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ARTICLE INFO ABSTRACT

Keywords: The effects of intake air conditions and micro-pilot injection timing on the characteristics of micro-pilot dual fuel
Micro-pilot dual fuel combustion were examined to enhance the combustion stability in marine engines. A minimum amount of diesel
Misfiring

fuel was injected as the ignition source, and most of the fuel energy was obtained from methane gas. First, the
intake air flow rate was varied. In addition, the methane gas flow rate and micro-pilot injection timing were
changed depending on the intake air flow rate. Second, the micro-pilot injection timing was varied under intake
air temperatures of 35 °C and 55 °C. The intake air and methane gas flow rates were maintained. Results
indicated that increasing the intake air and methane gas flow rates promoted autoignition in the end-gas region.
Nevertheless, the standard deviation of the peak cylinder pressure was within 3.1 bar. Under the intake air
temperature of 35 °C, advancing and retarding the micro-pilot injection led to misfiring, which increased the
standard deviation of the peak cylinder pressure to 10.2 bar and 9.6 bar, respectively. Knocking combustion was
occurred when the micro-pilot injection was retarded under the intake air temperature of 55 °C. This phe-
nomenon increased the standard deviation of the peak cylinder pressure to 6.9 bar. Premixed ignition in the end-
gas region combustion corresponded to the optimal engine operating conditions for marine engines because of
the low combustion variation even under high cylinder pressures of approximately 170 bar to 220 bar. However,
high NOx emissions occurred under these conditions.

Knocking combustion
Combustion variation
Operating parameters

Australia, and east Asia [7]. Many studies have been performed to
address the strengthened regulations. An effective solution is the use of
natural gas for marine engines. Natural gas mostly consists of methane
(CH4) gas [8]. CH4 gas, which has the lowest carbon number among the
hydrocarbon fuels and a simpler molecular structure, corresponds to a
smaller amount of SOx and PM emissions. Furthermore, CH4 gas and air
form a homogeneous mixture, which leads to low-temperature com-
bustion [9]. Consequently, the amount of NOx emissions, mainly
generated by diffusion combustion, is dramatically decreased [10]. To
effectively use CH4 gas in marine engines, various dual fuel combustion
technologies have been researched. Among these technologies, the focus
of this study is micro-pilot dual fuel (MPDF) combustion. In dual fuel
combustion, the characteristics of fuels determine the fuel supply
method and purpose [11]. An extremely small amount of highly reactive
fuel (diesel fuel) is directly injected into the combustion chamber during
the compression stroke and used as an ignition source. Moreover, a large
amount of gaseous fuel, which has low reactivity, is supplied to the
engine through the intake port as a primary energy source. In MPDF

1. Introduction

Compression ignition (CI) engines based on diesel fuel generate
considerable power and exhibit a high efficiency owing to the applica-
tion of a high compression ratio and turbocharger [1-3]. Therefore, CI
engines have been widely applied in various industrial fields. CI engines
are essential for the propulsion of large vessels that require the gener-
ation of stable and high engine power. However, the harmful materials
generated by CI engines have emerged as global issues in recent decades.
In particular, owing to the use of low-quality fuels such as heavy fuel oil
(HFO) and marine diesel oil (MDO) in marine engines, a large amount of
nitrogen oxides (NOx), sulfur oxides (SOx), and particulate matter (PM)
is produced [4-6]. To alleviate the problems caused by such emissions,
the International Maritime Organization (IMO) has established emis-
sions regulations for vessels, which mainly restrict the NOx emissions
and sulfur concentration in fuels [6,7]. Moreover, the emission control
area (ECA) is being planned to be expanded to the Mediterranean,
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Nomenclature HFO Heavy fuel oil
IMO International Maritime Organization
Abbreviations IMEP Indicated mean effective pressure
aSOE After start of energization LHV Lower heating value
aTDC After top dead center MDO Marine diesel oil
bTDC Before top dead center MFB Mass fraction burned
CA Crank angle MP Micro-pilot
CH4 Methane MPDF  Micro-pilot dual fuel
CoHg Ethane NOx Nitrogen oxides
CsHg Propane PM Particulate matter
C4H;o  Butane PREMIER Premixed mixture ignition in the end-gas region
CI Compression ignition RPM Rotate per minute
CO, Carbon dioxide SI Spark ignition
ECA Emission control area SOx Sulfur oxides
EGR Exhaust gas recirculation TDC Top dead center
H, Hydrogen THC Total hydrocarbon
by knocking combustion. Kawahara et al. [19] performed optical engine
Table 1 experiments to verify the differences between PREMIER and knocking

Specifications of engine and fuels [26].

Item Description

Engine type Compressed ignition

Compression ratio 17.0

Bore (mm) 107

Stroke (mm) 126

Connecting rod (mm) 200

Displacement volume (L) 1.1

Number of injector nozzle holes 7

Nozzle hole diameter (mm) 0.174

Autoignition point of fuels (°C) 210 (Diesel) 358 (CHy)
LHV of fuels (MJ/kg) 45.4 (Diesel) 55.6 (CHy4)

combustion, the fuel energy is mainly extracted from the gaseous fuel,
and thus, this combustion method can effectively satisfy the emissions
regulations.

Nevertheless, MPDF combustion involves high cycle-to-cycle varia-
tion compared with conventional CI engines that mainly use diesel fuel.
This high cycle-to-cycle variation can be attributed to two factors. First,
the presence of turbulent flow increases the combustion variation in
MPDF combustion. Because an extremely small amount of diesel fuel is
used in MPDF combustion, premixed combustion occurs in a dominant
manner. As in the case of spark ignition (SI) engines, the turbulent flow
randomly affects the flame propagation speed, leading to high cycle-to-
cycle variation [12]. Choi et al. [13] investigated the effects of turbulent
flow on dual fuel combustion variation under different fuel mixture
ratios. The authors noted that as the gaseous fuel mixture ratio increases,
the diffusion combustion transforms to premixed combustion, and the
turbulent flow significantly increases the combustion variation under
premixed combustion compared to that under diffuse combustion.
Duraisamy et al. [14] performed engine experiments by considering
different methanol and diesel mixture ratios for various engine oper-
ating loads. The authors reported that the cycle-to-cycle variation is
proportional to the methanol mixture ratio at all engine operating loads.

