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Premixed compression ignition
combustion with various injector
configurations in a heavy duty diesel
engine

Yongjin Jung, Choongsik Bae, Seibum B. Choi and Hyun Dong Shin

Abstract
Premixed compression ignition combustion was implemented using early injection timing and exhaust gas recirculation
in a direct injection single cylinder diesel engine and was evaluated with respect to the injector configurations. A baseline
injector with an injection angle of 146� and eight nozzle holes showed premixed compression ignition combustion at the
injection timing of 40� crank angle before top dead centre among three distinct combustion regimes. The burn duration
in premixed compression ignition combustion was shortest among the regimes. Premixed compression ignition combus-
tion at an injection timing of 40� crank angle before top dead centre was achieved at an exhaust gas recirculation rate
ranging from 0% to approximately 40%. Two different injector configurations were applied to investigate the effect of
injection angle and the number of nozzle holes on premixed compression ignition combustion: one had an injection angle
of 70� and eight nozzle holes and the other had an injection angle of 70� and 14 nozzle holes. These two injectors could
implement premixed compression ignition combustion as well as the baseline injector under the injection timing and
exhaust gas recirculation conditions. In case of both injectors with an injection angle of 70�, the indicated mean effective
pressures for 8 and 14 nozzle holes increased by 26% and 11%, respectively, because of the increased fuel participating
in combustion and the reduced negative work in premixed compression ignition combustion. On the other hand, the
injector with an injection angle of 70� and 14 nozzle holes showed the lowest levels of hydrocarbon, carbon monoxide
and smoke emissions, which decreased by 82%, 92% and 81%, respectively, in premixed compression ignition combus-
tion. However, the nitrogen oxides emission for the injectors with eight and 14 holes increased by 82% and 68%, respec-
tively, in premixed compression ignition combustion. Natural luminosity from an in-cylinder visualization reveals pool
fire of fuel films on the base of the piston bowl when both injectors had a narrow injection angle. For the injector with
an injection angle of 70� and eight nozzle holes, a more vigorous pool fire at an exhaust gas recirculation rate of 0% is
attributed to a larger amount of fuel film. At an exhaust gas recirculation rate of 40%, however, the portion of unburned
fuel films increased the hydrocarbon and carbon monoxide emissions, and the rest of the diffusive pool fire can increase
smoke emission surviving under a lack of oxygen. On the other hand, for the injector with an injection angle of 70� and
14 nozzle holes, the hydrocarbon and carbon monoxide emissions were maintained at lower levels due to less formation
of fuel film and better air utilization.
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Introduction

Stringent legislation concerning diesel engines has led
to efforts to reduce emissions that are harmful to peo-
ple and the environment.1 Harmful emissions from die-
sel engines include nitrogen oxides (NOx) and smoke.
Advanced combustion technologies have been applied
to diesel engines to reduce these emissions: one of these
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technologies is homogeneous charge compression igni-
tion (HCCI) combustion.

HCCI combustion is achieved by a creating a homo-
geneous premixed charge before the combustion begins
so that combustion occurs as a result of spontaneous
ignition at multiple points. The combustion of the lean
charge in an HCCI engine results in low combustion
temperature, and the NOx emission is thus reduced
dramatically. In addition, low smoke emission can be
achieved because of the well-premixed charge. In spite
of the reduction of NOx and smoke, other hazardous
emissions are still present, such as unburned hydrocar-
bon (HC) and carbon monoxide (CO) resulting from
incomplete combustion.2

Injecting the fuel into the intake such as in a port fuel
injection system has been used to obtain a premixed
homogeneous charge.3,4 However, direct injection sys-
tems are currently being used in most conventional
diesel engines, and as a result mixture preparation
including premixed charge through direct injection has
emerged. Attempts to prepare a homogeneous charge
and to implement HCCI combustion in direct injection
diesel engines have led to early injection strategies.5–8

The early injection strategies allow more time for mix-
ing during the inherently longer ignition delay period.
However, longer spray penetration due to low air den-
sity can cause fuel impingement on the cylinder wall,
leading to deterioration of combustion efficiency.
Furthermore, it is difficult to control combustion phas-
ing due to spontaneous ignition. The load is also limited
to a low level by the high pressure rise rate in the form
of knocking. Another strategy of late injection using a
high swirl ratio and a large amount of exhaust gas recir-
culation (EGR) was introduced to prepare a homoge-
neous charge.9 Late injection strategies rely on the
EGR to increase ignition delay. These injection strate-
gies employ a certain period to prepare the mixture of
fuel and air using ignition delay from injection to auto-
ignition as an early injection strategy, and prolongation
of ignition delay due to the EGR as a late injection
strategy, respectively.

