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The goals of this study were to optimize multiple-stage fuel injections and optically analyze the effects of
multiple injections of fuel on the combustion process in a heavy-duty compressed ignition engine. The engine
experiments consisted of pilot injection and post-injection experiments. The pilot injection quantities and timings
were varied. The post-injection quantities and number of post injections were analyzed. Combustion images was
obtained to calculate the flame temperature and soot density. The results revealed that premixed combustion by
a single injection led to engine noise and vibration because of the long ignition delay. The optimal pilot injection
strategy improved the engine noise, vibration, thermal efficiency, and nitrogen oxide emissions. However, a pilot
injection induced diffusion combustion, and an increase in particulate matter emissions was inevitable. The
optimized post-injection promoted the oxidization of incomplete combustion materials and provided a lower
peak cylinder pressure, resulting in low nitrogen oxides and particulate matter emissions. The combustion im-
ages revealed that the pilot injection caused a moderate increase in flame temperature and high soot production.
The post injection, however, effectively reduced the soot density during the late combustion period, resulting in a

low soot density at the end of the observation period.

1. Introduction

Compressed ignition (CI) engines have been widely used in various
industries because of their high efficiency, which is attributed to their
high compression ratio, low pumping loss, and lean air-fuel mixture
conditions [1,2]. In particular, the tremendous power of heavy-duty CI
engines has been used in transportation, construction, and power plants,
making human life more comfortable and convenient. However, large
amounts of emission gases are attributed to CI engines, and air pollution
has become a global issue. Nitrogen oxides (NOx) and particulate matter
(PM) emitted from CI engines cause environmental problems and have
harmful effects on human health [3-6]. To solve these emissions prob-
lems, emissions regulations have been tightened in the USA, Europe, and
Asia over the past decade [7]. In addition, various studies have been
conducted by engine researchers to implement premixed combustion in
CI engines. As a result, low-temperature combustion techniques, such as

early injection, homogeneous charge compression ignition (HCCI),
premixed charge compression ignition (PCCI), and reactivity-controlled
compression ignition (RCCI) strategies, have been developed to provide
meaningful reductions in NOx and PM emissions [8-14]. However, these
combustion techniques have several limitations. Because a considerable
amount of power is required in various industries using heavy-duty CI
engines, low-temperature combustion has limited application in these
industries and is accompanied by a high fuel consumption [9-14].
Owing to the CI engine characteristics, premixed combustion causes
knocking combustion, which is accompanied by engine noise and vi-
bration, deteriorating engine durability and power [9]. Moreover, un-
burned gases, such as total hydrocarbon (THC) and carbon monoxide
(CO), can increase because of the lean equivalence ratio and low com-
bustion temperature [9,10]. For these reasons, conventional combustion
techniques and diesel fuel have been widely used in heavy-duty CI en-
gines, and various studies have attempted to not only improve the
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engine efficiency and combustion stability but also reduce their NOx and
PM emissions by applying multi-injection strategies along with the
installation of after-treatment systems such as selective catalyst reduc-
tion (SCR) and diesel particulate filters (DPFs) [15-18]. Multiple-
injection strategies are divided into pilot injection and post injection,
depending on the injection timing. The purposes of the pilot and post
injections are different.

The pilot injection strategy involves the injection of a small amount
of diesel fuel before the main fuel injection, which increases the com-
bustion chamber temperature. As a result, engine noise and vibration are
reduced during the main combustion period by reducing the ignition
delay. Previous studies have shown that a pilot injection greatly reduces
engine noise and vibration [17-20]. An investigation of the effect of a
pilot injection on engine performance in an optical engine was carried
out by Tanaka et al. [17]. They found that reductions in combustion
noise and emissions were possible by minimizing the pilot injection
quantity and advancing the pilot injection timing. However, it was
revealed that excessive reduction and advancement of the pilot injection
parameters can deteriorate engine performance. In addition to engine
noise and vibration, the fuel consumption was improved by the pilot
injection [18,21]. Although a pilot injection promotes diffusion com-
bustion, which is attributed to NOx formation, an optimized pilot in-
jection has been reported to decrease NOx emissions [20,22-26].
However, various studies have reported different PM emission trends.
Some studies have confirmed that a pilot injection adversely affects PM
emissions [19,20,24-27]. In contrast, some investigations have indi-
cated that a pilot injection reduces PM emissions [22,28,29]. A previous
study conducted by Ishida et al. [26] focused on the effects of pilot in-
jection quantity and timing on combustion and emission characteristics
in a turbo-charged, direct-injection diesel engine. Their study reported
that delaying pilot injection significantly reduced flame temperature
and NOx emissions. However, higher smoke emissions were observed
under pilot injection conditions. They recommended a small pilot in-
jection quantity to reduce NOx emissions and fuel consumption.

Whereas the main goal of a pilot injection is to reduce engine noise
and vibration, the purpose of a post injection is to oxidize incomplete
combustion products. After the main injection, the post-injection strat-
egy promotes oxygen (O») utilization by enhancing air-fuel mixing in the
combustion chamber. Previous studies reported that a post injection was
very effective in reducing PM and unburned gas emissions [30-35].
Hotta et al. [30] explored the effects of a post injection on engine per-
formance using an optical engine and 3D-CFD analysis. The combustion
images and CFD results obtained by them revealed that the jet flame
formed by a post injection carried the remaining soot in the squish area.
As both the temperature and O, utilization increased, soot could be
oxidized. Various studies on post-injection quantities and timings have
been performed to improve the effects of post injections. Farhan et al.
[34] conducted experiments to analyze the combustion and emission
characteristics of CI engines with different post-injection timings and
quantities. They demonstrated that a post injection effectively reduces
HC emissions under 40% and 60% engine operating loads, and it is
important to optimize the post-injection quantity and timing to reduce
NOx and PM emissions. Other studies have reported that suitable post-
injection timing is an important factor for oxidation [35-37]. Howev-
er, poor results for emissions and fuel consumption have been reported
under inappropriate post-injection conditions. The increase in dwell
time between the main and post injections resulted in higher PM emis-
sions and fuel consumption [31,38].