Second, the combustion variation can be changed depending on the
MPDF combustion forms. Among them, misfiring and knocking com-
bustion leads to high combustion variation [15,16]. According to Lee
et al. [17], the lack of an ignition source leads to misfiring, which de-
teriorates the combustion stability and thermal efficiency. Azimov et al.
[18] defined the phenomenon of autoignition in the end-gas region
under MPDF combustion as premixed ignition in the end-gas region
(PREMIER) combustion. The authors reported that autoignition does not
occur in the end-gas region under a low engine operating load. As the
engine operating load increases, PREMIER combustion occurs, followed

combustion. The authors observed that knocking combustion can be
attributed to the unpredictable autoignition in the combustion chamber.
Furthermore, it is reported that while the PREMIER combustion main-
tains the low combustion variation, the knocking combustion leads to
high combustion variation.

MPDF combustion characteristics are primarily affected by the en-
gine operating parameters. Many researchers have performed various
parametric studies. Poonia et al. [20] highlighted that increasing the
intake air temperature promotes the MPDF combustion, resulting in
decreased combustion duration. Meng et al. [21] changed the intake air
pressure while kept the same fuel injection timing and dual fuel injection
quantity. According to their research, increasing intake air pressure
apparently advances the combustion phase, improving or deteriorating
thermal efficiency depending on the dual fuel mixture ratio. Several
researchers examined the effects of MP injection on the combustion
characteristics [22-24]. It was reported that the MPDF combustion form
depends on the MP injection timing, and knocking combustion occurs in
cases involving advancing MP injection timing. Shim et al. [25] indi-
cated that a lean equivalence ratio and high exhaust gas recirculation
(EGR) ratio cause misfiring, leading to combustion instability and pro-
duction of incomplete combustion materials. Conversely, Zheng et al.
[8] reported that the peak cylinder pressure and exhaust gas tempera-
ture are proportional to the equivalence ratio.

In addition to engine operating parameters, the composition of
gaseous fuel affects the MPDF combustion characteristic. The octane
number represents the anti-knocking property of fuels. CH4 gas exhibits
a high anti-knocking capability owing to a high octane number. In
contrast, the use of ethane (C2Hg), propane (C3Hg), and butane (C4H1()
gases, which have low octane numbers, leads to knocking combustion
[26]. Although CH4 gas accounts for the largest proportion of natural
gas, the inhomogeneity of natural gas may lead to variations in the oc-
tane number, causing knocking combustion to occur even under the
same engine operating conditions. Therefore, hydrogen (Hy) gas, which
has a higher anti-knocking property than CHy4 gas, has been introduced
to dual fuel combustion engines to prevent the occurrence of knocking
combustion [26,27]. In the combustion chamber, carbon dioxide (CO2)
gas dramatically decreases the combustion temperature owing to its
large heat capacity. Therefore, CO, gas effectively prevents knocking
combustion by reducing combustion temperature but excessive con-
centration of CO» gas lead to misfiring [25].

The abovementioned studies highlight the importance of preventing
misfiring and knocking combustion for reducing combustion variation.
Although the effects of various parameters on MPDF combustion char-
acteristics have been extensively analyzed, only a few researchers have
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Fig. 2. (a) Schematic of optical engine and (b) bottom view of combustion.

comprehensively focused on the effects of engine operating parameters
on MPDF combustion characteristics for preventing high combustion
variation. In addition, the quantitative analysis of MPDF combustion is
limited, which renders it challenging to distinguish the MPDF combus-
tion forms. Considering these aspects, this study was aimed at analyzing
the effects of intake air conditions, specifically, the intake air flow rate
and temperature, and MP injection timing, on the characteristics of
MPDF combustion. Moreover, the optimal engine operating conditions
to reduce the combustion variation were derived.

2. Experimental method
2.1. Experimental setup

The specifications of engine and fuels are listed in Table 1 [26]. In
practice, it is almost impossible to perform experiments on marine en-
gines. Therefore, in this study, experiments were performed on the
largest possible engine among onshore engines. Although the volumetric

size of the engine used in this study was smaller than that of marine
engines, it was considered that the effects of engine operating parame-
ters on the MPDF combustion characteristics could be analyzed. In
particular, a compressed ignition single cylinder engine with a com-
bustion chamber volume of 1.1 L and compression ratio of 17.0 was
used. Because the single cylinder engine had only one cylinder, the er-
rors caused by interference between cylinders and variations in intake
flow could be eliminated. Fig. 1 shows a schematic of the metal engine.
The experimental apparatus consisted of several systems. A 55 kW DC
motor was used to operate the single cylinder engine at a constant speed.
In addition, various systems were introduced to enable stable engine
operation and data acquisition during the engine experiment. The intake
control system was composed of an air compressor, a mass flow
controller, an air dryer, an intake chamber and a heater. This system
supplied a constant amount of dry air to the engine. The intake chamber
was installed to minimize the fluctuation caused by the opening and
closing of the intake valve, and a heater maintained the intake air
temperature during the engine experiment. The fuels used in this study
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Table 2
Combustion image acquisition conditions.
Item Description
Lens diameter (mm) 105
Image acquisition speed (frame/s) 5,400
Camera resolution (height x width) 832 x 800
Exposure time (ps) 140
Pixel per length (pixel/mm) 7.32
Table 3
Reference experimental conditions.
Item Description
Engine speed (RPM) 900
MP injection pressure (bar) 500
MP injection duration (ms) 0.3
LHV of MP (J/cycle) 45.8
Lambda (1/equivalence Ratio) 2.0
Intake air temperature (°C) 35
Coolant temperature (°C) 80
0Oil temperature (°C) 80