Premixed compression ignition (PCI) or partially
premixed compression ignition (PPCI) strategies are
based on premixed charge preparation in a compression
ignition engine. Lee and Reitz10 reported that premixed
charge compression ignition (PCCI) can be identified
with short burn durations and an early start of combus-
tion timing. Multiple injection strategies, such as split
injection, have attracted attention in relation to PCI
combustion because the strategy can extend the operat-
ing range.11,12 A two-stage injection strategy with an
early main injection and a short second injection at near
top dead centre (TDC) was used in a direct injection
diesel engine to control the combustion phase by using
the second injection as an ignition promoter.13 Injection
strategy for partially compression ignition combustion
was investigated in a commercial multi-cylinder
engine.14 In addition, the injection system configura-
tions, including the injector type, injector position and

injector tip details, have been varied to mitigate chal-
lenges related to early injection strategies.5,7,8,10,12,15

Comprehensive study with respect to the load and com-
pression ratio has been performed in partially premixed
combustion (PPC),16 and the application of injection
angles of 148�, 120� and 100� in PCCI combustion
showed that the operation in conventional diesel com-
bustion is limited by high smoke emission.17

The optical engine technique using an injector with
a narrow injection angle showed that fuel impingement
on the bowl wall with early injection timing can result
in fuel film combustion, such as pool fire.18,19 The pool
fire is strongly connected with the emission results.20,21

The source of NOx emission could be the near-
stoichiometric region of fuel film combustion, which
could increase the NOx emission.20 However, it could
lead the decrease in the NOx emission due to the rich
mixture of the fuel film layer.22

In the present study, an early injection strategy and
EGR were applied to implement PCI combustion in a
direct injection single cylinder diesel engine.
Combustion characteristics and exhaust emissions were
investigated while varying the injection timing and
EGR rate. PCI combustion was verified on the basis of
a burn duration analysis. Various injector configura-
tions were used to study the effects of the injection
angle and the number of nozzle holes on the PCI com-
bustion and exhaust emissions. A pressure rise rate
analysis was performed to inspect the noise characteris-
tics in PCI combustion.

Experimental set-up

A four-stroke, single-cylinder, direct injection diesel
engine was used to investigate PCI combustion. A sche-
matic diagram of the experimental setup is shown in
Figure 1, and the engine specifications are listed in
Table 1. The engine speed was controlled by an 82 kW
alternating current (AC) dynamometer at the rated
speed.

Diesel fuel was supplied into a common-rail system
through a filter. The pressure in the common-rail was
adjusted by a pressure controller (ZB-1200, Zenobalti
Co., Seoul, ROK). The fuel injection duration was con-
trolled by a programmable injector driver (IDU 5000B,
Zenobalti Co.). The ambient air was introduced
through an intake surge tank to settle fluctuation. The
temperature of the intake air, which was naturally-aspi-
rated, and the coolant was maintained at 25�C and
80�C, respectively.

For the EGR, an exhaust gas recirculation line was
installed downstream from the exhaust surge tank to
reduce fluctuation. The intake temperature of the mix-
ture of exhaust gas and fresh air was cool enough to be
25–50�C depending on the rate of EGR, because natu-
rally convective heat transfer occurred in the exhaust
surge tank. The amount of EGR was controlled by a
three-way valve.
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In-cylinder pressure was measured using a piezoelec-
tric pressure transducer (6052C, Kistler, Anyang City,
ROK). The flush-type mounted pressure transducer
was mounted in cylinder head located 46 mm away
from the centre of the bore. The bush was intentionally
designed to integrate the adaptor of the pressure trans-
ducer, because the commercial engine used in this
experiment does not have a glow plug, the glow-plug-
type adaptor for the pressure sensor was not used in
this experiment. The relative value from the piezoelec-
tric pressure transducer (4045A, Kistler) was scaled by
the absolute value from the piezo-resistive pressure
transducer installed in the intake manifold. The cylin-
der pressure at intake bottom dead centre was set to be
equal to the intake manifold pressure. The injection sig-
nal was synchronized by the cyclic encoder for 1800
pulses (E50S8, Autonics, Mundelein, IL, USA ). The
in-cylinder pressure data were averaged for 100 cycles
to calculate the heat release rate and the data were
acquired with a crank angle (CA) resolution of 0.2�.

