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Abstract

In previous study, post injection has shown a significant benefit in the reduction of
soot emissions. Among them, the close post injection which only has short dwell between
the main injection is supposed to be able to increase the thermal efficiency. The reduction
of the cooling loss due to the main flame impingement is considered as the reason to the
increase of thermal efficiency. However, there is a lack of study related to the influence
of post injection timing and quantity on the combustion characteristics. Therefore, in this
study, the engine performance and emission characteristics of injection strategy with
close post injection was investigated. The post injection timing was modified from near
zero interval to around 4.5°CA from the end of main injection. In addition, the post
injection quantity was modified from 3, 9, to 15 mm3/cycle and the intake pressure was
modified from 170, 200, to 220 kPa while maintaining the total injection quantity at 39
mm3/cycle. In order to clarify the mechanism of cooling loss by applying post injection
and the effect of injection dwell to the cooling loss and combustion characteristics, an
optical engine was used to observe the combustion process. As a result, a certain dwell is

needed to fully exploit the effect of cooling loss reduction by post injection.

Keywords: Diesel engine; Post injection; Multi-injection; Cooling loss; Spray combustion

1. Introduction

Traditionally the NOx and soot emissions were the two main concerns for diesel

engine and they were strictly restricted [1]. For the reduction of NOx, the exhaust gas
1
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recirculation (EGR) technology was widely researched and applied to modern diesel
engines [2]. As for the soot reduction, one of the solutions is post injection which reduces
main injection quantity and plus an additional injection after main injection. This
multiple injection strategy was achieved by the development of common-rail system and
injector system [3, 4]. As a result, more complex injection strategies could be applied with
faster response to reduce harmful emissions as well as combustion noises [5, 6]. Previous
researches indicated that the post injection duration, timing were significant factors
affecting the efficacy of post injection on soot and UHC emissions [5]. Some studies stated
that the mechanism of the soot emissions reduction is due to the reduction of main
injection quantity [7, 8]. Those researches claimed that less main injection quantity leads
to lower soot formation by main combustion, and the post injection does not produce
significant additional soot emissions. Therefore, global soot emissions were suppressed.
As for the post injection timing, in summary, there are two possible scenarios in which a
post injection seems to be an efficient strategy to reduce soot emissions. One is when the
post injection is very close to the main injection and the other is when it is far enough
from the main injection [7-12]. The researches on far post injection, the post injection
with a certain gap between the main injection, indicated that the lower temperature of
the unburned gas at the end of post injection prevents the formation of soot. On the other
hand, the close post injection implies that the application of post injection accelerated
the final stage of combustion which makes the soot oxidization occurs at higher
temperature [12].

Although the post injection has significant advantages on emission reduction
mentioned above, the total combustion duration will be extended by dividing main

injection into main and post injection. As a result, the degree of constant volume (DCV)



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

The effect of close post injection on combustion characteristics and cooling loss reduction

may drop and thermal efficiency will decrease. Therefore, from the perspective of thermal
efficiency, the gap between main and post injection should be minimized [8, 12, 13].
Moreover, recently, some studies indicate that the short interval injection could have the
effect of reducing cooling loss [8, 14, 15]. The explanation to this phenomenon is the
reduction of the high temperature gas quantity and motion near the combustion chamber
wall. Hence, instead of deteriorating the thermal efficiency, applying the close post
injection is possible to achieve higher fuel economy.

According to these theories, a larger amount of post injection could decrease more
cooling loss by suppressing the main injection impingement but, in turn, the DCV could
reduce. Therefore, there may exist a tradeoff relationship between the improvement of
thermal efficiency by decreasing cooling loss and the reduction of thermal efficiency by
the decrease of DCV when a certain amount of close post injection is applied.

Moreover, it is reported that when post injection was applied to heavy-duty diesel
engines with low temperature combustion operating conditions, the fluid interaction
between main injection and post injection mixture will help to reduce the unburnt
hydrocarbon emission [16, 17]. In addition, the transient process associated with the
small post injection is reported to have a positive effect on thermal efficiency [12]. These
results indicate that the interaction between the main and post injection spray could
affect the combustion characteristics of the close post injection. However, there is limited
data concerned about the near zero interval of main and post injection.