Table 4
Experimental conditions for intake air flow rate.
Item Description
Engine type Metal engine
Intake air flow rate (L/ 500 550 600 650 700 750 800
min)
CH4 gas flow rate (L/min) 26.3 28.9 315 341 36.8 39.4 42.0
MP injection timing (CA, 11 13 15 18 21 24 27
bTDC)
Table 5
Experimental conditions for MP injection timing.
Item Description
Engine type Metal Engine Optical Metal
Engine Engine
Intake air flow rate (L/min) 800 500 800
CH4 gas flow rate (L/min) 42.0 26.3 42.0
Intake air temperature (°C) 35 35 55
MP injection timing (CA, 36, 33, 30, 27, 24, 17,14,11,8, 30, 27,24
bTDC) 21,18 5

were diesel and CHy4 gas, and different types of supply equipment were
used considering the fuel characteristics. The flow rate of CH,4 gas was
controlled using a mass flow meter and manual valve to prevent un-
predictable and/or excessive CHy4 gas supply. CH4 gas was supplied to
the engine through a flexible pipe connected to the intake port. A
common rail and fuel pump supplied the diesel fuel to the injector at a
constant pressure. The diesel fuel was injected to the combustion
chamber through the center mounted injector. The NI-CompactRIO
system equipped with the power train module controlled the diesel
fuel injection timing and quantity. The exhaust gas analyzer measured
the NOx level and total hydrocarbon content (THC) during the engine
experiment. The measured experimental data, which contained the
combustion chamber pressure, lambda value, and intake flow rate and
temperature were saved though the NI-DAQ Board. To address experi-
mental variations, 100 cycles of experimental data were acquired and
averaged. Optical devices were installed on the single cylinder engine to
obtain combustion images to facilitate the experimental analysis. Fig. 2
(a) shows a schematic of the optical engine. The extended optical piston
was designed to be able to observe 57.3% of the combustion chamber
area. The extended optical piston was equipped with transparent quartz,
and the combustion images were reflected through a 45° angle and
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acquired through a high-speed Phantom camera and 105 mm lens. As
shown in Fig. 2 (b), the bottom view image could help clarify the
development process of the flame surfaces during the MPDF combustion
process. Despite these advantages, the optical engine could not be used
under a high engine operating load due to inadequate safety. Therefore,
optical engine experiments were conducted under only low engine
operation load conditions. Skip firing was implemented to avoid
damaging the quartz owing to continuous combustion. The MP injection
was blocked during the skip firing period, thereby avoiding continuous
combustion. After three cycles of continuous combustion, combustion
was skipped for nine cycles, and the combustion images were obtained
in the last cycle of continuous combustion. Combustion images were
captured at 5,400 frame/s, corresponding to one frame per crank angle
(CA). Combustion images for 20 cycles per experiment were acquired to
decrease the experimental variations. The combustion image acquisition
conditions are listed in Table 2.

2.2. Experimental conditions

Table 3 summarizes the reference conditions for the engine experi-
ments. The reference conditions were maintained during the engine
experiments. Since marine engines are operated at a lower speed than
onshore engines, the engine speed was lowered as much as possible to
simulate the speed of marine engines in this study [28]. However,
resonance occurred at the engine speeds of 600 RPM to 800 RPM, and
severe engine vibration was observed. Therefore, the engine speed of
900 RPM, which is relatively high in the context of marine engines, was
determined as the reference condition for engine experiments. Accord-
ing to Azimov et al. [18,29], an extremely small amount of diesel fuel
was injected during MPDF combustion. With reference to existing pre-
vious research, a preliminary experiment was conducted, and the
optimal MP injection quantity was derived. Detailed preliminary
experimental results are presented in Appendix A. The lower heating
value (LHV) of the MP injection was selected to be 45.8 J/cycle. The
intake flow rate of CH4 gas, which was the main source of energy in this
study, was determined considering the intake air flow rate and equiva-
lence ratio.

The experiments in this study could be divided into two parts. First,
the intake air flow rate was changed from 500 L/min to 800 L/min in
steps of 50 L/min. The corresponding experimental conditions were as
listed in Table 4. Because the lambda was set as 2.0, the CH,4 gas flow
rate was determined by the intake air flow rate. Moreover, the MP in-
jection timing was varied depending on the intake air flow rate to
maintain the same combustion chamber condition at the MP injection
timing. As the intake air flow rate increased, the MP injection timing was
advanced. The other parameters were maintained constant. Through
this experiment, the combustion characteristics were analyzed while the
regular premixed combustion changed to PREMIER combustion.

Second, the MP injection timing was varied under two intake air
temperatures. Table 5 lists the corresponding engine experimental
conditions. In the experiments for the metal engine, the intake air and
CH,4 gas flow rates were set as 800 L/min and 42.0 L/min, respectively.
At an intake air temperature of 35 °C, the effects on MP injection timing
on the misfiring were analyzed. Moreover, the MP injection timing was
swept from bTDC 36° to 18° with an interval of CA 3°. In addition,
optical engine experiments were performed to analyze the effects of MP
injection timing on the misfiring. As mentioned, the optical engine de-
vices could only operate under a low engine operating load. Therefore,
the intake air and CHy4 gas flow rates were decreased to 500 L/min and
26.3 L/min, respectively. The intake air temperature was set as 35 °C,
and the MP injection timing was swept from bTDC 11° to bTDC 17° and
5° in intervals of CA 3°. Finally, the intake air temperature was increased
from 35 °C to 55 °C, and the relationship between the MP injection
timing and knocking combustion was investigated. In this condition, the
MP injection timing was varied from bTDC 27° to 30° and 24°.
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Fig. 3. Postprocessing of combustion images.

2.3. Analysis of the experimental results

In this study, misfiring was defined as the phenomenon in which the
cylinder pressure decreased due to a low ignition intensity or distur-
bance of flame propagation. Conversely, knocking combustion was
defined as the phenomenon in which the cylinder pressure increased due
to unpredictable autoignition. Misfiring and knocking combustion
occurred irregularly, resulting in a high cycle-to-cycle variation.
Therefore, the standard deviation of the peak cylinder pressure was
calculated to distinguish misfiring and knocking combustion.

In addition, the distributions of the peak cylinder pressure for 100
cycles were compared, and the MPDF combustion forms were quanti-
tatively examined. Under an intake air flow rate of 800 L/min and a CH4
gas flow rate of 42.0 L/min, the peak cylinder pressure of PREMIER
combustion ranged from 170 bar to 220 bar depending on the intake air
temperature and MP injection timing. Based on the experimental results,
boundaries of misfiring and knocking combustion were defined in terms
of the peak cylinder pressures as 160 bar and 230 bar, respectively.

Several researchers have attempted to quantify knocking combustion
[30,31]. Among the various knocking combustion indices, the ringing
intensity, which indicates the acoustic energy of the resonating pressure
wave that creates the sharp sound commonly known as knocking com-
bustion in engines [31-33], was considered in this study. The ringing
intensity can be calculated using Eq. (1).