Although conventional engine experiments have been conducted, it
is impossible to perform an optical analysis of the combustion phe-
nomenon occurring in the combustion chamber; moreover, indirect
analysis methods only provide limited information. Optical engine ex-
periments have been performed to support the analysis of experimental
results to overcome the limitations of conventional engine experiments.
In particular, as optical equipment devices have been developed, an
endoscope system that can preserve the combustion chamber geometry

Fuel Processing Technology 228 (2022) 107137

was applied to enhance engine research. In addition, advanced com-
bustion image processing technology helps to measure the flame tem-
perature and soot density through combustion images [39]. Various
engine studies have been conducted by combining an endoscope system
and combustion image processing technology [40,41]. Cheng et al. [40]
investigated the effects of multiple-injection parameters on the com-
bustion and soot characteristics of a heavy-duty diesel engine. Com-
bustion images demonstrated that increasing the pilot injection quantity
and advancing the pilot injection timing decreased soot formation, but
increased the flame temperature, which led to high NOx emissions. Iorio
et al. [41] compared diesel combustion and methane and diesel dual-
fuel combustion in terms of the flame temperature and soot density.
According to their study, the flame temperature and soot density of dual-
fuel combustion were lower than those of diesel combustion, regardless
of the experimental conditions, resulting in low NOx and PM emissions
under dual-fuel combustion conditions.

Although numerous studies have been performed to overcome the
disadvantages of diesel engines, few studies have focused on a
comprehensive analysis of multiple-stage injection strategies. Further-
more, the lack of detailed quantitative optical research makes it difficult
to identify the effect of multiple-stage injection on the combustion
process. The main objectives of this study were to optimize multiple-
stage injections and perform an optical analysis of the effects of multi-
ple injections on the combustion process in a heavy-duty diesel engine.
This study reveals that an optimized multiple-injection strategy can
improve the combustion and exhaust characteristics of CI engines.
Furthermore, it reveals the effects of pilot and post injections on flame
temperature and soot density through combustion image analysis.

2. Experimental method
2.1. Experimental apparatus

A single-cylinder, heavy-duty CI engine was used to carry out the
experiments. The specifications of the engine are listed in Table 1. A
schematic of the engine setup is shown in Figs. 1(a) and 1(b). In the
present study, there were a number of equipment groups for each
objective. Fig. 1(a) illustrates the equipment groups used in the engine
experiments. The single-cylinder, heavy-duty CI engine was operated
using a 55 kW DC motor at a constant speed. The mass flow controller,
surge chamber, and heater were included in the intake system, and this
system supplied the intake mixture under constant volume and tem-
perature conditions. In this study, diesel was used as the main fuel for
the engine experiments, and the fuel injection quantity, pressure, and
timing were controlled by the common rail and NI-CompactRIO system.
The HORIBA emission bench and AVL smoke meter were connected to
the exhaust port, and the emission materials were measured. In the
emission bench, NOx, THC, and CO were detected, and the emissions
were recorded in ppm. The smoke meter only measured the PM, which
was converted into units of filter smoke number (FSN). In addition,
lambda values were acquired using the lambda sensor, which was con-
nected to the exhaust port. An NI-DAQ board was used to acquire and
save the experimental results. For each experimental condition, 100
cycles of data were acquired, and the average and standard deviation
values were calculated. Different engine heads were used, depending on

Table 1

Engine specifications.
Item Description
Compression Ratio 17.0
Bore (mm) 107
Stroke (mm) 126
Connecting Rod (mm) 200
Displacement Volume 1100
Nozzle Hole Number 9
Nozzle Hole Diameter (mm) 0.161
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Fig. 1. Schematic of the (a) metal engine and (b) optical engine setup.

the objective of the experiments, whereas the other equipment remained
unchanged. One of the engine heads was used for the conventional ex-
periments, and the other engine head was modified for optical com-
bustion experiments and equipped with an endoscope system. Fig. 1(b)
shows the setup of the optical engine. The endoscope penetrated the
engine head and was inserted into the combustion chamber. A 30°
endoscope was selected to simultaneously observe the combustion
chamber and the tip of the nozzle. A lightweight charge-coupled device
(CCD) camera was installed at the end of the endoscope to prevent
damage to the endoscope due to engine vibration during the combustion
experiment. The camera trigger was created using NI-CompactRIO and
was delayed by the camera software program. To reduce experimental
variation, at least 10 combustion images were acquired and averaged for
each experimental case.