Therefore, in this study, a metal engine was used to investigate the effect of close
post injection on engine performance. The injection timing of the post injection was
modified so that it could range from near zero interval with the main injection to a short

interval between the main injection. Also, the effects of post injection quantity and intake
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pressure on engine performance and combustion characteristics were discussed. The
results show that the cooling loss could be reduced by applying close post injection. In
addition, by retarding post injection timing slightly from near zero interval, the cooling
loss showed a minimum. Furthermore, the reason for the effects of injection interval was

discussed based on the results of spray and flame visualization using an optical engine.

2. Experimental Setup

2.1 Engine setup and analytical method

The schematic of the single cylinder engine system used for engine performance
experiments is shown in Figure 1 and its major specifications are summarized in Table
1. The supercharging system is driven separately from the engine. Therefore, the intake
pressure could be changed regardless of the engine rotational speed and engine load. In
this series of experiments, the effect of near zero interval post injection on cooling loss
and engine performance was investigated at high load condition. Therefore, a high
thermal efficiency point was selected with a rotational speed of 2250 rpm and gross
indicated mean effective pressure at around 1.4 MPa. The detailed experimental setups

were decided as shown in Table 2. The injection pressure (p]-) was measured at common-

rail and its value was fixed at 270 MPa through this study. The intake and exhaust
pressure were set at the same level to exclude the influence of pumping loss to the
experimental results as possible as we could. An intercooler and a heater were used to
keep the intake temperature at 50°C. Exhaust pressure could be modified by the back
pressure valve and an exhaust chamber was used to minimize the influence of exhaust
pressure fluctuation. The exhaust gas could be reintroduced to the intake port through
an EGR valve so the EGR rate could be modified by EGR valve aperture. In this study,

low pressure EGR system was used. Low pressure EGR system with DPF filter could
4



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

The effect of close post injection on combustion characteristics and cooling loss reduction

avold the contamination of the engine and lubrication oil with soot. Intake oxygen
concentration was set to 19.2% by regulating the EGR rate. The piston bowl shape is
shown in Figure 2.

A common-rail system and a piezo injector with an injection angle of 156° were used.
The nozzle hole number was 12 and its diameter was 0.114 mm. The commercial JIS
(Japanese Industry Standard) No.2 diesel fuel (Cetane index 54) was used. The fuel
density at 15°C was 839.7 kg/m3 and the lower heating value was 43.1 MdJ/kg. An exhaust
gas analyzer (Horiba MEXA 1700DEGR) was used to measure the NOx, total
hydrocarbon (THC), CO, CO2, and O2 concentrations while the smoke emissions were
obtained by AVL 415S smoke meter.

For metal engine experiments, the heat release rates were calculated from
averaging the in-cylinder pressure histories of consequent 50 cycles recorded by an in-
cylinder pressure sensor (Kistler 6052C). The cooling loss is calculated by subtracting
indicated work, unburned loss, and exhaust loss from input energy. The rate of exhaust
loss was calculated by subtracting intake enthalpy from exhaust enthalpy. The heat
release rate with compensation of cooling loss was used for DCV calculation.

The schematics of the optical engine are shown in Figure 3 and the cross section
view of the combustion chamber is shown in Figure 4. The intake and exhaust system
were the same as the metal engine. Optical access is provided through a Bowditch type
piston [18]. Its combustion chamber had a diameter of 51.8 mm and a depth of 12.8 mm.

Due to the mechanical limitation of the optical engine, its compression ratio was
15.4 and the rotational speed was set to 2000 rpm. In order to simulate almost the same
spray development against crank angle, injector with a nozzle diameter of 0.104 mm was

used. The nozzle hole number was unchanged. The intake temperature and intake
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pressure were maintained at 50°C and 200 kPa, respectively. The operation parameters
are summarized and compared with that of metal engine in Table 2. In this study, the

equation presented by Wakuri was used to predict the spray tip penetration [19].

