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H I G H L I G H T S

• Compression ignited heavy-duty optical engine operated in dual-fuel mode.• Second derivative analysis, a novel method to identify dual-fuel combustion stages.• Increasing pilot ratio or methane equivalence ratio increases locally fuel-rich zones.• Overlapping of all three combustion stages at high-load (rich) conditions.• Transition of HRR curve from multi-peak (M-shaped) to quasi-single peak (bell-shaped).
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A B S T R A C T

A single-cylinder heavy-duty optical engine is used to characterize dual-fuel (DF) combustion. In experiments,
methane is applied as the main fuel while directly injected pilot diesel ignites the premixed methane-air mixture
close to the top-dead center (TDC). In the present study, diesel-methane DF combustion is analyzed as a function
of (1) the methane equivalence ratio, (2) initial charge temperature, and (3) the quantity of pilot diesel.
Experiments are conducted at 1400 rpm and a load of 9–10 bar IMEP, and DF combustion is visualized in the
engine through Bowditch-designed optical access. Meanwhile, a high-speed camera records temporally resolved
natural luminosity (NL) color images of the combustion event. The results of the study suggest that DF com-
bustion based on the apparent heat release rate (HRR) data consists of three overlapping combustion stages,
where the level of overlap depends on mixture fractions of both pilot-diesel and methane in the in-cylinder
charge. The stages are identified by analyzing the second derivative of HRR data. The study revealed that during
the first stage, most of the pilot diesel burns in the premixed mode, and that the ignition delay time (IDT) directly
influences the burnt charge mixture fraction of pilot diesel and entrained premixed methane-air mixture. In
addition, the first-stage combustion is visualized as initial flame kernels originating from pilot-diesel sprays. IDT
is found to be especially sensitive to the methane equivalence ratio and initial charge temperature. Furthermore,
the concentration of methane and the quantity of pilot diesel in the charge distinctively influence combustion
duration trends.

1. Introduction

Internal combustion engines (ICE) constitute a considerable portion
of transportation and power generation sectors, consuming a vast
amount of fossil fuels. ICEs alone consume about 70% of the world’s
daily crude oil demand [1–3], which is a major concern due to harmful
emissions, such as nitrogen oxides (NOx), particulate matter (soot) and
carbon dioxide (CO2) [4–7]. In recent years, research and development
to mitigate engine-out emissions has adopted alternative fuels, shifting
to promising combustion technologies [1,8,9]. The dual-fuel (DF)

combustion concept is a favorable strategy for adopting alternative
fuels or natural gas (NG) into conventional diesel engines in order to
achieve substantial reductions in emissions of CO2, NOx and soot. DF
engines using NG provide targeted performance with high efficiencies
comparable to existing diesel engines [10–12]. Methane, which is the
main constituent of NG, is a clean burning fuel and inherently produces
low CO2 due to its low carbon content. DF engines combine the attri-
butes of compression-ignited (CI) and spark-ignited (SI) combustion
processes by adopting two fuels of different reactivity. In DF engines, a
premixed mixture of air and low-reactivity fuel (methane), which is
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