar to that observed in the early 
2nd pilot strategy with injection at BTDC 20◦. However, in the latter 
case, the NOₓ concentration and specific emissions were significantly 
higher. This is presumed to be because, although the peak in-cylinder 
temperatures under both conditions are similar, in the early 2nd pilot 
strategy with additional injection at BTDC 20◦, the combustion chamber 
gases remained at high temperature for a longer duration.

4. Conclusions

The objective of this study is to investigate the effects of factors 
related to pilot injection on the performance and exhaust emissions of a 
DF engine. To this end, combustion and exhaust data were obtained 
under variations in pilot injection timing, injection duration, injection 
pressure, and multi-stage injection strategies. The main conclusions 
derived from these results are summarized as follows: 

1. Within the experimental conditions, when the pilot injection timing 
was advanced, output increased and unburned methane decreased, 
while nitrogen oxides tended to rise. When the pilot injection timing 
was advanced beyond BTDC 16◦, end-gas autoignition occurred. The 
pilot injection timing conditions at which end-gas autoignition 
occurred showed lower greenhouse gas emissions compared to other 
pilot injection timing conditions. End-gas autoignition has a positive 
effect in terms of unburned methane oxidation, but it is generally 
known as an abnormal combustion phenomenon. Therefore, for 
application to actual engines, considerations regarding engine 
durability as well as noise and vibration caused by end-gas auto
ignition are required.

Fig. 41. Calculation results of average engine cylinder temperature according 
to the multi-stage pilot injection strategy (Early 2nd Injection).

Fig. 42. Calculation results of average engine cylinder temperature according 
to the multi-stage pilot injection strategy (Pre 2nd Injection).

Fig. 43. NOx emission according to the multi-stage pilot injection strategy.
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2. When the pilot injection duration increased, the amount of pilot fuel 
supplied to the combustion chamber also increased, resulting in 
faster combustion speed, but end-gas autoignition did not occur. 
When the pilot injection duration was between 0.30 ms and 0.40 ms, 
greenhouse gas emissions increased in proportion to the injection 
duration, but when the duration exceeded 0.40 ms, greenhouse gas 
emissions decreased.

3. When the pilot injection pressure increased, not only did the amount 
of fuel supplied increase, but the spray penetration length was also 
extended. This induced combustion behavior is different from simply 
increasing the pilot injection quantity, and end-gas autoignition was 
observed under pilot injection pressure conditions above 1000 bar. 
Under these conditions, unburned methane was significantly 
reduced.

4. Multi-stage pilot injection tests were conducted under three cate
gorized conditions, and the greenhouse gas reduction effects of each 
strategy are as follows: 

Post 2nd Pilot: Since injection occurred after combustion had 
already started, the combustion of the additional fuel was incom
plete, and no meaningful improvement in methane reduction was 
observed. 

Early 2nd Pilot: Combustion was initiated by the earlier of the 
two pilot injections, resembling the case of advancing a single pilot 
injection timing. As the timing of the earlier pilot injection was 
advanced, greenhouse gas emissions decreased. 

Pre 2nd Pilot: Among all pilot injection strategies, it generally 
recorded relatively low greenhouse gas emissions and high output. 
This is presumed to be because the pre-injected pilot fuel did not 
ignite immediately but mixed with the air–methane mixture and 
ignited almost simultaneously with the pilot fuel injected at BTDC 8◦, 
forming widely distributed ignition kernels inside the combustion 
chamber, thereby reducing flame quenching and increasing com
bustion speed.
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