2.2. Experimental conditions

The engine experiments were performed in accordance with the
specified operating conditions by controlling the experimental devices.
The reference experimental conditions are summarized in Table 2. The
reference conditions were maintained in all experiments. In particular,
the total fuel injection quantity was fixed at 51 mm?/cycle. To analyze
the effects of multiple injections, various values for the injection timing
and quantity and number of injections were utilized in this study. The
multiple injections consisted of a pilot, main, and post injection in that
order. The main injection timing was fixed at 0.13° after top dead center
(aTDC) regardless of the experimental conditions. The pilot injection
occurred before the main injection, and the post injection was per-
formed after the end of the main injection. The multiple injection ex-
periments were divided into pilot injection and post-injection
experiments. It was possible that multiple pilot injections would

Table 2
Reference experimental conditions.
Item Description
Engine Speed (RPM) 1250
Oil & Coolant Temperature (°C) 80
Intake Temperature (°C) 40
Intake Pressure (bar) 1.4
EGR Rate (%) 20
Fuel Injection Pressure (bar) 1020
Total Fuel Injection Quantity (mm?>/cycle) 51

negatively affect engine performance by increasing noise, vibration, and
fuel consumption, and increase engine emissions, such as NOx emis-
sions. Therefore, in this study, a single pilot injection was utilized in the
experiments. Details of the pilot injection conditions are listed in
Table 3. The pilot injection quantities were varied from 3 to 9 mm>/
cycle with a 3 mm®/cycle interval, and the pilot injection timing was
varied from aTDC —5.7° to —12.5° at crank angle (CA) intervals of 3.4°.
The main fuel injection quantity was reduced by the pilot injection
quantity to ensure that the total fuel injection quantity for each exper-
iment was the same. If the pilot or post injection quantity were reduced
below 3 mm?®/cycle, which is lower than 5.88% of the total fuel injection
quantity, incomplete combustion would occur, and the multi-stage in-
jection would have negative effects on engine performances. Therefore,
this study determined the fuel injection quantity of 3 mm3/cycle as the
standard unit for multiple injections.

After the pilot injection experiments, post-injection experiments
were performed. To analyze only the effects of the post injection on
combustion and emission characteristics, the pilot injection parameters
and main injection timing were maintained in all cases. Because the total
fuel injection quantity was fixed, the main injection quantity was
determined by the sum of the pilot and post-injection amounts. The post-
injection experiments were divided into single and multiple post-
injection experiments, depending on the number of post injections.
Detailed experimental conditions are listed in Table 4. Generally, the
post injection was conducted during the expansion stroke. If the post-
injection timing is retarded from the TDC, the cylinder temperature is
reduced, making it difficult for the injected fuel to completely combust.
As a result, the unburned gases and PM emissions increase, and the
engine efficiency deteriorates. Therefore, it was more effective to ensure
that the post-injection timing was close to the main injection timing. The
single-stage post-injection experiments were focused only on post-
injection quantities. The timing of the single-stage post injection was
fixed at aTDC 9.2°, and the post-injection quantity was varied from 3 to
9 mm>/cycle with a 3 mm?/cycle interval. Two- and three-stage post

Table 3
Experimental conditions for pilot injection.

Item Description

Pilot Injection Quantity (mm®/stroke)
Pilot Injection Timing (deg, aTDC) -5.7, —9.1, —-12.5

Main Injection Quantity (mm?/stroke) 51 - Pilot Injection Quantity
Main Injection Timing (deg, aTDC) 0.13

3,6,9
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Table 4
Experimental conditions for post injection.
Item Description
Pilot Injection Quantity (mm?®/ 3
stroke)
Pilot Injection Timing (deg, aTDC) -5.7
Main Injection Quantity (mm?3/ 51 - Pilot & Post Injection Quantity

stroke)
Main Injection Timing (deg, aTDC)  0.13
Post Injection Quantity (mm?3/ Single-Stage 3,6,9

stroke) Multiple- 6+3,9+3,6+6,6+6+
Stage 6
Post Injection Timing (deg, aTDC) 9.2,14.0, 18.8

injections were carried out during the multiple-stage post-injection ex-
periments. The multiple-injection timing was selected from aTDC 9.2° to
18.8° at intervals of 4.8° CA. The pilot injection was a single injection
condition, whereas the post injection consisted of multiple injections. To
prevent interference between multiple injected fuels due to a short in-
terval, the interval of post injection was 1.4° CA longer than that of the
pilot injection. The combustion images were acquired at intervals of 3°
CA from the fuel injection timing.

2.3. Methodology for analysis

2.3.1. Ringing intensity theory

Multiple injections helped to prevent engine noise and vibrations. To
confirm these effects, it is necessary to quantify engine noise and vi-
bration. For this reason, the ringing intensity theory has been widely
used by researchers [42,43]. The ringing intensity represents the
knocking combustion, and it is expressed as follows:

Ringing Intensity = — YRT i (€D)
2y P
In this equation, § is a constant value of 0.05, and y represents the
specific heat ratio [43]. In this study, ringing intensity was calculated
during the post-processing of the experimental data using the NI Lab-
View program. The ringing intensities were compared with respect to
the variety of multiple injection conditions.

2.3.2. Combustion image processing theory

Combustion images were acquired during the optical experiments.
However, a simple analysis of images does not yield meaningful results.
Therefore, the present study applied the combustion image processing
theory to calculate the flame temperature and soot density from the
combustion images. To apply this theory, the luminance of soot from
two lights with different wavelengths was measured. The flame tem-
perature and soot density can be calculated based on the apparatus
temperature [39,40,44,45]. The combustion image processing equation
can be expressed as follows:

(%] KL (%)
ed = (1 - e’fT)e’W 2

where T and T, are the true and apparatus temperatures, respectively.
KL represents the soot density, which is the product of the absorption
coefficient that is proportional to the soot density and flame thickness. In
the visible range, the constant value « is equal to 1.38. C; is the second
radiation constant in Planck’s law [45]. Eq. (2) can be expressed as

KL= —%n {1 —e (T <ﬁ) ) } ®)
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KL= —]ln |:1 —e <7_’ (E’T> > :| (€)]

The true flame temperature and soot density can be obtained by
solving the nonlinear polynomial eqgs. (3) and (4) at different wave-
lengths. KL is a dimensionless value and is affected by image acquisition
conditions such as the exposure time of the camera, brightness coeffi-
cient, and lens angle. If the image acquisition conditions are different,
even if the acquired KL values are the same, the same soot density is not
indicated. Therefore, although the KL value derived from the flame
image cannot be analyzed as a quantitative value, it can help researchers
to understand the qualitative trend of soot density according to changes
in experimental conditions.

