














which implies that PCI combustion can be more stable
with the use of injectors with a narrow injection angle.
For the injector with an injection angle of 146�, some
fuel can impinge on the cylinder wall and the rest of the
fuel can participate in combustion, because the fuel tra-
jectory is located at the boundary region between the
cylinder wall and the piston crown beyond the piston
bowl lip. As the piston moves to TDC, the intensity of
squish flow can be enhanced, thus making it difficult to
estimate the amount of fuel that participates in combus-
tion – and this varyies cycle by cycle.

The in-cylinder visualization in Figure 8 depicts the
natural luminosity of the flame for each injector,
together with the corresponding crank angle under the
in-cylinder pressure and heat release rate. After the end
of injection of 31�CA BTDC, most of the premixed
fuel was burned between a crank angle of 20� and
15�CA BTDC, corresponding to rapid heat release.

The flame luminosity in the case of rapid heat release
for premixed burn was too weak to be detected, and
thus the first image with appropriate luminosity distin-
guishable from black could be detected at a crank angle
of 14.0� and 12.9�CA BTDC for the 8H70 and 14H70
injectors, respectively. The vigorous flame luminosity
after rapid heat release occurred and lasted before the
piston approached the TDC. The locations of flame
luminosity correlated well with the fuel spray, which
implies that the fuel that impinged on the base of the
piston bowl burned vigorously. Some of the fuel that
impinged on the piston bowl also burned along the per-
iphery of the optical quartz window. These flames were
reported to be pool fire of liquid films and strongly
affect the amount of emissions.18–20 In contrast with
the injectors with a narrow injection angle, vigorous
flame luminosity was not shown for the baseline injec-
tor. From brightness- and contrast-improved images

Figure 8. In-cylinder visualization, pressure and heat release rate in terms of the injector configurations at injection timing of
40�CA BTDC and without EGR. Engine speed, injection pressure and injection quantity were 1200 r/min, 160 MPa and 30 mg/stroke,
respectively.
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after rapid heat release, however, several small flame
fragments with luminosity floated in a clockwise direc-
tion from 11�CA BTDC to 12�CA ATDC. The lumi-
nous fragments may have resulted from the fuel-rich
dense mixture.30

HC and CO emissions of the baseline injector in
Figure 7 mostly resulted from adsorbed fuel on the
cylinder wall relative to the injector with a narrow
injection angle. On the other hand, the HC and CO
emissions for both injectors with a narrow injection
angle were lower than for the baseline injector at all
EGR rates, including around 40%, even though the
emissions increased as the EGR rate increased. This is
because pool fire activity can reduce the HC and CO
emissions originating from the fuel film,20 At around a
40% EGR rate, corresponding to approximately a 15%
oxygen concentration at the intake, the HC and CO
emissions for the 8H70 injector increased sharply rela-
tive to those for the 14H70 injector. Because the pool
fire luminosity decreased as the EGR rate increased,
the vapour or droplet cloud detached from the fuel
films, which do not ignite, can increase the HC and CO
emissions due to the lack of oxygen and the pressure
drop during the expansion stroke.18,20 For the 14H70
injector, however, reduced nozzle diameter causes a
decrease of the spray momentum, which resulted in a
shorter spray tip penetration length, as shown in Figure
9. This contributes to reduced formation of a fuel film
on the base of the piston bowl. In addition, reduced
nozzle diameter can enhance the spray atomization. Air
utilization per unit spray for the 14H70 injector can
meanwhile be improved, because the injected fuel quan-
tity per nozzle hole is smaller than that for the 8H70
injector, even though the spray cone angle for the
14H70 injector showed a somewhat low value, as

presented in Figure 9. Accordingly, HC and CO emis-
sions for the 14H70 injector can be maintained at lower
levels than in the other injector configurations, with the
achievement of PCI combustion at a 40% EGR rate.

Higher pool fire luminosity for the 8H70 injector, as
seen in Figure 8, results in higher NOx emission, as pre-
sented in Figure 7, relative to the 14H70 injector.
Martin et al.20 reported that there is a strong correla-
tion of the NOx emission with the pool fire luminosity,
because near-stoichiometric conditions in diffusion
combustion of a pool fire can cause high NOx emis-
sion. On the other hand, the NOx emission for the
baseline injector is lower than that of the other injec-
tors due to the absence of pool fire. Comprehensively,
the NOx emissions at around 40% EGR rate for both
8H70 and 14H70 injectors are two-thirds those
obtained with conventional diesel combustion using
the baseline injector.