V7RT, P :
RingingIntensity(MW /m*) = % {/3 <62—t> ] (€]
Y E max max

YRT e indicates the speed of sound, and dP/dt represents the

Energy Conversion and Management 254 (2022) 115281

pressure gradient during the combustion period. The coefficient f is the
ratio of the pressure pulsation amplitude to the maximum pressure
gradient, which is affected by the experiment conditions. In this study, A
was varied from 4.0% to 6.0% depending on the experimental condi-
tions. However, because f is a constant value, the average value (0.05)
was selected as a representative constant value. y represents the specific
heat ratio. In the engine experiments, the NI-LabVIEW program calcu-
lated the ringing intensity by postprocessing the data of the cylinder
pressure and intake air temperature. By calculating the ringing intensity
values, the MPDF combustion forms could be quantitatively distin-
guished as each MPDF combustion form exhibited different ringing in-
tensity values.

2.4. Combustion image postprocessing

The combustion images obtained by the optical engine experiment
enabled visualization for clarifying the ignition source function and
development of flame propagation. In MPDF combustion, both the
diffusion flame and premixed flame were simultaneously observed, with
each flame exhibiting a different color. To observe the diffusion flame
and premixed flame, the natural luminosity was considered instead of
detection of OH chemiluminescence through an ultraviolet lens. How-
ever, a simple comparison of combustion images under different
experimental conditions leads to a limited analysis. To overcome the
limitations, this study detected the flame surface boundary and evalu-
ated the flame propagation. A MATLAB program was used to postprocess
the raw combustion images, with the steps shown in Fig. 3. First, the
outside image of the optical limit was removed. The area of diffusion
flame was smaller than that of premixed flame, and most of the pre-
mixed flame was dominantly observed during the MPDF combustion
period. Therefore, the boundary of flame surfaces was distinguished
based on the blue pixel intensity. As the boundary value decreased
below a certain value, the noise signal of the flame surfaces dramatically
intensified. A blue pixel intensity higher than this value was selected as
the boundary value of the flame surfaces. Because the flame brightness
varied with the experimental conditions and CA, the boundary values of
the flame surfaces were manually determined for all cases. Subse-
quently, the background noise outside the flame surfaces was removed,
and the boundary lines of the flame surfaces were generated. Finally, the
brightness of the flame surfaces was increased. Based on the post-
processed combustion images, quantitative analyses were performed.
The central coordinates of the flame surfaces were derived. In addition,
the average flame radius and standard deviation of the flame radius
were calculated. The average flame radius was determined using Eq. (2).

. 1 [Flamesurfacearea
Averageflameradius(mm) = Numberofimagespercycle Z b4
(2)

Although combustion images can effectively help analyze experi-
mental results, several factors may lead to experimental errors. In
particular, in this study, the boundary of the flame surfaces was
manually determined. This method is time-intensive as a large number
of combustion images must be processed, and experimental results may
vary depending on the boundary value. In addition, the three-
dimensional flame surfaces were projected in two dimensions. If the
flame surfaces propagate rapidly in the direction normal to the piston,
the surfaces may appear distorted at a low flame propagation speed. The
experimental error was attempted to be minimized by obtaining com-
bustion images for 20 cycles per experiment.

3. Results and discussion
3.1. Effects of intake air flow rate on MPDF combustion

Effects of intake air flow rate on the MPDF combustion
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characteristics were investigated. The intake air and CH4 gas flow rates
were varied under the same equivalence ratio. As the intake air flow rate
increased, the MP injection timing was advanced. Fig. 4 shows the cyl-
inder pressure and rate of heat release for various intake air flow rates
and MP injection timing values. Because the lambda was set as 2.0,
increasing the intake air flow rate led to a higher cylinder pressure and
rate of heat release. Therefore, the MPDF combustion form changed with
increasing intake air flow rate. Under a low intake air flow rate, regular
premixed combustion corresponded to a relatively low rate of heat
release during the combustion period. The cylinder temperature
increased in proportion to the intake air flow rate, and a high cylinder
temperature affected the reactivity of the end gas. Consequently, auto-
ignition occurred in the end-gas region under a high intake air flow rate,
thereby increasing the gradient of the cylinder pressure and rate of heat
release. Fig. 5 (a) and (b) indicate regular premixed combustion and
PREMIER combustion, respectively [29]. Different combustion forms
were observed depending on the occurrence of autoignition. During
regular premixed combustion, the diesel fuel was ignited, and the flame
surfaces were generated by a mixture of air-gaseous fuel around the
ignition point, which propagated to the surrounding region. The flame
propagation occupied most of the combustion duration. Unlike regular
premixed combustion, which involved a single combustion stage, PRE-
MIER combustion period could be divided into two combustion stages. A
moderate combustion intensity was observed in the first combustion
stage, i.e., gaseous fuel flame propagation. The first combustion stage
switched to the second combustion stage as autoignition occurred in the



M. Choi and S. Park

(a) Ringing Intensity & Pmax Variation

8 i . . 8
[ Ringing Intensity (MW/m?) .
[
« 7 I Pmax Standard Deviation (bar) 17 8
E i ~
[ - S S SO O S U SUR 6 S
E Regular Pren n 2
< : ®
> 5 Combustion . JB8 B 53
= o
g 4 4 e
o [ e
t [}
=3 3T
) c
£ 8
= 7]
R B N [ 2 x

4

,,,,,,,,,,,, £
1 1 &

0 0

500 550 600 650 700 750 800
Intake Air Flow Rate (L/min)

(b) Peak Cylinder Pressure Distribution
90

Regulér Prerﬁixed Combustion

sl e

—+—500 L/min/11°bTDC

=]
o
T

~
=

L3

i i | i i ;
PREMIER Combustion | ——650 Limin / 18 * bTDC

M f\/\mxﬂﬂ M | ]X..‘A R N
il AR R |

Regular Premixe '¢6h’15&§t’i6h" : ;
| ——800 L/min /27 * bTDC

g

_.
88
‘

N

N

=
T

-‘PREMIER Combustion—— -

Peak Cylinder Pressure (bar)
8
g

N
=
o

N
(=3
o

0 10 20 30 40 50 60 70 80 90 100
Number of Cycles

Fig. 7. Effects of intake air flow rate on the (a) ringing intensity, combustion
variation, and (b) distributions of peak cylinder pressure.