Prior to performing the optical experiments and obtaining the com-
bustion images, calibration of the apparent temperature using a stan-
dard light source is essential. Among the light sources, a black body
provides the most accurate values because it has the highest emissivity,
and the error of the apparent temperature can be minimized [45,46]. In
addition to the black body, a tungsten lamp was used for calibration to
analyze the combustion image [39]. Because the tungsten lamp has a
gray body, which has a lower emissivity than the black body, an error of
approximately 200 K in flame temperature can occur. Despite the above
error, it was considered that meaningful results could be derived from
the combustion images.

Therefore, in this study, tungsten lamps (apparent temperature of
2850 K) were used for calibration. Because the endoscope was equipped
with a blue light filter, red and green colors were selected among the
three colors. The wavelengths showing the maximum absorption rates of
the red and green colors in the CCD camera were 620 nm and 540 nm,
respectively, and the apparent temperatures at 620 nm and 540 nm were
calculated, respectively. Approximate values of the flame temperature
and soot density were calculated using MATLAB. The flame temperature
and soot density obtained from the original images are shown in Fig. 2.

3. Results and discussion
3.1. Pilot injection experiments

The engine experiments were performed for various pilot injection
quantities and injection timings. Fig. 3 presents the results of cylinder
pressure and rate of heat release (ROHR) with respect to the CA under
various pilot injection quantities and injection timing conditions. The
results clearly reveal that the effects of the pilot injection on combustion
are different in case of single or multiple injections. The single-injection
case showed a large increase in ROHR. In contrast, the experimental
results of pilot injection showed a lower gradient of ROHR than that of a
single injection during main combustion, regardless of the pilot injection
quantity and injection timing. The difference in the combustion char-
acteristics is closely related to the multiple-injection strategy. In a single
injection, the ROHR was divided into two regions, that is, premixed
combustion and diffusion combustion regions, because of the increased
ignition delay. Without the pilot injection, the cylinder temperature was
not sufficient to ignite the injected fuel in the combustion chamber,
which increased the ignition delay and resulted in the formation of a
homogeneous air-fuel mixture. In the early combustion stage, premixed
combustion rapidly occurred with a homogeneous air-fuel mixture,
which can cause knocking combustion. Therefore, in the CI engine using
diesel fuel, a high compression ratio was applied to prevent knocking
combustion. Subsequently, the injected fuel was ignited quickly,
resulting in moderate diffusion combustion in the late combustion stage.
Even though diesel combustion occurred, premixed combustion
accounted for a significant portion of diesel combustion under single-
injection conditions, and the highest value of ROHR was observed
during premixed combustion. In contrast, a low intensity of premixed
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Fig. 2. Flame temperature and soot density calculated from the combustion images.
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Fig. 3. Effects of pilot injection strategies on cylinder pressure and ROHR.

combustion occurred when a pilot injection preceded the main injection.
This resulted in an increased cylinder temperature during the main in-
jection. As a result, significant reductions in the ignition delay and peak
value of the ROHR were observed. Diffusion combustion is dominantly
observed regardless of the pilot injection timing and quantity. In the
multiple-injection cases, higher pilot injection quantities resulted in
higher peak cylinder pressures. Moreover, as the pilot injection timing
advanced, the timing of the increase in cylinder pressure also advanced.
The main purpose of the pilot injection is to prevent the occurrence of
knocking rather than to improve thermal efficiency or reduce NOx and
PM emissions.

Fig. 4 shows the effects of pilot injection quantities and timings on
ringing intensity. The ringing intensity, which quantitatively represents
the knocking combustion intensity, is related to the noise and vibration
of the engine. A higher ringing intensity indicates that a higher engine
noise and vibration has occurred. Under single-injection conditions,

high-intensity premixed combustion occurred, resulting in the highest
ringing intensity. The pilot injection decreased the ringing intensity.
This figure demonstrates that the pilot injection effectively prevents
engine noise and vibration by suppressing premixed combustion.
However, increasing the pilot injection quantity and advancing the pilot
injection timing increased the ringing intensity, causing engine noise
and vibration. As a result, a large pilot injection quantity and an
excessively high advanced injection timing had negative effects on en-
gine combustion. In.