An analysis of the gaseous emissions was carried out
using an exhaust gas analyzer (MEXA 1500D, Horiba,
Kyoto, Japan) consisting of a non-dispersive infrared
absorption (NDIR) analyzer for carbon monoxide
(CO) and carbon dioxide (CO2) measurements, a
chemi-luminescence detector (CLD) analyzer for NOx
measurements, and a flame ionization detector (FID)
analyzer for hydrocarbon (HC) measurements.

A smoke meter (415S, AVL, Seoul, ROK) was used
to measure smoke emissions. Part of the exhaust gas

flow was sampled with a probe in the exhaust line and
drawn through filter paper. The resultant blackening of
the filter paper was measured by a reflectometer and
represented the smoke content in the exhaust gas. One
filter smoke number (FSN) corresponded to a concen-
tration of 17.84mg/m3 at the sampling point.

The engine operating conditions are given in
Table 2. The engine speed and injection pressure were
set at 1200 r/min and 160MPa, respectively. The fuel
injection quantity was fixed at 30mg/stroke by adjust-
ing the injection duration. This injection quantity corre-
sponded to about 0.6MPa of IMEP for the convention
diesel combustion in this research engine. The injection
timing was varied from -5� to 100�CA BTDC to study
the combustion characteristics, and then an injection
timing of 40�CA BTDC was selected to achieve PCI
combustion. The EGR rate, which was calculated using
equation (1), was varied from 0% to the maximum
limit to study the effect of the EGR rate on combustion
and emission characteristics. The EGR rate was set to
around 40% to achieve PCI combustion

EGR rate %ð Þ= CO2½ �in
CO2½ �ex

3100 ð1Þ

Various injector tip configurations were applied to
investigate the effects of the injection angle and the
number of nozzle holes on PCI combustion. The base-
line injector, which is currently used in commercial
multi-cylinder engines, has an injection angle of 146�

Table 1. Engine specifications.

Cylinder 1
Valves per cylinder 4 (2 intake and 2 exhaust)
Cycle 4-stroke
Bore (mm) 100
Stroke (mm) 125
Displacement (cm3) 981
Compression ratio 17.4

Figure 1. Schematic diagram of the experimental set-up.

Table 2. Operating conditions.

Engine speed (r/min) 1200
Injection pressure (MPa) 160
Injection quantity (mg/stroke) 30
Injection timing (�CA BTDC) 25–100
Air/fuel ratio 32
Intake pressure Naturally aspirated
EGR rate (%) 0–max

Jung et al. 3

 at KOREA ADV INST OF SCI & TECH on May 19, 2013pid.sagepub.comDownloaded from 

http://pid.sagepub.com/


and eight nozzle holes (8H146). The injection angle in
the present study is defined as the spray included angle.
An injector with an injection angle of 70� and eight
nozzle holes (8H70) was used to evaluate the effects of
the injection angle. Moreover, an injector with an injec-
tion angle of 70� and 14 nozzle holes (14H70) was used
to assess the effects of the nozzle diameter. The hydrau-
lic flow rate (HFR) of all the injectors within 30 s was
the same at 460 cm3 when the injection pressure was
10MPa, which implies that an increase in the number
of nozzle holes brings about a decrease in the nozzle
diameter to maintain a constant flow rate. All injector
tips used a micro-sac design. Specifications of the injec-
tor configurations are listed in Table 3.

The estimations of burn duration and start of com-
bustion are important because the PCI combustion has
short burn duration and early start of combustion, as
discussed later. The burn duration and start of combus-
tion including CA10 and CA90 in this experiment are
defined. The start of combustion is defined as CA10,
which indicates the crank angle when the accumulated
heat release reached 10% of the total heat release. The
burn duration is defined as crank angle between CA10
and CA 90, which indicates the crank angle when the
accumulated heat release reached 90% of the total heat
release.