24 4.0
NOXx (g/kWh)

P THC (grkwh) 1 3.8

B — 1 3.0

N
-

-
©o
T

Regular Premixed
'Combu

-
a

o d25
nbustion
- E SSRSRR H— , 2.0
,,,,,,,,,,,,, 2 1 --41.5

6L E— P . : 1.0

NOx Emissions (g/kWh)
S
THC Emissions (g/kWh)

3l I 1. - B i 3 05

0.0

500 550 600 650 700 750 800
Intake Air Flow Rate (L/min)
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end-gas region. In the second combustion stage, the flame surfaces
developed in the ignition spot and collided in the end-gas region, pro-
ducing a high combustion intensity. Moreover, the change in the MPDF
combustion form due to the intake air flow rate considerably influenced
the various efficiencies. Fig. 6 (a) and (b) illustrate the effects of the
intake air flow rate on various efficiencies and net value of the indicated
mean effective pressure (IMEP). Under an intake air flow rate of 500 L/
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min, the efficiency values were minimized due to the low combustion
temperature of regular premixed combustion. Moreover, because the
minimum amount of CH4 gas was supplied to the combustion chamber,
the lowest IMEPnet was observed. As the intake air and CH4 gas flow
rate increased, the IMEPnet steadily increased. In addition, increasing
the combustion temperature and decreasing the pumping loss helped
increase the combustion efficiency and fuel conversion efficiency until
the intake air flow rate of 650 L/min. As the intake air flow rate
increased to 700 L/min and more, both efficiencies displayed the
opposite trend. In general, the combustion efficiency is related to the
formation of incomplete combustion products inside the combustion
chamber and proportional to the combustion temperature. As the of CHy
gas flow rate was increased due to the high intake air flow rate under the
same equivalence ratio condition, the combustion efficiency appeared to
be proportional to the intake air flow rate. In addition, as the combus-
tion temperature increased, the heat loss from the combustion chamber
to the piston and combustion chamber wall increased. The advanced MP
injection timing advanced the combustion phase. Consequently, most of
the combustion occurred before the TDC, producing a large amount of
negative work that decreased the engine power. The fuel conversion
efficiency was maximized at an intake air flow rate 700 of L/min and
decreased as the intake air flow rate increased. Therefore, the intake air
flow rate of 700 L/min was the most appropriate condition in terms of
fuel conversion efficiencies. However, this condition corresponded to a
transition region that existed in both the regular premixed combustion
and PREMIER combustion and affected the combustion variation. Fig. 7
(a) illustrates the effects of the intake air flow rate on the ringing in-
tensity and standard deviation of peak cylinder pressure. In general, the
ringing intensity indicates the engine operating load. The value expo-
nentially increased after the transient region, as shown in Fig. 7 (a). In
other words, the ringing intensity in the case of PREMIER combustion
was considerably higher than that under regular premixed combustion.
The combustion variation was low under regular premixed combustion.
As the combustion form changed from regular premixed combustion to
PREMIER combustion, the transient region exhibited the highest com-
bustion variation. After the transient region, the combustion variation
reduced under the PREMIER combustion. These results highlighted that
the combustion variation is low under the experimental conditions in
which regular premixed combustion or PREMIER combustion domi-
nantly appeared. The distributions of the peak cylinder pressure for 100
cycles were compared under three intake air flow rate conditions, as
shown in Fig. 7 (b). Under intake air flow rates of 500 of L/min and 800
L/min, regular premixed combustion and PREMIER combustion were
observed, respectively. Both combustion forms corresponded to a ho-
mogeneous data distribution. In contrast, at the intake air flow rate of
650 L/min, the transient region was observed, involving large differ-
ences in the peak cylinder pressure depending on whether autoignition
occurred cycle to cycle. This cycle-to-cycle variation led to combustion
instability, which adversely influences the engine durability. Although
the transient region exhibited a high fuel conversion efficiency, it
involved a high combustion variation. Therefore, this condition was not
an optimal operating condition. Notably, the intake air flow rate affects
the emission gaseous materials and engine performance. In MPDF
combustion, an extremely small amount of diesel is injected as an
ignition source, and homogeneous gaseous fuel is supplied into the
combustion chamber. MPDF combustion thus effectively decreases NOx
and PM formation compared to that under diffusion combustion
employing diesel fuel [13]. However, a low combustion temperature
leads to high THC emissions [9]. Fig. 8 shows trends of the NOx and THC
emissions. Extremely low PM emissions were detected by the exhaust
gas analyzer, and the trends of PM emissions under various parameters
could not be analyzed. The NOx and THC emissions exhibited a trade-off
relationship, which was closely related to the cylinder temperature.
Unlike regular premixed combustion, PREMIER combustion promoted
NOx formation. Therefore, the highest NOx emissions were observed
under an intake air flow rate of 800 L/min.



M. Choi and S. Park

(@) Advancing MP injection Timing (Air Temp 35°C)

24 : 1200
MP Injection Tmmg (bTDC)

21 [=——27.bTDC. Weak;lntehsity; of Misfirjing~ 1050
30°bTDC | &rA~L /i
18 ——33°bTOC /] T 900
——36° bTDC i/ : 71 b i !

-
(3]

750

©o

Advarfuing
- MP,Injject,,ion,Timins\g {450

Cylinder Pressure (MPa)
S

2
(=3
o
Rate of Heat Release (J/degree)

0 i s 1 Il 3 2 L
30 25 20 45 10 -5 0 5 10 15 20 25 30
Crank Angle (degree, aTDC)

(b) Retarding MP injection Timing (Air Temp 35°C)
2 ‘ 1200

o
T

Increasmg
Ignltlon Intensity /A :
0 Tt = 7 ; : e 0
-30 -25 -20 15 10 -5 0 5 10 15 20 25 30
Crank Angle (degree, aTDC)

w

MP Injection Timing (bTD °) g i ™
_——27°pmC " Weak [“t,‘?,'f's't,}'ﬁf ,N isfiring | 1050 ©
s 24°pTDC | ~Ji 2
o : - { : i : :

S 18— 21°pTBC /NS %0 2
o , —18°bTDC N | ‘ =
PR IO . et S A150 @
[ i | ©
O 40| ‘ L 600 2
E 12 Retarding ‘ ; >
= 9l AP Injection Timing 4450 +
i [

2 T
> s
© e
©

o

Fig. 9. Effects of (a) advancing and (b) retarding MP injection timing from the
reference condition on the cylinder pressure and rate of heat release under an
intake air temperature of 35 °C.

3.2. Effects of MP injection timing on MPDF combustion

The MP injection timing is a key parameter influencing the com-
bustion stability. Notably, inappropriate MP injection timing may lead
to misfiring and knocking combustion, which can increase the cycle-to-
cycle variation. In this study, the intake air and CH4 gas flow rates were
set as 800 L/min and 42.0 L/min, respectively. The MP injection timing
was swept under intake air temperatures of 35 °C and 55 °C. These two
experimental conditions were selected to compare the effects of MP
injection timing on the MPDF combustion characteristics.

