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The objective of the present study is to determine the characteristics of combustion and emissions of
compressed-natural-gas (CNG) direct-injection combustion using a rapid-compression-machine which has a
compression ratio of 10 and a disc-shaped combustion chamber. Combustion and emission characteristics are
compared for three types of fuel injection (single side, parallel side and opposed side injection) and a
homogeneous mixture. The results show that with fuel injection, the fuel could be burned up to an equivalence
ratio � of 0.2 with sufficiently high combustion efficiency except for the case of � � 1.0, while with a
homogeneous mixture, the lean burn limit was only � � 0.6 with poor combustion producing higher unburned
CH4 By adjusting the location of the spark plug and fuel injectors, the combustion limit was extended to � �
0.02. The Combustion efficiency of the injection modes is over 0.95 except for � � 1.0 and � � 0.06 which gave
a lower combustion efficiency. Incomplete combustion in the stratified rich zone reduced the combustion
efficiency at large values of �, and possible occurrence of bulk quenching resulted in the lower combustion
efficiency for very lean mixtures. Combustion efficiency for the homogeneous mixture decreases greatly with
leaner mixtures, which is probably due to the thicker quenching layer near the wall. Combustion duration with
fuel injection was insensitive to � and was much shorter than for the homogeneous mixture. It was also shown
that the number and location of the injectors and the injection rate had little influence on the combustion and
the exhaust emissions including NOx. The pressure rise due to combustion in the case of fuel injection is higher
compared to that of homogeneous mixture combustion due to the lower heat loss to the combustion chamber
walls resulting from a short combustion duration. Thus it is shown that stratified-combustion with extremely
lean burn capability can be realized with CNG direct injection. © 2002 by The Combustion Institute

INTRODUCTION

With the increasing concerns of energy security,
much effort has been focused on the develop-
ment of alternatives for crude oil fuels. One of
the promising solutions to this problem is nat-
ural gas utilization. While the fuel cell is con-
sidered as a future power source, the direct
application of natural gas in current internal
combustion engines is more realistic. There are
also several benefits associated with its use, such
as higher thermal efficiency due to the higher
octane value and lower exhaust emissions in-
cluding CO2 as a result of the small NMOG
formation and the lower C/H ratio. For these
reasons, natural gas spark-ignition engines have
already reached the commercial production stage.

As for the procedure of improving the ther-
mal efficiency of spark-ignition engines, the
concept of stratified charge combustion has
been realized and is at the same stage of
commercial1, 2 production in Japan as the
direct-injection gasoline engines [1, 3]. Al-
though stratified charge combustion has an ad-
vantage of higher thermal efficiency, the prob-
lems of emissions and the limited range of
operating conditions need to be addressed.
Thus, as with the direct injection gasoline en-
gine combustion, further research on combus-
tion and mixture formation needs to be con-
ducted.

In the present work, the basic characteristics
of combustion and emissions of the concept of
natural gas fueling combined with stratified
charge combustion are studied. Because there is
no liquid phase for Compressed-natural-gas* Corresponding author: E-mail: shiga@me.gunma-u.ac.jp
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(CNG) direct-injection stratified combustion,
no wall wetting exists, and thus, a smaller exces-
sively fuel rich volume can be expected, com-
paring with the gasoline direct-injection engine.
Furthermore, a greater charging efficiency
would be achieved than that of a port injection
type or gas mixer type CNG engine [4], because
the fuel can be injected after closing the intake
valve. However, some pressure enhancement
device is necessary to inject the fuel into a
high-pressure cylinder from the CNG storage
when its pressure is lower than the required
injection pressure.

The investigation of the concept of CNG
direct-injection stratified combustion can be ap-
proached in several ways such as engine studies
or basic studies of gas jet development and
mixing, or combustion bomb experiments. Com-
bustion bomb studies at high pressure and am-
bient temperature are few, even for gasoline
direct injection stratified charged engines which
accounts for the serious lack of knowledge
needed to solve the problems in actual engines.
Very recently, engine studies on the natural gas
direct-injection combustion have been pub-
lished [5, 7]. However, no such studies on

4-stroke spark-ignition (S.I.) engines can be
found. As far as the authors’ knowledge is
concerned, no basic approach has also been
found as well as the 4-stroke S.I. engine studies.
Thus, a basic approach is necessary in the field
of spark-ignition stratified combustion fueled
with not only gasoline but also natural gas.

On the basis of this background, the authors
opted for a combustion bomb study using a
rapid-compression-machine (RCM) to achieve
a high pressure and ambient temperature. The
cylinder pressure was measured and analyzed,
and the exhaust gas components were measured
by gas chromatography and by FTIR.

EXPERIMENTAL SETUP AND
PROCEDURES

A schematic of the experimental setup is shown
in Fig. 1. An RCM was used to achieve a high
pressure and ambient temperature [8–10]. Con-
sidering the application to S.I. engines, the com-
pression ratio was set at 10. The disc-shaped
combustion chamber is 80 mm in diameter and
is 20 mm in depth at the end of compression.