particular, increasing the pilot injection quantity resulted in a higher
ratio of premixed combustion. The ringing intensity was higher than
that of a single injection with the largest and most advanced pilot in-
jection conditions, indicating that the engine noise and vibration were
more severe. The effects of the pilot injection were confirmed by the
engine performance. Figs. 5(a) and 5(b), respectively, provide the
indicated mean effective pressure net (IMEPnet) and thermal efficiency
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for various pilot injection strategies. As shown in the figure, unlike those
obtained under the single-injection conditions, the engine performances
for various pilot injection parameters were located in the error range.
Nevertheless, the effects of the pilot injection on the engine performance
could be clearly observed. Regardless of the pilot injection quantity, a
better performance was achieved at a pilot injection timing of aTDC
-5.7° than with a single injection. However, it was found that advancing
the pilot injection timing deteriorated both the IMEPnet and thermal
efficiency simultaneously. This is closely related to the effect of the pilot
injection on combustion phasing. The short ignition delay caused by
applying the pilot injection rapidly increased the cylinder pressure.
While the cylinder pressure after TDC resulted in positive work, the
increased cylinder pressure before TDC caused negative work. For the
cases where the pilot injection timing was closest to the main injection
timing, the cylinder pressure was increased after TDC, as illustrated in
Fig. 3. However, the cylinder pressure increased before TDC because the
pilot injection timing was advanced from the main injection timing,
impairing the IMEPnet and thermal efficiency of the engine. Further-
more, a high cylinder pressure results in heat loss, which adversely af-
fects the engine efficiency. In addition to the IMEPnet and thermal
efficiency, the NOx and PM emissions were affected.

by the pilot injection. Fig. 6(a) shows the effects of the pilot injection
parameters on the NOx emissions and peak cylinder pressure, demon-
strating that the NOx emissions were mainly affected by the pilot in-
jection quantity. According to previous research, NOx emissions are
closely related to the combustion temperature [9]. Therefore, a
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Fig. 6. Effects of the pilot injection on (a) NOx emissions, peak cylinder
pressure, and (b) PM emissions.
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proportional relationship between the NOx emissions and peak cylinder
pressure can be observed in this figure. Under the conditions of a pilot
injection quantity of 3 mm>/cycle, both the NOx emissions and peak
cylinder pressure were lower than those under the single-injection
condition because the premixed combustion, which rapidly increases
the cylinder pressure, is prevented by the pilot injection. However, as
the pilot injection quantity increased further, the NOx emissions and
peak cylinder pressure steadily increased. This figure demonstrates that
NOx formation is effectively suppressed by reducing the peak cylinder
pressure only for a pilot injection quantity of 3 mm?®/cycle. Fig. 6(b)
shows that the PM emissions of the pilot injection cases were always
higher than those of the single-injection case. Because of the long igni-
tion delay with a single injection, a homogeneous air-fuel mixture was

@) 3 9
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formed, resulting in a higher ratio of premixed combustion. In contrast,
the ignition delay was shortened by the pilot injection, and a locally rich
air-fuel mixture was formed. Soot typically forms at low temperatures
and when mixtures with high equivalence ratios are heated, and it
comprises materials such as sulfur, water, and hydrocarbons. Therefore,
it is inevitable that PM emissions will be increased by applying a pilot
injection.

For the pilot injection cases, the higher the pilot injection quantity,
the lower the PM emissions, and this is a trade-off relationship with both
the NOx emissions and peak cylinder pressure. The above results reveal
that the NOx and PM emissions were more affected by the pilot injection
quantity than by the pilot injection timing. In summary, the experi-
mental results revealed that a pilot injection quantity of 3 mm?®/cycle
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and pilot injection timing of aTDC -5.7°, which is the closest to the main
injection timing, constitute the optimal pilot injection conditions.
Although the PM emissions increased by applying the pilot injection, the
optimum conditions were determined in consideration of the purpose of
the pilot injection. Because the best anti-knocking performance was
achieved under these pilot injection conditions. In addition to the metal
engine experiments, optical engine experiments were performed with
single and optimal pilot injection conditions to visually analyze the ef-
fect of the pilot injection on combustion temperature and soot density.

Fig. 7(a) compares the cylinder pressure and ROHR obtained under
single-injection and two-stage injection conditions with respect to the
CA. The two-stage injection is the same as the optimal pilot injection
derived in the above experiments. Under single-injection conditions, a
high intensity of premixed combustion occurred, followed by diffusion
combustion. In contrast, the pilot injection promoted diffusion com-
bustion by increasing the cylinder temperature. The flame temperature
and soot density were derived by post-processing the combustion images
obtained under the above experimental conditions. Figs. 7(b) and 7(c)
show the images of the flame temperature and soot density for the single
and two-stage injections, respectively. The post-processed figures indi-
cate that the injection strategy affects the cylinder temperature and soot
density. The images obtained at 3° and 9° CA, aSOE, reveal that the pilot
injection reduces the ignition delay and promotes soot formation. The
flame temperature and soot density remained low under single-injection
conditions at the beginning of combustion. As premixed.

combustion occurred, the flame temperature and soot density
rapidly increased. The differences between the single injection and two-
stage injections could not be confirmed from the combustion images and
cylinder pressure after 15° CA, aSOE. Moreover, a simple comparison of
combustion images is not sufficient to identify the differences in com-
bustion characteristics under different injection strategies. To overcome
this limitation, this study obtained the values of the flame temperature
and soot density from the combustion images. Fig. 8(a) shows the trends
for the flame temperature and soot density for the single and two-stage
injections. The hollow points indicate the average values of the flame
temperature and soot density of all pixels in each combustion image. The
solid points represent the average values of the hollow points for a
specific CA. All points changed according to a certain trend from the
start to the end of the observation period, which depended on the fuel
injection strategies.