3.2.1. Intake air temperature 35 °C

First, the MP injection timing was varied from bTDC 27° to 18° and
36° at intervals of CA 3° under the intake air temperature of 35 °C. Fig. 9
shows the effects of advancing and retarding the MP injection timing on
the cylinder pressure and rate of heat release. As shown in Fig. 9 (a), as
the MP injection timing advanced from bTDC 27° to 30°, the cylinder
pressure increased and the combustion phase was advanced. However,
when the MP injection occurred at bTDC 33° and 36°, advancing the MP
injection timing led to opposite results since the MP injection timing of
bTDC 30° because of misfiring. As shown in Fig. 9 (b), as the MP in-
jection timing was delayed from the reference condition, the cylinder
pressure steadily decreased, and misfiring occurred during MP injection
at bTDC 18°. These experimental results highlighted that the ratio of
misfiring increased by advancing or retarding the MP injection timing
from the reference condition under the intake air temperature of 35 °C,
but the misfiring caused by advancing and retarding MP injection timing
occurred for different reasons. As the MP injection timing advanced, the
combustion chamber temperature decreased, thereby increasing the
ignition delay. The injected diesel mixed with air and formed a homo-
geneous mixture, which deteriorated the function of the fuel as the
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ignition source. Conversely, retarding the MP injection timing enhanced
the ignition intensity due to the high combustion chamber temperature.
However, the main combustion occurred during the expansion stroke,
which decreased the combustion temperature and led to misfiring. The
misfiring in this study corresponded to a low intensity because the cyl-
inder pressure under the misfiring condition was the same as that at the
end of the combustion periods. If the MP injection timing was further
advanced or retarded from the reference condition, severe misfiring was
expected to occur, leading to a decreased cylinder pressure. To validate
this analysis for misfiring caused by changing the MP injection timing,
combustion images were obtained through the optical engine experi-
ments. To avoid damaging the quartz mounted to acquire the bottom
view images, the optical engine was not operated under high engine
operating loads. In particular, the engine operating load was decreased
by reducing the intake air flow rate to 500 L/min, and the reference MP
injection timing condition was delayed to bTDC 11°. Additionally, the
MP injection timing was changed from bTDC 11° to bTDC 5° and 17° in
intervals of CA 3°. Fig. 10 illustrates the flame propagation process with
the MP injection timing. During the ignition delay from aSOE 1° to 5°,
the combustion flame was not observed regardless of the MP injection
timing. After aSOE 6°, a red diffusion flame, corresponding to diesel fuel,
was first observed. Moreover, premixed blue flame surfaces were
generated near the ignition point, which propagated to the combustion
chamber. The combustion images helped clarify the effects of the MP
injection timing on the ignition intensity and flame propagation speed.
As the MP injection timing advanced, the size of the ignition flame
surfaces decreased. This phenomenon indicated that the ignition in-
tensity decreased under a low cylinder pressure and temperature.
Excessively advancing the MP injection timing led to a significant
ignition delay, and the injected diesel fuel lost its function as the ignition
source. Therefore, misfiring occurred at the timing of ignition.
Conversely, an excessively delayed MP injection timing corresponded to
a higher ignition intensity and the flame surface development was
delayed to after the TDC. The expansion stroke decreased the cylinder
pressure and temperature, thereby deteriorating the flame propagation.
Therefore, the flame surfaces developed gradually, and misfiring
occurred during the late combustion period. To analyze the misfiring
phenomena more clearly, the central coordinates of the flame surfaces
were calculated from the combustion images. Fig. 11 (a) and (b) illus-
trate the distributions of the central coordinates flame surfaces for
various MP injection timings at aSOE 6° and 22°, respectively. Each data
point represents the center coordinate of one cycle, and 20 points are
presented for each MP injection timing. In the figure, more widely
distributed points correspond to a higher cycle-to-cycle variation.

Fig. 11 (a) shows that advancing the MP injection led to a high cycle-
to-cycle variation during ignition owing to low ignition intensity. In
contrast, retarding the MP injection increased the cycle-to-cycle varia-
tion during the expansion stroke, as shown in Fig. 11 (b). Fig. 12 (a) and
(b) shows the quantitative results obtained from combustion images, in
terms of the average flame radius and cycle-to-cycle variation with the
MP injection timing, respectively. As shown in Fig. 12 (a), advancing the
MP injection timing decreased the ignition intensity at the beginning of
combustion, and the flame surfaces developed gradually. In contrast,
retarding the MP injection suppressed the flame surface development
during the late combustion period. Therefore, as shown in Fig. 12 (b),
the standard deviation of the flame radius was higher for MP injection
timing of bTDC 5°, 8° and 17° than that in the other conditions. The
optical engine experiments demonstrated that both advancing and
retarding MP injection led to misfiring owing to decrease in the cylinder
pressure and temperature during ignition or in the late combustion
period, resulting in high cycle-to-cycle variation. Fig. 13 (a) and (b)
show that the MP injection timing considerably influenced the various
efficiencies and IMEPnet under an intake air temperature of 35 °C.
Although the IMEPnet and fuel conversion efficiency exhibit the same
trends, the combustion efficiency and fuel conversion efficiency
exhibited opposite trends with the MP injection timing. In the reference
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Fig. 10. Effects of MP injection timing on the flame propagation process.

condition involving PREMIER combustion, the highest combustion ef-
ficiency could be attributed to the high combustion intensity. This
phenomenon also led to advanced combustion, which produced nega-
tive work and increased heat loss, resulting in the lowest IMEPnet and
fuel conversion efficiency. As the MP injection timing deviated from the
reference condition, a lower combustion efficiency was observed.
Advancing and retarding the MP injection from the reference condition
increased the IMEPnet and fuel conversion efficiency by decreasing the
heat loss and negative work despite the low combustion efficiency. As
mentioned, because a low level of misfiring occurred under the MP in-
jection timing of bTDC 36° and 18°, the IMEPnet and fuel conversion
efficiency increased. If the MP injection timing was further advanced or
retarded from the reference condition, severe misfiring was expected to
occur, which could significantly deteriorate the engine performances. In
addition to the engine performances, the combustion variation varied
with the MP injection timing. Fig. 14 (a) shows the effects of the MP
injection timing on the ringing intensity and standard deviation of the
peak cylinder pressure. The two values exhibited a trade-off relation-
ship. As the MP injection timing deviated from the reference condition,
misfiring occurred, which simultaneously decreased the ringing in-
tensity and increased the combustion variation. To analyze the