Ap dot
= C W 1/4' o 1/2
X (pa) Comy),

X spray tip penetration;

C- model constant;

Ap: difference of injection pressure and ambient pressure;
P+ ambient density;

6: half cone angle of the fuel spray;

d,: nozzle diameter;

t: time from start of injection;

The Ap is approximately proportional to injection pressure, and the ratio of p, can
be calculated by the ratio of compression ratio and intake pressure. With the operation
parameter setup listed in Table 2, the ratio of spray tip penetration as a function of time
for metal and optical engine is equal to 1.143. Since the ratio of rotational speed is 1.125,
the ratio between the crank angle resolved penetration of metal and optical engine was
approximately 1. It should also be noted that the spray tip velocity when it reaches the
rim of the chamber is different since the diameter of the bowl is different.

A high speed camera (Photron FASTCAM SA-7Z) was used for the optical
experiments. The frame rate was 60,000 fps which correspond to 1 picture per 0.2 °CA.
The picture size was 384 x 728 pixel and its resolution was 0.1 mm/pixel. During the
optical engine experiments, the injection process only occurred for 7 consecutive cycles.
The calculated heat release rates of each cycle were compared with the average heat

release rate of 7 cycles. Due to the influence of residual gas, the history of in-cylinder
6
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pressure was different between the first cycle and the last cycle. In this study, since the
history of in-cylinder pressure of the 5th cycle was closest to the average in-cylinder

pressure history, it was chosen as the representative when comparing the optical results.

2.2 Injection timing seftting

Usually, the injection patterns of diesel engine at high load conditions include
several pilot injections. Two-stage pilot injection is widely applied to suppress the
combustion noise and emissions. The target of this study is the investigation of the
characteristics of close post injection when it is applied to a normal injection pattern.
Therefore, in this series of study, a two-stage pilot injection was applied before the main
injection. The injection timing was set at -20.2 and -9.2 °ATDC, respectively. And their
injection quantities were 1.7 and 1.8 mm3/cycle. The main injection timing was fixed at -
1.7 °ATDC and the post injection timing, which was a vital parameter, was changed to
modify the interval between main injection and post injection. The total injection
quantity was 39 mm3/cycle while the post injection quantity was set to be 0, 3, 9, and 15
mm?3/cycle. The injection parameters mentioned above are summarized in Table 3.

The injection rate was measured by using the Zeuch type injection rate meter
(Onosokki FJ7000) and 12.5 kHz low pass filter was applied to the original pressure
signal to remove the noise signals. The experiment parameters with 0, 3, 9, and 15
mm?3/cycle were named as ppM, ppMP3, ppMP9, and ppMP15, respectively. As references,
the experiments without post injection (post injection quantity was reduced from main
injection quantity) were also conducted and they were referred to as ppM(P3), ppM(P9),
and ppM(P15). The number in brackets referred to the injection quantity reduced from

the main injection compared to ppM. For each post injection quantity, the injection timing
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of the post injection was also modified. Take injection rate results with post injection
quantity of 9 mm3/cycle as an example, as shown in Figure 5, the interval of the injection
timing (Af) between main and post injection was determined as the interval of the
intercept of the fitted lines of the injection rate of the end of main injection and the start
of post injection. For each post injection quantity, 4 patterns of the interval were selected
and they are summarized in Table 4. The A6 are added at the last of the experiment
label. In addition, the relative locations of the injection axis to the chamber wall are
shown in Figure 6 as a reference.

The injection rates with various post injection quantity and timing are shown from
Figure 7 to Figure 9. With the decrease of post injection quantity, the maximum main
injection rate decreased. In addition, when post injection quantity was 3 and 9 mm?3/cycle,
the maximum injection rates were lower than main injection. On the other hand, the
maximum injection rate of the post injection was almost the same with the main injection
when post injection quantity was 15 mms3/cycle. When post injection quantity was 9 and
15 mm3/cycle, the maximum post injection rate increased slightly with the retard of post
injection timing.