Based on the combustion images, the combustion period can be
divided into two sections. During the first half of the combustion period,
the flame temperature and soot density increased until the peak point,
and this period was defined as the period of flame propagation and soot
formation. Although soot formation and oxidization occurred simulta-
neously throughout the combustion period, soot formation was higher
than soot oxidation during this period. The flame temperature and soot
density steadily decreased until the end of the observation period. While
NOx formation is closely related to the peak value of the flame tem-
perature, the PM emissions are proportional to the soot density at the
end of the observation period. The flame temperature and soot density
were lower than those obtained under two-stage injection conditions at
the start of the observation period because premixed combustion
occurred under single-injection conditions. The premixed combustion
by a single injection increased the peak flame temperature and simul-
taneously resulted in a low soot density. Conversely, the pilot injection
inevitably increased the soot density, which was maintained until the
end of the observation period. Fig. 8(b) summarizes the trends of the
flame temperature and soot density for the single and two-stage in-
jections. This figure shows the differences between premixed and
diffusion combustion. As mentioned above, a low flame temperature and
soot density were observed at the start of the observation period when a
single injection was utilized. The single injection effectively increased
not only the flame temperature but also the soot density. In contrast, the
two-stage injection led to a high flame temperature and soot density at
the start of the observation period, and it did not dramatically increase
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Fig. 8. (a) Experimental distributions and (b) trends for the flame temperature
and soot density under single and two-stage injections.

both values during the first half of the observation period. In this period,
the flame temperature and soot density increased by approximately 270
K and 0.22 KL, respectively, when a single injection was utilized. The
two-stage injection increased the flame temperature and soot density by
approximately 60 K and 0.13 KL, respectively. As a result, the peak flame
temperature under two-stage injection conditions was lower than of the
single-injection conditions, which can explain the NOx emission trends.
The difference in soot density was reduced compared to the start of the
observation, but the soot density was still higher in the two-stage
injection.

The trends of flame extinction and soot formation under both
experimental conditions were almost the same. This is because diffusion
combustion commonly occurs regardless of the experimental conditions
during the second half of the observation period. The injection strategy
determined the flame temperature and soot density at the start of the
observation period. Although almost the same soot oxidation rate was
achieved under both conditions, the soot density at the end of the
observation period was 0.07 KL higher under the two-stage injection
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conditions than under the single-injection conditions, which was the
same trend as for the PM emissions. The combustion image analysis
revealed that the high PM emissions due to the pilot injection were
attributed to the high soot density at the start of the observation period.
In addition, the pilot injection prevented NOx formation by suppressing
rapid combustion.

3.2. Post-injection experiments

The use of a pilot injection prevents rapid premixed combustion,
which leads to knocking combustion and high NOx emissions. A post
injection is mainly used to enhance the oxidization of incomplete
combustion materials. In this part of the study, engine experiments were
performed to analyze the effects of post-injection strategies on the
combustion and emission characteristics. During the post-injection ex-
periments, the optimal pilot injection conditions determined in previous
experiments were applied.

3.2.1. Single-stage post-injection experiments

Before performing the engine experiments for multiple post in-
jections, the effects of a single post injection on combustion and emis-
sion characteristics were determined. The single-stage post-injection
timing was fixed at aTDC 9.2° because a better performance is achieved
when the post-injection timing is close to the main injection timing. The
post-injection quantity was varied from 3 to 9 mm?>/cycle with 3 mm?3/
cycle intervals. The results of single-stage post injection were compared
with those of a two-stage injection consisting of a pilot injection and a
main injection without a post injection. Fig. 9 shows the cylinder pres-
sure and ROHR with respect to the CA for various post-injection quan-
tities, and noticeable differences can be observed between the results
obtained with the different injection strategies. Because the total fuel
injection quantity was fixed in all experiments, the main injection
quantity was reduced by the post-injection quantity, resulting in low
peak values of cylinder pressure and ROHR.

during the main combustion period. Fig. 10 shows the effect of the
post-injection fuel quantity on the IMEPnet and thermal efficiency of the
engine under single post-injection conditions. Because the post-injection
timing was close to the main injection timing, the cylinder temperature
was sufficiently high for combustion of the post-injected fuel. Under
these conditions, a post injection promotes the oxidation of incomplete
combustion materials. Furthermore, the lowered peak cylinder pressure
achieved by applying a post injection reduced the heat loss, leading to
high engine efficiency. As a result, the IMEPnet and thermal efficiency

Pilot Injection Main Injection  Post Injection

{4 ] ]
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steadily improved by increasing the post-injection quantity within the
error range. Although a post injection has a small effect on engine effi-
ciency, the above results clearly reveal that it can improve engine effi-
ciency under sufficiently high cylinder pressure conditions. The effects
of a post injection on the oxidation of incomplete combustion materials
are corroborated by the.

emission and lambda values provided in Fig. 11. Fig. 11 depicts the
THC, CO, and PM emissions for various post-injection quantities. The
emission results were normalized by those of the condition without a
post injection. The post injection effectively reduced the incomplete
combustion materials; however, an increase in PM emissions at a post-
injection quantity of 3 mm®/cycle was observed. In particular, the
THC and CO emissions were greatly reduced after the injection. The THC
and CO emissions were all lower than those achieved under conditions
with no post injection. According to previous studies, THC is mainly
generated in the crevice volume, where the cylinder temperature is
relatively low [9]. In addition, CO formation occurs in the rich air-fuel
mixture region because of the low Oy concentration. Fig. 12 explains
why post injection reduced the THC, CO, and PM emissions in the
combustion chamber. At the end of the main injection, incomplete
combustion occurs in locally high equivalence regions and in the crevice
volume, which has a low combustion temperature. As a result, unburned
combustion materials form. The post-injected fuel provided air to
incomplete combustion materials in the combustion chamber or moved
unburned gases in the low-temperature region to the high-temperature
region for complete combustion, reducing THC, CO, and PM emis-
sions. As the post-injection quantity increased, the CO and PM emissions
were greatly reduced, but the THC oxidization effect was slightly
reduced. This is because the post injection has the conflicting effects of
reducing the peak cylinder pressure and moving the unburned material
to the high-temperature region. In contrast, CO and PM formation is
affected more by the local Oy concentration than the cylinder
temperature.