Fig. 1. The experimental setup.
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The principle of the machine is the same as that
of Kumagai et al. [9], which utilizes the driving
mechanism of a shock tube. The start of com-
pression is initiated by the breaking of the
membrane separating the driving cylinder and
the compressed air reservoir. The breaking sig-
nal is taken to be the time reference of this
system and the zero of the time scale.

Regarding the reproducibility of this ma-
chine, the compression time fluctuates about
10%, but it was revealed that this only results in
a 4.3% fluctuation of the compression pressure
[8]. Thus, the RCM caused fluctuation can be
regarded as low. The injection parameters were
measured and calibrated by the manufacturer
within the accuracy of the normal engine pro-
duction level. Considering the high level of
accuracy of these hardware systems, the larger
scatter of the data at relatively leaner burn
conditions is caused by the instability of the
ignition and/or combustion phenomenon itself.

Figure 2 shows a representative pressure dia-

gram with several definitions of the parameters
for pressure analysis. The main parameters were
(1) pressure rise as a result of combustion, (2)
initial flame development duration (duration from
0–10% pressure rise as a result of combustion)
and (3) main combustion duration (duration from
10%–90% pressure rise as a result of combustion).

Locations of the fuel injectors and the spark
gap are shown in Fig. 3. For a centrally posi-
tioned spark gap, the two injectors were set at
two different locations to see the effect of
mutual impingement of the gas jets (which was
expected to generate greater mixing between
the gas fuel, air and the combustion products)
resulted in better utilization of air and so-called
internal EGR. The internal EGR might be
expected if a part of the burned gas can be
recirculated into the unburned region after it is
cooled through heat exchange with the sur-
rounding air. The injector locations are labeled
as “Opposed Injection” and “Parallel Injection”
as shown in (a) and (b), respectively. When the
spark gap was set halfway between the center
and the side wall (near the injector tip), the fuel
was injected through the injector closer to the
gap (right hand side of the figure). This is
labeled as “Single Injection”.

Dry air was used for the study, and the initial
condition for fuel injection was set at the atmo-
spheric condition. To make an accurate compari-
son between fuel injection and homogeneous
mixture combustion, the initial pressure for the
homogeneous mixture before compression
should be adjusted to a pressure slightly higher
than atmospheric pressure patm according to the
equivalence ratio and is given by Eq. 1.

Fijg. 2. Representative cylinder pressure diagram and def-
initions of the combustion parameters used in this study.

Fig. 3. Arrangements of the fuel injectors and the spark gap. (a) O. Inj. & S. Inj., Spark gap at center & halfway between
center and wall. (b) P. Inj., with spark gap at center.
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p �
0.5� � 4.773

4.773
� patm (1)

This adjustment will maintain the same mass
of fuel and air inside the cylinder and create the
same condition for combustion. The initial air
or mixture (for homogeneous condition) is com-
pressed because of the piston movement caused
by the breaking of the membrane which sepa-
rates the driving cylinder and the compressed
air reservoir. Combustion products were ana-
lyzed by a gas chromatograph and by an FTIR
analyzer (Horiba MEXA4000FT) which can
measure 21 species including HC, CO, NO,
NO2, CO2, and H2O.

Timings of Fuel Injection and Ignition

In the experiments, the ignition timing was fixed
at 80 ms from the start of compression for all
conditions and the fuel injection timing was
varied to ensure stable ignition and to examine
the effect of injection timing. The injection
timing for the case of twin injectors was set at 60
ms from the start of compression when the
equivalence ratio is greater than or equal to 0.6.
The injection timing for the case of a single
injector was set at 50 ms from the start of com-
pression when the equivalence ratio is greater
than or equal to 0.6. When the equivalence ratio
is less than 0.6, the injection timing was adjusted
to give the best ignitability for the two kinds of
twin injection and the single injection.

Because the injection pressure was kept con-
stant at 9 MPa, which is a far greater value than
the choking condition, the mass of fuel injected
was determined only by the injection duration.

RESULTS AND DISCUSSIONS

Heat Release Analysis Using a Single Zone
Model Based on the Cylinder Pressure

A heat release analysis was carried out using a
single zone thermodynamic model based on the
cylinder pressure. Because the combustion oc-
curs at a constant volume condition, the energy
conservation equation during the combustion
process can be simplified as:

dQB

dt
� m � Cv

dT
dt

�
dQw

dt
, (2)

where
dQB

dt
is the rate of heat release,

dQw

dt
is the

rate of heat transfer,

dQW

dt
� hc � A ��T � TW� � 8.5 � 10�11

� �T4 � TW
4 ��, (3)

where hc is the heat transfer coefficient, A is the
surface area, TW is the wall temperature and T
is the gas temperature. For many flow geome-
tries, such as flow through a pipe and over a
plate, hc is given by

�hcL
k � � const. � ��vL

�
�m �cp�

k �n

(4)

where L and v are the characteristic length and
velocity, respectively. The terms in brackets
from left to right are the Nusselt, Reynolds, and
Prandtl numbers, respectively. For gases, the
Prandtl number is about 0.7. Annand developed
the following correlation on the basis of a
concept to match the experimental data to the
selected cylinder head location in engines [11].