Macroscopic spray visualization was used to quanti-
tatively analyze the spray tip penetration and the spray
cone angle. The spray cone angle was measured by
images, which were taken by direct photography of
Mie-scattering. This experimental method is described
in detail in Kang et al.23 and Lee et al.24

The in-cylinder flame image through the piston
quartz window was reflected by a 45� mirror mounted
in the elongated piston. The window allowed visualiza-
tion within a circle of 65mm diameter in a 100mm
bore. A high speed camera (Phantom V.7.1, Vision
Research Inc., Wayne, NJ, USA) was used to take
images of the natural luminosity produced by combus-
tion. This high speed imaging system can record at
26,000 frames/s, with a resolution of 2563 256 pixels,
thus images could be taken at every crank angle of
0.28� at an engine speed of 1200 r/min. For image
sharpness, the exposure duration was set to 9ms to pre-
vent the flame from streaking. The in-cylinder flame
image was taken at the fourth cycle during five consec-
utive cycle firing conditions. The lens attached to the
camera was a Nikon 105mm lens with f/16 to allow a
sufficient brightness and depth of field.

Results and discussion

Premixed compression ignition combustion

A baseline injector with eight nozzle holes and an injec-
tion angle of 146� (8H146) was used initially among
three injector configurations to investigate the combus-
tion characteristics and emissions. The injection timing
was varied from 25� to 100� CA BTDC to study the
combustion characteristics without an EGR strategy.
Figure 2 shows the in-cylinder pressure, heat release
rate and burn duration according to the injection tim-
ing. The other parameters such as engine speed, injec-
tion pressure and injection quantity were fixed at
1200 r/min, 160MPa, and 30mg/stroke, respectively.
Three combustion regimes can be found as a result of
the experiment from injection timing. First, conven-
tional diesel combustion with injection in close vicinity
to TDC was observed when the injection timing was
10�CA BTDC. Premixed burn of conventional diesel
combustion was detected, followed by diffusion burn.
Second, the peak of the heat release rate was higher
than the others and the injected fuel burned rapidly
when the injection timing was 40�CA BTDC. In addi-
tion, the combustion phase was the most advanced
among those with other injection timings. The combus-
tion regime with this injection timing can be regarded
as PCI combustion. Lastly, HCCI combustion with
low and high temperature oxidation can be observed
when the injection timing was 80�CA BTDC. In this
study, focus was placed on combustion regime with an

Table 3. Specifications of the injector configurations.

Injector 8H146 8H70 14H70
No. of holes 8 8 14
Injection angle (º) 146 70 70
Diameter (mm) 0.146 0.146 0.107
Hydraulic flow rate
(cm3/30s @ 100 bar (10 MPa))

460 460 460

Figure 2. In-cylinder pressure, heat release rate and burn
duration according to the injection timing including the injection
timing of 10�, 40� and 80�CA BTDC for baseline injector
(8H146). Engine speed, injection pressure and injection quantity
was 1200 r/min, 160 MPa and 30 mg/stroke, respectively.

4 Proc IMechE Part D: J Automobile Engineering 0(0)
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injection timing of 40� CA BTDC. The bottom graph
in Figure 2 shows the burn duration to distinguish the
combustion regime according to the injection timing.
The burn duration, which is expressed by the degree of
crank angle, can be defined as the period from 10% to
90% of the accumulated heat release. The burn duration
results indicate that the duration between injection tim-
ings of 25� and 40� CA BTDC were shorter than those
of the other injection timings. The burn durations for
injection timings of 25�, 30� and 40� CA BTDC were
1.6�, 2.2� and 2.8� CA, respectively. Moreover, the start
of combustion, which can be represented by CA10, was
earlier than those of other injection timings. CA10 for
injection timings of 25�, 30� and 40� CA BTDC were
345.8�, 343.2� and 341.0� CA, respectively. PCI combus-
tion in the present study can be verified by a short burn
duration and early start of combustion timing.10

Figure 3 shows the indicated mean effective pressure
(IMEP) and coefficient of variation (COV) of IMEP
with respect to the injection timing. The IMEP of con-
ventional diesel combustion with injection in close vici-
nity to TDC remains above 500kPa. However, the
IMEP decreased sharply after the conventional diesel
combustion regime and deteriorated during PCI com-
bustion because negative work during the compression
stroke increased due to the early start of combustion,
as shown in Fig.ure 2. In addition, the COV of IMEP,
a combustion instability indicator, was high. Low