For optical experiments, since the rotational speed was different from the metal
engine operation condition, the injection timing and duration instead of the injection
quantity was set to be the same compared to metal engine operating conditions. The
examples of the comparison of injection rate for optical engine and metal engine with A8
of 0°CA and 3.2°CA are shown in Figure 10. For the optical experiments (labeled with
ppMP6), we aimed to adjust the same injection duration with the metal engine
experiments. So the total injection quantity and post injection quantity were different

from metal engine experiments. Though the ratios of injection quantity between two pilot
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injections and main injection were also not exactly the same compared to metal engine
operating condition, the interval between main and post injection, which was the main
concern of the optical experiments, was adjusted to be the same.

However, the differences in the fuel rate shown in Table 2 and the fuel rate ratio
between main and post injection shown in Figure 10 indicate that the injection rate of
main injection was much lower for optical experiments compared to metal engine
experiments. In other words, the heat release of main injection may take a lower
proportion for optical experiments than actual metal engine operation conditions.
Therefore, the injection parameters of the optical experiments had the same injection
interval as ppMP9 of metal engine experiments, but the heat input ratios of main and
post injection were more close to ppMP15 of metal engine experiments. In addition, if we
also consider that the actual bore size is smaller for optical engine, the interaction of fuel

spray with the chamber wall was exaggerated compared to that of main flame.

3. Metal engine experiment results and discussion

3.1 The effect of post injection timing

Figure 11 shows the results of the average in-cylinder temperature (T), in-cylinder
pressure (p), heat release rate (dQ/d#), and injection rate with post injection quantity of
9 mm3/cycle. The results of ppM and ppM(P9) are also shown in the figures as references.
As a whole, two-stage heat release followed the pilot injections before top dead center
(TDC) and the main heat release occurred around TDC. The peak of the main heat
release and the maximum in-cylinder pressure decreased by applying post injection. In
addition, the highest in-cylinder pressure decreased with the retard of post injection

timing.
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The engine performance results are shown in Figure 12 and the emission results
are shown in Figure 13. Figure 12 shows that the cooling loss could be decreased by
applying post injection with the range of A6 from 0°CA to 5°CA. The cooling loss could
be further reduced by slightly retarding post injection timing from 0°CA interval to
around 1.5°CA. However, when the post injection timing was further retarded, the
cooling loss did not continue to drop. Instead, it increased slightly.

In summary, as shown in Figure 12, the thermal efficiency increased by applying
close post injection. This is because of the decrease of cooling loss while maintaining
approximately the same DCV compared with ppM condition. When the A8 was retarded
from 0°CA to 1.5°CA, the thermal efficiency increased with the decrease of cooling loss.
Moreover, when A0 is further retarded from 1.5°CA the thermal efficiency showed a
decrease due to the increase of cooling loss. Therefore, the thermal efficiency is strongly
related to the cooling loss ratio in this series of experiments.

According to Figure 13, the THC, CO, and smoke emissions levels were low when
three-stage injection (ppM) was applied. Post injection strategy, as well as its timing,
seemed to have little effect on THC and CO emissions. The smoke emissions increased
slightly by increasing post injection quantity. Compared with ppM, NOx emission
increased by applying post injection and decreased with the retard of post injection

timing.

3.2 The effect of post injection quantity

In the next step, the effect of post injection quantity on the engine performance and
exhaust emissions were investigated. The post injection quantity was modified to 3 and

15 mm3/cycle. The results of T, p, dQ/df, and injection rates are shown in Figure 14 and

10
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Figure 15. The results of engine performance and exhaust emissions are summarized
together with the results of ppMP9 in Figure 16 and Figure 17.