PREMIER combustion and misfiring, distributions of the peak cylinder
pressure under the MP injection timing of bTDC 36°, 27° and 18° were
compared, as shown in Fig. 14 (b). In the reference condition, corre-
sponding to PREMIER combustion, the highest peak cylinder pressure
was observed, along with the minimum cycle-to-cycle variation. In the
other conditions shows, the peak cylinder pressure decreased irregularly
owing to misfiring, and thus, the cycle-to-cycle combustion variation
increased, leading to combustion instability. The NOx and THC emission
levels shown in Fig. 15 support these experimental results. The NOx and
THC emissions exhibited a trade-off relationship. A more advanced
combustion phase corresponded to a higher amount of NOx emissions.
Moreover, the THC emissions mainly increased under the misfiring
conditions.

3.2.2. Intake air temperature of 55 °C

The intake air temperature was increased to 55 °C, and the MP in-
jection timing was varied from bTDC 27° to 30° and 24°. Fig. 16 (a) and
(b) show the effects of MP injection timing on the cylinder pressure and
rate of heat release under intake air temperatures of 35 °C and 55 °C,
respectively. As the MP injection timing was retarded from bTDC 30° to
24°, the cylinder pressure decreased and the rate of heat release was
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maintained when the intake air temperature was 35 °C. In contrast,
when the MP injection was retarded at an intake air temperature at
55 °C, the cylinder pressure and rate of heat release increased, and
knocking combustion occurred under the MP injection timing of bTDC
24°. The results demonstrated that retarding the MP injection timing led
to knocking combustion under a high intake air temperature. Notably, as
the MP injection was delayed, increasing the combustion chamber
temperature led to unpredictable autoignition, and the flame surfaces
originating from the autoignition point and ignition source collided. The
shockwave generated in this process led to a significant amount of en-
gine noise and vibration, corresponding to knocking combustion. To
further analyze the knocking combustion characteristics, the effects of
MP injection timing on the mass fraction burned (MFB) for an intake air
temperature of 55 °C were examined, as shown in Fig. 17. According to
this figure, MPDF combustion could be divided into several groups
depending on the MFB. First, the ignition delay was defined as CA00-10,
corresponding to CA from aSOE to 10.0 % of MFB. The durations of main
combustion and residual gas combustion were defined as CA10-70 and
CA 70-90, respectively. Because the residual gas combustion periods
were similar at all experimental conditions, only the ignition delay and
main combustion period were considered. First, CH4 gas absorbed the
heat energy in the combustion chamber until the start of flame propa-
gation. A more retarded MP injection timing corresponded to a higher
heat energy absorbed by CH,4 gas. This phase corresponded to the
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Fig. 12. Effects of MP injection timing on the (a) flame radius and (b) variation
in combustion images.

maximum time to reach MFB 10.0 % when the MP injection timing was
bTDC 24°. Knocking combustion occurred in this condition, and the
main combustion period was significantly reduced. Consequently, the
main combustion duration exhibited a trend opposite to that of the
ignition delay. Fig. 18 (a), (b) and (c) compare the effects of MP injection
timing on the various efficiencies and IMEPnet under intake air tem-
peratures of 35 °C and 55 °C. Because misfiring did not occur in the MP
injection timing of bTDC 30° to 24°, the combustion efficiency did not
differ with the MP injection timing, and the combustion efficiency was
proportional only to the intake air temperature. Although the fuel con-
version efficiency could be enhanced by retarding the MP injection
timing when the intake air temperature was 35 °C, increasing the intake
air temperature led to knocking combustion when MP injection timing
was retarded, and the negative work and heat loss increased. Therefore,
the difference in the fuel conversion efficiency with the intake air tem-
perature increased as the MP injection timing was delayed. As shown in
Fig. 18 (b) and (c), the trend of the IMEPnet with the MP injection timing
at intake air temperatures of 35 °C and 55 °C was the same as that of the
fuel conversion efficiency. Knocking combustion occurred randomly,
and the cylinder pressure was considerably increased owing to the
knocking combustion, thereby deteriorating the combustion stability.
Fig. 19 (a) shows the ringing intensity and standard deviation of the
peak cylinder pressure with the MP injection timing for the intake air
temperature of 55 °C. As the MP injection timing was delayed, the
ringing intensity and combustion variation increased; this trend was
closely related to the occurrence of knocking combustion. Fig. 19 (b)
shows the distributions of peak cylinder pressure for various MP injec-
tion timings under the intake air temperature of 55 °C. Most of the peak
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cylinder pressure data were located in the PREMIER combustion region
under the MP injection timing of bTDC 30°. A more retarded MP in-
jection timing corresponded a higher shift in the peak cylinder pressure
toward the knocking combustion region. The occurrence of knocking
combustion with the MP injection timing also influenced the NOx and
THC emissions. Fig. 20 shows the experimental results for the MP in-
jection timing of bTDC 30° and 27°. Retarding the MP injection timing
simultaneously decreased the NOx emissions and increased the THC
emissions. Knocking combustion occurred under the MP injection timing
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of bTDC 24°, which promoted NOx formation and oxidation of incom-
plete combustion materials. Through the engine experiments, it was
confirmed that retarding the MP injection timing led to knocking com-
bustion under a high intake air temperature.