IMEP and unstable combustion are disadvantages that
should be overcome in PCI combustion. The IMEP
increased slightly again as the injection timing was
advanced to 40�CA BTDC due to the occurrence of
HCCI combustion. A retarded combustion phase for
HCCI combustion can reduce the negative work, and
consequently the IMEP for HCCI combustion can be
improved slightly. On the other hand, PCI combustion
had advantages of lower HC and CO emissions com-
pared with HCCI combustion, as shown in Figure 3.
However, the levels of HC and CO emissions in PCI
combustion were still high relative to conventional die-
sel combustion. High levels of HC and CO emissions
for PCI combustion necessitate the application of vari-
ous injector configurations, especially with narrow
injection angle, which will be discussed later. The level
of NOx emission for PCI combustion with an injection
timing of 40�CA BTDC was slightly higher than that
for conventional diesel combustion with an injection
timing of 10�CA BTDC. Smoke emission for PCI com-
bustion remained at a low level, similar to the conven-
tional diesel combustion. These trends of emissions
related to the spray interaction with walls are inter-
preted based on diesel models.25 The mass of the spray
that impinges on the walls is not favourable to the for-
mation of the anchored diffusion flame envelope sur-
rounding the spray, as a result, it would be expected to
reduce NOx emission. In addition, the mass that
impinges on the walls cannot participate in the pre-
mixed combustion, which is supported by the highest
NOx level of vigorous premixed combustion for the
injection timing of 25�CA BTDC with little wall impin-
gement due to the higher air density. Soot would
reduce due to the fact that the early injection allows for
better mixing, and that the wall-impinged fuel unavail-
able for combustion burns, albeit partially, at low bulk
temperatures much later in the expansion stroke.
Therefore, this might increase the HC and CO emis-
sions but not the soot. The comprehensive trends of the
IMEP, COV of IMEP and emissions for the other
injectors with narrow injection angle according to the
injection timing are similar to those for the baseline
injector except for NOx emission. The peaks of the
NOx emission were much higher than those of the
baseline injector, and the phase of the NOx emission
was shifted toward early injection timing.26

EGR was applied to investigate the effects of EGR
on PCI combustion with a fixed injection timing of
40�CA BTDC, as shown in Figure 4. The heat release
rate in Figure 4 shows that the retarded combustion
phase and decreased peak of heat release rate as the
EGR rate increased due to the dilution effect of the
EGR.27–29 Oxygen in the intake was replaced with inert
gases such as nitrogen and carbon dioxide in the
exhaust, which contributed to a lower combustion tem-
perature and relatively inactive reaction. In addition,
this causes the decrease in the negative work that
allows the IMEP for PCI combustion to improve, as
shown in Figure 5. On the other hand, the

Figure 3. IMEP, COV of IMEP and emissions according to the
injection timing for baseline injector (8H146). Engine speed,
injection pressure and injection quantity were 1200 r/min,
160 MPa and 30 mg/stroke, respectively.

Jung et al. 5
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characteristics for PCI combustion such as short burn
duration and early start of combustion timing occurred
up to around a 40% EGR rate. Burn durations with a

0%, 22% and 38% EGR rate were 2.8�, 3.0� and
3.2�CA, respectively. The CA10 for 0%, 22% and 38%
EGR rates were 341.0�, 342.4� and 345.2�CA, respec-
tively. Thus, PCI combustion could be realized when
the EGR rate reached around 40%.

The increase in the IMEP resulting from the reduced
negative work is regarded as an advantage of the EGR
application, as shown in Figure 5. The IMEP at a 38%
EGR rate increased by around 20% compared with the
IMEP at a 0% EGR rate. Furthermore, the COV of
IMEP was lower than 5% for an EGR rate of 38%.
This implies that stable combustion could be achieved
with EGR due to the slower reaction rate. NOx emis-
sion decreased as the EGR rate increased due to the
lower combustion temperature, and the level of NOx
emission at a 38% EGR rate was consequently similar
to that of HCCI combustion. However, high levels of
HC and CO emissions, which are regarded as a draw-
back that should be overcome for PCI combustion, still
increased continuously as the EGR rate increased, due
to the lack of oxygen.