With post injection quantity of 3 mm3/cycle, almost no differences in the maximum
in-cylinder pressure were observed with various post injection timing. On the other hand,
with post injection quantity of 15 mms3/cycle, the maximum in-cylinder pressure was
reduced by applying post injection and it was further reduced by retarding post injection
timing. These results were the same with post injection quantity of 9 mms3/cycle. In
addition, with post injection quantity of 15 mm3/cycle, the timing of maximum heat
release rate retarded by applying post injection of 0°CA interval and it was further
retarded by retarding post injection timing.

The cooling loss showed the same trend with the results with post injection quantity
of 9 mms3/cycle (Figure 16). In other words, the cooling loss reduced and reached the
minimum level when A6 was around 1°CA to 2°CA. Then, the cooling loss showed an
increase with the further retarding of post injection timing. The DCV decreased with the
increase of injection quantity. As a result, the larger post injection quantity led to lower
thermal efficiency. However, overall, when close post injection was applied, the thermal
efficiency was higher compared to ppM. According to Figure 17, the smoke emission was
at a low level through this series of experiments and the NOx emission decreased when

post injection timing was retarded.

3.3 The effect of intake pressure

In this series of experiments, the intake pressure was modified to investigate the
effect of in-cylinder density on cooling loss reduction by post injection. The injection

pressure was unchanged with the previous experiments while the intake pressure was

11
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modified from 170, 200, to 220 kPa. The injection parameters of ppMP9_0 and
ppMP9_4.7 are chosen as examples and their results of T, p, dQ/d#@, and injection rates
are shown in Figure 18 and Figure 19. The results of engine performance are shown in
Figure 20. Though, higher intake pressure led to slightly higher heat release of post
injection, the overall heat release rate shape showed little differences with various intake
pressure.

When intake pressure was reduced to 170 kPa, the minimum value of cooling loss
was also detected with Af around 1°CA. When intake pressure was increased to 220 kPa,
the effect of post injection application and A8 on cooling loss was gentle.

In this series of experiments, the post injection did not significantly reduce the DCV.
The thermal efficiency showed a common trend reaching a maximum value with a certain
Af. When the intake pressure was high, the reduction of cooling loss due to post injection

was small. Therefore, the effect of thermal efficiency improvement was small.

4. Optical engine experiment results and discussion

The optical engine experiments were conducted to investigate the mechanism of the
engine performance and emission characteristics. As mentioned in the experimental
setup section, the rotational speed was reduced from 2250 rpm to 2000 rpm due to the
mechanical limitation. Therefore, the injection timing and duration instead of the
injection quantity was kept for the same with metal engine operating condition. In
addition, most importantly, the spray tip development as the function of crank angle was
controlled to match with metal engine experiments.

Half of the combustion chamber was visualized during the experiments and 1/4 of

the chamber was shown in this section. One example of the optical results is illustrated

12
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in Figure 21, which shows the position of the injector nozzle tip and rim of the combustion
chamber bowl. The dense part which is a high density region of droplets of the diesel
spray and the luminous flame could be observed in the optical results.

At first, we would like to investigate the effect of main injection reduction on flame
development, therefore, the optical results of ppM and ppM(P6) were compared in Figure
22 from the start of main injection. In Figure 22 the main injection started at —1.0°ATDC
and main flame could be observed from 0.6°ATDC. Then, the spray flame penetrated
through the combustion chamber and reached the bowl rim at around 3.8°ATDC. The
main injection finished around 5.4°ATDC for ppM(P6) while the main injection lasted
until 6.2°ATDC for ppM. With longer main injection duration, the ppM had a larger area
of flame and it stayed for longer duration at the periphery of the combustion chamber.

The A6 could also affect the combustion characteristics. When the A8 is nearly
zero, the spray of main and post injection are supposed to have some interaction with
each other. In Figure 23, the optical results of ppM(P6) and ppMP6_0 are compared.
Compared with ppM(P6), a 6 mm?3/cycle post injection was added to ppMP6_0 with nearly
zero interval between main injection. The timing of the first photo is set to be the timing
when the post injection of ppMP6_0 starts. When the post injection is not introduced, the
tail of the main flame can be observed from 7.2 to 7.6°ATDC as illustrated by white circles.
When post injection is applied, it could be observed that the tip of the post spray
overlapped with the tail of main flame (white dotted circle). When the overlap happens,
the 1gnition timing of the post spray is supposed to be advanced. Consequently, the post
spray may not be able to entrain a sufficient amount of air. Even with the additional
momentum provided by the post injection, the mixture at the periphery of the combustion
chamber will contain more fuel rich region. As a result, the elimination of high

13
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temperature gas will be postponed.