The lambda values demonstrate that increasing the post-injection
quantity improves the thermal efficiency of the engine by reducing
incomplete combustion materials. The lambda value is a representative
indicator of complete combustion under the experimental conditions in
which the total fuel injection quantity is fixed. In Fig. 11, the higher the
post-injection quantity, the lower the observed lambda values, which
implies that the THC, CO, and PM are oxidized more by post injection,
resulting in high combustion efficiency. Complete combustion improves
the IMEPnet and thermal efficiency of the engine, as shown in Fig. 10.
The results of the experiments revealed that the pilot injection affects
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the combustion phasing, whereas the post injection promotes the
oxidation of unburned materials, affecting the engine efficiency.
Considering the results of engine efficiency and emissions, a single-stage
post-injection quantity of at least 6 mmS®/cycle was considered
reasonable.

3.2.2. Multiple-stage post-injection experiments

Under multiple post injections, emission characteristics can be
improved or impaired depending on the post injection number, even if
the total post-injection quantity is the same. Therefore, after the single-
stage post-injection experiments, multiple-stage post-injection experi-
ments were carried out with different injection numbers and quantities.
Fig. 13 shows the cylinder pressure and ROHR with respect to the CA
under different multiple-stage post-injection conditions. As in the pre-
vious experiments, increasing the post-injection quantity reduced the
peak cylinder pressure because of the lower main injection quantities.
By analyzing the ROHR, it is possible to compare the number of post
injections and post-injection quantities. The ROHR tended to increase
gradually as the number of post injections increased, and cylinder
pressure increased simultaneously. If incomplete combustion does not
occur, the cylinder pressure at a particular CA is the same at the end of
combustion with the same total injection quantity and driving condition,
regardless of the number of injections. In other words, the cylinder
pressure is lowered by the occurrence of incomplete combustion despite
the same post-injection quantity conditions. The results for the second
post-injection quantity of 3 mm®/cycle, which resulted in a low cylinder
pressure at the end of combustion, indicate incomplete combustion.
Because the second post-injection timing is far from the TDC compared
with the first post-injection timing, the cylinder temperature is insuffi-
cient for complete combustion of a small amount of post-injected fuel. In
addition to the cylinder pressure, incomplete combustion affects the
IMEPnet and thermal efficiency, as shown in.

Fig. 14 In this figure, the IMEPnet and thermal efficiency of the
second post-injection quantity of 3 mm?3/cycle showed apparently lower
values compared to other conditions that have the same post-injection
quantity, and it is demonstrated that incomplete combustion de-
teriorates engine performance. In particular, the post-injection quantity
of 6 + 3 mm®/cycle led to the lowest IMEPnet and thermal efficiency,
which exceeded the error range compared to other conditions. In
contrast, the engine performance was improved by increasing the sec-
ond post-injection quantity from 3 to 6 mm?>/cycle. Moreover, the third
post-injection quantity of 6 mm>/cycle was sufficient for combustion, as
shown in Figs. 13 and 14. The emission and lambda values support the
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above analysis based on the combustion characteristics. The effects of
multiple-stage post-injection strategies on emissions and lambda values
are shown in Fig. 15. In particular, high PM emissions and lambda values
were mainly observed under conditions of deteriorated engine perfor-
mance. It was revealed that the second post-injection quantity of 3 mm?3/
cycle caused incomplete combustion, leading to high PM emissions and
lambda values. In summary, the optimal post-injection condition was a
two-stage post-injection of 6 + 6 mm?>/cycle, which not only maintained
arelatively high thermal efficiency but also resulted in the most effective
oxidation of incomplete combustion materials. Table 5 summarizes the
optimal injection quantities and timings.

Figs. 16(a) and 16(b) show the effects of the pilot and post injections
on the combustion and emission characteristics. The pilot injection
prevented engine noise and vibration by reducing the premixed com-
bustion ratio. However, an increase in PM emissions due to diffusion
combustion is inevitable. By applying the post injection, it was
confirmed that the increased PM emissions were reduced to the same
level as the single-injection condition. Furthermore, the four-stage in-
jection improved the thermal efficiency by reducing both heat loss and
incomplete combustion materials. In conclusion, this study found that
the application of the optimal multi-stage injection has obvious advan-
tages in terms of combustion and emission characteristics. The effects of
the post injection on the flame temperature and soot density are dis-
cussed next.

Fig. 17(a) shows the effects of post injection on the cylinder pressure
and ROHR. Under both conditions, the same cylinder pressure and
ROHR were obtained until the timing of 15° CA aSOE. The peak cylinder
pressure and ROHR were reduced by applying a two-stage post injection.
At timings of 21° and 27° CA aSOE, the ROHRs of the four-stage injec-
tion were higher than those of the other cases. In addition, the post in-
jection led to a high cylinder pressure after the timing of 27° CA aSOE by
enhancing the complete combustion. Figs. 17(b) and 17(c) show the
flame temperatures and soot densities for the two-stage and four-stage
injections, respectively. Under both conditions, the flame temperature
and soot density were clearly observed from the beginning of the com-
bustion period owing to the pilot injection. Almost the same flame
temperature and soot density were maintained during the main com-
bustion period. In addition to the cylinder pressure and ROHR, differ-
ences in the flame temperature and soot density obtained with the
injection strategies were observed after 21° CA aSOE. The flame tem-
perature of the four-stage injection was maintained after 21° CA aSOE,
but it was not the highest flame temperature that resulted in significant
NOx emissions. A high maintained flame temperature promoted soot
oxidation. In addition, post injection increased the momentum energy in
the combustion chamber, and a wide range of flame surfaces could be
observed. As a result, the images of soot density showed opposite trends
with the flame temperature at the end of the observation period.