Effect of injector configuration

In the previous section PCI combustion was character-
ized by short burn duration and early start of combus-
tion from the results of the experiment on injection
timing and the application of EGR. PCI combustion
was optimized in this experiment at an injection timing
of 40�CA BTDC and a 38% EGR rate. EGR could
compensate for the decreased IMEP due to the reduced
negative work. NOx emission was maintained at a low
level due to a low combustion temperature. Various
injector configurations of the injection angle and the

Figure 4. Heat release rate and burn duration with the EGR rate at injection timing of 40�CA BTDC for baseline injector (8H146).
Engine speed, injection pressure and injection quantity were 1200 r/min, 160 MPa and 30 mg/stroke, respectively.

Figure 5. IMEP, COV of IMEP and emissions at injection timing
of 40�CA BTDC with the EGR rate for the baseline injector
(8H146). Engine speed, injection pressure and injection quantity
were 1200 r/min, 160 MPa and 30 mg/stroke, respectively.

6 Proc IMechE Part D: J Automobile Engineering 0(0)
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number of nozzle holes were employed to address the
problem of large HC and CO emissions. The detailed
injector specifications used in the experiment are
described in the experimental set-up.

Figure 6 shows the achievement of PCI combustion
in terms of injection timing and EGR rate from the
analysis of the burn duration. All injectors with differ-
ent injection angles and numbers of nozzle holes had
short burn duration in the range of injection timing
from 30� to 40�CA BTDC. At an injection timing of
25�CA BTDC, in contrast with the baseline injector,
burn durations for both injectors with a narrow injec-
tion angle were considerably longer, regardless of the
number of nozzle holes. Likewise, short burn durations
occurred in an EGR range from 0% to around 40%.
Injection timing and the EGR rate were determined at
40�CA BTDC and around 40%, respectively, to
achieve PCI combustion for all injector configurations.

Figure 7 shows a cross-sectional schematic of the
injected fuel trajectory in the cylinder when the piston
was located at 40�CA BTDC. It is seen that the fuel
from the injector with a wide injection angle (146�) can
easily move toward the boundary region between the
cylinder (liner) wall and piston crown beyond the piston
bowl lip. On the other hand, the fuel from the injector
with a narrow injection (70�) can easily travel toward
the piston bowl and impinge on the bottom surface of
the combustion chamber.

Figure 7 shows IMEP, COV of IMEP, and emissions
with respect to the EGR rate at a fixed injection timing
of 40�CA BTDC for all three injector configurations.
The IMEP for two injectors (8H70, 14H70) with a nar-
row injection angle was higher than that for the base-
line injector (8H146), because a larger amount of fuel
can be contained within the piston bowl and participate
in combustion. Likewise, for the baseline injector, the
fuel is directed to the cylinder wall beyond the piston
bowl and can impinge on the wall, and consequently
the amount of fuel that participates in combustion can
be relatively reduced. The in-cylinder pressure for the
baseline injector was lower than that of the two injec-
tors with narrow injection angle, as shown in Figure 8.
On the other hand, the IMEP for the injector with eight
nozzle holes was slightly higher than that for the injec-
tor with 14 nozzle holes in the same narrow injection
angle. The peak of the heat release rate for the 14H70
injector was slightly higher than that for the 8H70 injec-
tor. That is, premixed burn for the 14H70 injector was
more vigorous than that for the 8H70 injector. This
implies that the negative work for the 14H70 injector
was larger than that for 8H70 injector. Accordingly,
the negative work exerted from the premixed burn in
the compression stroke can cause a lower IMEP for the
14H70 injector.

The COV of IMEP for injectors with a narrow injec-
tion angle was lower than that for the baseline injector,

Figure 6. Burn duration for the various injector configurations
with respect to EGR rate at a fixed injection timing of 40�CA
BTDC (top) and to the injection timing at EGR rate of 0%
(bottom). Engine speed, injection pressure and injection quantity
were 1200 r/min, 160 MPa and 30 mg/stroke, respectively.

Figure 7. IMEP, COV of IMEP and emissions at injection timing
of 40�CA BTDC according to the EGR rate for various
injectors. Engine speed, injection pressure and injection quantity
were 1200 r/min, 160 MPa and 30 mg/stroke, respectively.

Jung et al. 7
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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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