The interval between the main spray and post spray could be extended by retarding
the post injection timing. In Figure 24, the optical results of ppMP6_0 and ppMP6_1.5
are compared. The starting time was also set to 5.6°ATDC, which is the starting timing
of post injection for ppMP6_0. The Figure 24 shows that the post injection started around
7.2°ATDC for ppMP6_1.5. When A8 was 1.5°CA, the post spray followed the main spray
with a certain interval and had contact with the main flame at around 10.4°ATDC at the
periphery of the combustion chamber bowl. Allowed with sufficient interval, the air
entrainment disruption effect by spray overlapping will be mitigated. As a result, the
homogenization of the high temperature gas near chamber edge may be accelerated
compared with when A6 was near zero.

Asindicated in the previous section, since the diameter of the combustion was larger
for metal engine, the main flame and post spray may have a contact at later timing
compared to the timing observed in optical results (Figure 23 and Figure 24). In addition,
with near zero interval, the injection mass ratio of main and post injection was smaller
for optical engine experiments. Therefore, the combustion phase observed in optical
engine experiments may differ from that of metal engine experiments. However, since
the injection timing and duration was set to be the same, overall, the following trends
are supposed to be the same. First, when the A6 is small, the air entrainment of the post
spray will be disrupted due to the main flame. Second, this phenomenon will be mitigated
when A8 is extended.

At last, the optical results of ppMP6_1.5 were compared with that of ppMP6_4.7 in
Figure 25. The starting photo was set at 7.2°ATDC, which is the starting timing of post
injection for ppMP6_1.5. When A6 was extended to 4.7°CA, the start of post injection

14
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could be observed at 11.4°ATDC. At this moment, the main flame was concentrate on the
periphery of the combustion chamber. The post flame then reached the chamber wall at
around 15.2°ATDC. At that time, the main flame could be merely observed. Therefore,
the interaction of main flame with post spray was avoided. As a result, longer A8 lead
to an extension of the contact duration of high temperature flame with the chamber wall.

In summary, the optical results showed that when A6 was increased from 0°CA to
1.5°CA, the post spray may acquire enough interval to entrain more air. When post
injection timing is further retarded, the main and post flame interact with the chamber
wall and cause heat loss individually. With the same A6 and spray tip penetration rate
for metal and optical experiments, we could expect that the same effect of A6 could be
confirmed for metal engine experiments. For metal engine experiments, the insufficient
air entrainment of post spray caused by near zero A6 could increase the dwell duration
of fuel rich high temperature gas near the chamber wall. This could be one reason for the
higher cooling loss with A6 equals to zero shown in Figure 16. In addition, when A6 is
extended, the individual heat loss of main and post flame could also extend the dwell
duration of high temperature gas. As a result, the heat loss may increase as shown in
Figure 16. As we mentioned previously, in the optical engine experiments, the main
injection rate was obviously lower than metal engine experiments (Figure 10). The main
flame may remain at the periphery of the combustion chamber for a longer duration. As
a result, retarding post injection timing may not that effective on the extension of the
contact duration of high temperature gas with the chamber wall. Therefore, as shown in
Figure 16, the increase of cooling loss by extending A8 from 1.5°CA to 4.7°CA may not
that obvious for metal engine experiments compared to what was inferred by optical
experiments.