For a more detailed analysis, Fig. 18(a) provides the trends of the
flame temperature and soot density for the two-stage and four-stage
injections. During the first half period, the two-stage injection
increased the peak flame temperature, which was ascribed to high NOx
emissions. The effects of the post injection on the flame temperature and
soot density were mainly observed in the second half period. The results
of the four-stage injection show a higher gradient of soot density versus
flame temperature than that of the two-stage injection. This indicates
that the soot density was rapidly reduced by the post injection, which
enhanced soot oxidization. As a result, the soot density at the end of the

Table 5
Conditions of the optimal multiple injections.

Order Injection timing (deg, aTDC) Injection Quantity (mm>/cycle)
Pilot -5.7 3

Main 0.13 36

Post 1 9.2 6

Post 2 14.0 6
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observation showed a significant difference in accordance with the post-
injection application.

Fig. 18(b) summarizes the trends of the flame temperature and soot
density obtained with the two-stage and four-stage injections. As
mentioned above, the two-stage injection led to a high flame tempera-
ture of approximately 70 K compared with the four-stage injection. Both
cases showed a peak soot density of approximately 0.61 KL. The post
injection mainly affects soot oxidization during the second half of the
period. In this period, the soot density reduced from 0.61 KL to 0.36 KL
under two-stage injection conditions, and the four-stage injection
reduced the soot density to approximately 0.32 KL, which was almost
the same as the soot density at the end of the observation period when a
single injection was utilized. The measured PM emissions under both
injection strategies were also almost the same. Because the KL value
calculated from the combustion images is a dimensionless value, it is
difficult to simply compare the KL value and the measured PM emis-
sions. Nevertheless, in this experiment, it was found that the KL value
was sufficiently reliable by comparing the trends of the KL value at the
end of the observation period and the measured PM emissions under the
same conditions of combustion image acquisition.

4. Conclusions

The goals of this study were to optimize multiple-stage injections and
conduct an optical analysis of the effects of multiple injections on the
combustion process in a heavy-duty diesel engine. In addition to con-
ventional analysis, the ringing intensity, which represents knocking
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combustion, was obtained to evaluate the engine noise and vibration.
Optical engine experiments were performed using endoscopic visuali-
zation devices. The flame temperature and soot density were calculated
from combustion images. The main conclusions of the engine experi-
ments are summarized as follows:

1. The combustion of a single injection had a long ignition delay, which
led to premixed combustion. As a result of the high intensity of
premixed combustion, severe engine noise and vibration occurred.
The long ignition delay results in a homogeneous air-fuel mixture,
which effectively reduces PM emissions.

. The main objective of the pilot injection is to prevent engine noise
and vibration. The pilot-injected fuel was combusted, and the

combustion chamber temperature increased. Therefore, the ignition
delay was reduced, and moderate diffusion combustion occurred.
The pilot injection timing and quantity affected the combustion and
emission characteristics, respectively. While the IMEPnet and ther-
mal efficiency were affected by the pilot injection timing, the pilot
injection quantity determined the NOx and PM emissions. The
optimized pilot injection strategy improved engine stability and
thermal efficiency. However, increasing PM emissions were inevi-
table under pilot injection conditions because of diffusion
combustion.

. The post-injected fuel promoted the mixing of air and incomplete
combustion materials in the combustion chamber, enhancing O,
utilization. The THC, CO, and PM emissions were reduced by
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applying the post-injection strategy. Moreover, a lower peak cylinder
pressure reduced heat loss, improving the IMEPnet and thermal ef-
ficiency. However, inappropriate post-injection conditions such as a
too low injection quantity or retarded injection caused incomplete
combustion, deteriorating the thermal efficiency and increasing the
PM emissions.

4. Based on the combustion images, the combustion period can be
divided into two sections. During the first half of the combustion
period, flame propagation occurred, and the soot formation intensity
was higher than the soot oxidation intensity, increasing the soot
density. In contrast, the flame temperature and soot density
decreased during the second half of the period. The peak flame
temperature is closely related to the NOx emissions, and the PM
emissions are proportional to the soot density at the end of the
observation.

5. The effects of the pilot and post injections on the flame temperature
and soot density were clearly identified by performing optical engine
experiments. The high PM emissions due to the pilot injection were
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ascribed to the high soot density at the beginning of fuel combustion.
The pilot injection reduced the peak flame temperature by sup-
pressing the high-intensity premixed combustion. The post injection
lowered the peak flame temperature and enhanced soot oxidation,
resulting in low NOx and PM emissions.

Future work

In this study, a tungsten lamp was used to calibrate the apparent
temperature. Moreover, the CCD camera used in this study was rela-
tively small and had a low resolution. These elements cause errors in
combustion image analysis. To overcome these errors, a black body and
an improved combustion image acquisition system that contains a
spectrograph and high-resolution CCD camera will be used in future
research.
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