3.3. Summarization of MPDF combustion form and characteristics

Notably, the experimental results demonstrated that the MPDF
combustion forms changed depending on the engine operating condi-
tions. Fig. 21 shows the distributions of the experimental results with
respect to the ringing intensity and combustion variation. The blue
marked points indicate the trends of the intake air flow rate experiment.
Regular premixed combustion, which corresponded to the lowest ring-
ing intensity and combustion variation, occurred at the intake air flow
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rate of 500 L/min. As the intake air flow rate increased, the regular
premixed combustion transformed to the PREMIER combustion through
the transient region. Since both combustion forms coexisted, the com-
bustion variation increased sharply in the transient region. After the
transient region, the regular premixed combustion changed completely
to the PREMIER combustion, and the combustion variation steadily
reduced. The black marked points indicate the experimental results for
various intake air temperatures and MP injection timing values for an
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intake air flow rate of 800 L/min. The experimental results could be
divided into three regimes in accordance with the ringing intensity, and
various MPDF combustion forms were observed in each regime. The
reference condition located in the middle regime corresponded to the
lowest combustion variation due to the PREMIER combustion. However,
change the engine operating parameters led to misfiring or knocking
combustion, and the experimental results shifted to other regimes. In
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variation and (b) distributions of peak cylinder pressure under intake air tem-
perature 55 °C.
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Fig. 20. Effects of MP injection timing on the NOx and THC emissions under an
intake air temperature of 55 °C.

particular, misfiring mainly occurred under a low ignition intensity and
suppressed flame propagation, corresponding to a low ringing intensity
and high combustion variation. Unpredictable autoignition contributed
to knocking combustion and increased the combustion variation and
ringing intensity. Among the various MPDF combustion forms, regular
premixed combustion and PREMIER combustion corresponded to the
lowest combustion variation. In particular, in PREMIER combustion, the
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low combustion variation was observed even under high cylinder
pressures of approximately 170 bar to 220 bar. Therefore, the PREMIER
combustion corresponded to the optimal engine operating conditions for
marine engines. Moreover, it was deemed necessary to appropriately
modify the MP injection timing in accordance with the cylinder condi-
tions to maintain the PREMIER combustion. The effects of MP injection
timing, cylinder pressure and temperature on the MPDF combustion
forms are shown in Fig. 22. The findings can be used to derive strategies
for avoiding misfiring and knocking combustion. As well as the pa-
rameters that focused on this study, the region of the PREMIER com-
bustion could be expanded by modifying other parameters such as MP
injection pressure, quantity and composition of gaseous fuel. High MP
injection pressure, quantity and adding the hydrocarbon gases could
effectively prevent misfiring. Conversely, high EGR rate or adding CO2
gas in the combustion chamber could suppress the knocking combustion
by decreasing the combustion temperature.

As mentioned, the PREMIER combustion was identified as the
optimal engine operating conditions in terms of engine performances.
However, because marine engines must adhere to emissions regulations,
the limits of PREMIER combustion in terms of the emissions must be
clarified. Among various emissions materials, MPDF combustion rarely
leads to the formation of SOx and PM because most of the energy is
derived by CHy gas. Therefore, PREMIER combustion can easily satisfy
the emissions regulations, except for those associated with NOx emis-
sions. Although the NOx emissions in MPDF combustion are less than
those under diesel combustion, the generation of NOx, mainly in the
high-temperature region in the combustion chamber, is a critical
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disadvantage under PREMIER combustion. The strictest emissions reg-
ulations (Tier III) that have been in effect since January 1, 2016 limit the
NOx emissions depending on engine speed for marine engines with an
output of over 130 kW in the ECA [6,7]. According to the emissions
regulations, the maximum allowable NOx emission level at engine speed
of 900 RPM is 2.31 g/kWh. In this study, only the conditions associated
with the intake air flow rates of 500 L/min and 550 L/min satisfy the
NOx emissions regulations. In this context, it is necessary install an
aftertreatment system such as selective catalyst reduction to reduce the
NOx emissions under the PREMIER combustion condition.

4. Conclusions

This study was aimed at analyzing the effects of intake air conditions
and MP injection timing on the characteristics of MPDF combustion. The
optimal engine operating conditions were derived to reduce the com-
bustion variation. The following conclusions were derived.

1. Increasing the intake air flow rate leads to autoignition in the end-gas
region and transforms the regular premixed combustion to the
PREMIER combustion. Despite autoignition in the end-gas region,
the PREMIER combustion exhibits a low combustion variation. High
combustion variation is observed in the transient region in which
regular premixed combustion and PREMIER combustion coexist.

2. Under an intake air temperature of 35 °C, advancing and retarding
the MP injection lead to misfiring owing to the decreased cylinder
pressure and temperature at the time of ignition or in the late com-
bustion period, leading to high combustion variation. As the intake
air temperature increases to 55 °C, retarding the MP injection timing
leads to knocking combustion. Misfiring and knocking combustion
increase the combustion variation, thereby deteriorating the com-
bustion stability.

3. The MPDF combustion forms can be classified in accordance with the
ringing intensity. Regular premixed combustion and misfiring occur
in the low ringing intensity regime. Although regular premixed
combustion corresponds to a low combustion variation, misfiring
leads to a high combustion variation. PREMIER combustion, which
occurs in the middle ringing intensity regime exhibits a low com-
bustion variation. Knocking combustion occurs in the high ringing
intensity regime and leads to a high combustion variation.

4. Because the PREMIER combustion can exhibit a low combustion
variation even under a high cylinder pressure, it corresponds to the
optimal engine operating condition in terms of the engine perfor-
mances. However, PREMIER combustion yields a large amount of
NOx emissions. Therefore, it is necessary to install an aftertreatment
system for satisfying the emissions regulations for marine engines.
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Appendix A

Before performing this study, the optimal MP injection quantity was
derived. Table A1 summarizes the experimental conditions to optimize
the MP injection quantity. The injector was controlled using a solenoid
signal, and the MP injection duration was changed from 0.23 ms to 0.40
ms. Other conditions were maintained. Fig. A.1 shows the cylinder
pressure and rate of heat release in accordance with the MP injection
durations. As the MP injection duration increased, the ignition delay
decreased and the cylinder pressure and rate of heat release increased.
However, results for the MP injection durations of 0.30 ms and 0.40 ms
indicated that the ignition delay, cylinder pressure and rate of heat
release did not change significantly with the MP injection duration.
Fig. A.2 shows the effects of MP injection duration on the ringing in-
tensity and combustion variation. It was noted that the MP injection
duration was required to be higher than 0.30 ms to maintain stable
combustion. Therefore, the MP injection duration of 0.30 ms, corre-
sponding to the LHV of 45.8 J/cycle, was selected as the optimal
condition.

Table Al

Experimental conditions for optimizing the MP injection quantity.
Item Description
Engine Type Metal Engine
Intake Air Flow Rate (L/min) 800
CH,4 Gas Flow Rate (L/min) 42.0
Intake Air Temperature (°C) 35
MP Injection Timing (CA, bTDC) 27

MP Injection Duration (ms) 0.23, 0.27, 0.30, 0.40
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Fig. Al. Effects of MP injection duration on the cylinder pressure and rate of
heat release.
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