15
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As for the experimental results with various intake pressure shown in Figure 20,
we can draw the following inferences from the optical experimental results. When the in-
cylinder density is high, the main spray entrains sufficient air at the early stage and the
high temperature region eliminated early. Therefore, less heat is considered to be
transferred from the chamber wall by the main flame. In addition, due to the faster fuel
air mixing, the occurrence of fuel rich region due to the overlap of main flame and post
spray is reduced. In addition, since the amount of air entrainment by post injection
increased regardless of the A8, the cooling loss amount showed little changes with the

different A6 in Figure 20.

5. Conclusions

In this study, the effects of close post injection strategy on performance, cooling loss,
and emissions were investigated using a single-cylinder metal engine. The injection
timing of the post injection was modified so that it could range from near zero interval
with main injection to a short interval between the main injection. Also, the effects of
post injection quantity and intake pressure were investigated. Then, an optical engine
was used to investigate the combustion characteristics of post injection. The conclusions
are summarized below.

1. The results of metal engine experiments showed that the cooling loss could be
reduced by applying close post injection. The reduction of main spray impingement on
the chamber wall is considered as one reason for this reduction.

2. With close post injection, the cooling loss is reduced and the change of DCV was
small, therefore, the thermal efficiency was improved.

3. By retarding post injection timing slightly from near zero interval between the

16
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main injection, the cooling loss showed a decrease. Further retarding post injection could
not decrease the cooling loss constantly.

4. The optical experiments showed the air entrainment of the post spray is
suppressed by the existence of the tail of the main spray when the injection interval is
too short. Due to this disruption, a fuel rich region will be formed near the chamber wall.
As a result, the high temperature gas will remain near the wall for longer duration and
cause higher cooling loss. The slightly later post injection timing mitigates the
interaction, which would lead to reduced cooling loss.

5. A similar tendency of cooling loss against the injection interval was observed
when the post-injection quantity was varied from 3 mm3/cycle to 15 mm3/cycle.

6. When the intake pressure was high, the reduction of cooling loss due to post

injection was small. Therefore, the effect of thermal efficiency improvement was small.
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Fig 1. The schematic of experimental setup for the
experiments of metal engine.
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Fig 3. The schematic of experimental setup for the
experiments of optical engine.
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Fig 4. The cross section view of bottom view piston.
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angle when close post injection with quantity of 9
mm?/cycle was applied.
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average in-cylinder temperature as function of crank
angle when close post injection with quantity of 3
mm?/cycle was applied.
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Fig 15. The heat release rate, in-cylinder pressure, and
average in-cylinder temperature as function of crank
angle when close post injection with quantity of 15
mm?/cycle was applied.
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Fig 17. The exhaust emissions against injection interval
for different post-injection quantities.
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Table 1. The major specifications of the engine

Direct-injection diesel engine,
Single-cylinder, Water-cooled

Bore x Stroke [mm] 85.0 X 96.9
Displacement [cm3] 550

Engine type

Common-rail system
Injection system $0.114 mm X 12 holes nozzle
156° included angle

Charging External supercharging

EGR system Low-pressure loop EGR

Table 2. The comparison of the operation condition of
metal engine and optical engine

Metal Optical

Engine Engine
Rotational speed [rpm] 2250 2000
Intake pressure [kPal 200 200
Exhaust pressure [kPa] 200 200
Intake temperature [degC] 50 50
Injector nozzle diameter [mm] 0.114 0.104
Injector nozzle hole number 12 12
Injection pressure [MPa] 270 160
Compression ratio 18.3 15.4
Fuel rate [mm?3/cycle] 39.0 30.0

Table 3. The injection timing and quantity for metal engine

operation.
In.]ec.tlon Injection quantity
timing [ mm3/cycle]
[PATDC]
15t injection -20.2 1.7
2nd injection -9.2 1.8
3rd injection -1.7 35.5, 32.5, 26.5, 20.5
4th injection Varied 0,3,9,15

Table 4. The intervals between main injection and post

injection.
‘ ppMP3 | ppMP9 ppMP15
Intervals between 0 0 0
main injection and 1.1 1.5 1.3
post injection A6 2.7 3.2 3.3

[°CA] 41 47 4.9
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