Smoke emission for the 14H70 injector at a 40%
EGR rate was much lower than that for the 8H70 injec-
tor, as shown in Figure 7. The difference is attributed
to the amount of fuel film and its diffusion flame. For
the 8H70 injector, a larger fuel film is formed due to
larger spray tip penetration, and some of the fuel film
burns as a diffusion flame, leading to smoke. The
smoke cannot oxidize easily because of the lower oxy-
gen concentration and decreased combustion tempera-
ture at a 40% EGR rate. Thus, the remaining smoke
for the 8H70 injector is greater than that for the 14H70
injector due to the larger amount of fuel film for the
8H70 injector. Smoke emission for the baseline injector
was kept at a low level compared with the injectors with
a narrow injection angle due to the absence of pool fire.
However, it is noted that smoke results should be care-
fully interpreted because of oil dilution.

Figure 9. Spray tip penetration and spray cone angle versus time after the start of injection with respect to the injector
configurations.
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Figure 10 shows the maximum pressure rise rate
(MPRR) and the crank angle corresponding to the
MPRR with respect to the EGR rate for three injector
configurations. On the whole, MPRR decreased and
the crank angle corresponding to the MPRR was
retarded as the EGR rate increased. The MPRR was
3.01MPa/� for PCI combustion at a 40% EGR rate.
The MPRR for conventional diesel combustion at an
injection timing of 10�CA BTDC without EGR was
1.96MPa/�. The MPRR for PCI combustion was still
higher than that for a conventional diesel engine. The
MPRR for the injectors with a narrow injection angle
was higher than that for the baseline injector. For the
injectors with a narrow injection angle, there was no
difference in the MPRR of PCI combustion, regardless
of the number of nozzle holes.

Conclusion

Premixed compression ignition (PCI) combustion with
an early injection strategy and exhaust gas recirculation
was investigated in a direct injection, single-cylinder
diesel engine. The effect of the injection angle and the
number of nozzle holes on premixed compression igni-
tion combustion and exhaust emissions were studied,
together with in-cylinder visualization. The major find-
ings from our study are summarized as follows:

1. Three combustion regimes according to the injec-
tion timing were verified by a heat release rate
analysis: conventional diesel combustion, PCI
combustion and HCCI combustion. The premixed
compression ignition combustion was character-
ized by a short burn duration and was achieved
when EGR was applied at a rate of around 40%.

2. When PCI combustion was implemented with an
injection timing of 40�CA BTDC and an EGR rate
of around 40%, the IMEP for the injector with an
injection angle of 70� and eight nozzle holes was
the highest, because a larger portion of the injected
fuel can participate in combustion. On the other
hand, HC, CO and smoke emissions for the injec-
tor with an injection angle of 70� and 14 nozzle
holes showed the lowest levels as a result of the bet-
ter utilization due to the reduced nozzle diameter.

3. In-cylinder visualization shows pool fire of fuel
films on the base of the piston bowl for both injec-
tors with a narrow injection angle (70�). At EGR
rate of 0%, more vigorous pool fire for the injector
with an injection angle of 70� and eight holes was
observed and is attributed to a larger amount of
fuel film due to the longer spray tip penetration
length. Near-stoichiometric conditions in diffusion
combustion of a pool fire can cause highest NOx
emission for this injector. NOx emission decreased
with increased EGR; however, NOx–HC/CO and
NOx–smoke trade-off occurred for both injectors
with a narrow injection angle when the EGR was
increased. At EGR rate of about 40% with lower
oxygen concentration, unburned fuel film due to
deteriorated pool fire activity can increase the HC
and CO emissions. Smoke for an injector with an
injection angle of 70� and eight holes is attributed
to the relatively larger fuel film. A portion of the
fuel film causes a diffusion flame, which causes the
smoke, which cannot be oxidized due to the lack
of oxygen and decreased combustion temperature,
and is emitted. For an injector with an injection
angle of 70� and 14 holes at EGR rate of 40%, the
shorter penetration length due to the reduced noz-
zle diameter caused less fuel film formation;

Figure 10. The maximum pressure rise rate (MPRR) and crank angle corresponding to the MPRR according to the EGR rate for
three injector configurations at injection timing of 40�CA BTDC. Engine speed, injection pressure and injection quantity were
1200 r/min, 160 MPa and 30 mg/stroke, respectively.
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moreover, better air utilization leads to a lower
level of HC and CO emissions, including smoke
emission.
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