�hcD
k � � a ��CmD

�
�b

(5)

In this equation, the value of a varied with the
intensity of charge motion and engine design.
For normal combustion, 0.35 � a � 0.8 with b
constant at 0.7, where the coefficient a tends to
increase with increasing intensity of turbulence.
k is the thermal conductivity and is given by k �
� � Cp/0.7 � Re is the Reynold’s number which is
calculated by Re � � � D � Cm/�, and � is the
charge viscosity which can be obtained by � �
3.3 � 10�7T0.7 kgm�1 s�1.

The heat transfer analysis in engines de-
scribed above is similar to that adopted for a
low-speed large engine with disc-shaped com-
bustion chamber, in which the conditions are
similar to RCM [12]. It was found that the
analysis procedure is useful with some modifi-
cation of the equation constants.

The authors also found that there was reason-
able consistency in the heat transfer rate be-
tween the estimated value using Annand’s cor-
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relation and the experimental results measured
by No et al. in their RCM [13]. Miao and Milton
also used Annand’s correlation in the prediction
of heat transfer under RCM conditions [14].
Thus, Annand’s procedure developed for en-
gines is considered to be applicable to an RCM
by modifying the parameter appropriately.

In this RCM experiment, the average piston
speed Cm was used to calculate the Reynolds
number. The value of a was determined by
fitting the calculated heat transfer rate for the
measured pressure history of this RCM. The
best fit was obtained when the value of a � 0.49.

Thus, the heat transfer coefficient correlation
for this RCM may be expressed as

hc � 0.49 � k � Re
0.7/D (6)

After introducing the ideal gas state equation,

dQB

dt
�

Cv � V
R

�
dp
dt

�
dQW

dt
(7)

The fraction of transferred heat to released
heat from the ignition event to the time of peak
pressure QW/QB can be determined as follows,

QW

QB
�

�
t0

tmax

dQW

dt
dt

�
t0

tmax

dQB

dt
dt

(8)

where t0 is the ignition timing and tmax is the
timing of peak pressure arrival.

Combustion Efficiency Calculation from the
Exhaust Gas Components

Combustion efficiency 	c can be estimated by
the formula [11].

	c �
HR�TA� � HP�TA�

mf � Hu
(9)

where HR�TA� � HP�TA� � �
i,reactants

ni	hf,i

� �
i,products

ni	hf,i,
in which ni is the number of

moles of species i in the reactants or products,
and 	hf,i is the standard enthalpy of formation
of species i at ambient temperature TA.

In engines, the hydrocarbons and CO mea-
sured in the exhaust system by a usual exhaust
gas analyzer may be lower than those compo-
nents remaining at the end of combustion inside
the cylinder. This is because of the fact that an
appreciable amount of those components would
be burned during the expansion and exhaust
strokes inside the cylinder and in the exhaust
manifold. However, in the present case the mass
fraction burned at the end of combustion esti-
mated with the heat release analysis was consis-
tent with the value of combustion efficiency
obtained from the combustion products. There-
fore, this consistency between the estimated
mass fraction burned at the end of combustion
and the measured combustion efficiency indi-
cates that there is much less chance of mixing
between the unburned mixture remaining at the
end of combustion and the burned hot gas in the
RCM than in engines. Thus the measured com-
bustion efficiency can be regarded as that at the
time of the end of combustion.

Cylinder Pressure

Figures 4 and 5 give the maximum pressure rise
due to combustion for different fuel supplying
modes in the presence and absence of heat
transfer, respectively. The measured maximum
pressure rise due to combustion is shown in Fig.
4, and includes the effect of heat loss. There is
an obvious difference between fuel injection
and homogeneous mixture combustion. The
pressure rise because of combustion for fuel
injection is higher than that of homogeneous

Fig. 4. Maximum pressure rise because of combustion,
measured value with heat loss.
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mixture combustion. This indicated that differ-
ences in heat loss to the wall of combustion
chamber are the main reason for the observed
differences in the maximum pressure rise due to
combustion. The heat transfer is generally de-
termined by the heat transfer coefficient from
the gas to the wall and the duration of the event.
For fuel injection, because the mixture is
formed in a limited volume and a greater vol-
ume close to the wall may have little fuel, the
heat transfer coefficient must be lower than that
of the homogeneous mixture case. Further-
more, as will be mentioned later, the combus-
tion duration for fuel injection is much shorter
than that for homogeneous mixture.

Figure 6 shows the calculated results of the
fraction of transferred heat to released heat
QW/QB from the ignition event to the time of
peak pressure arrival. It can be seen that the
value of QW/QB for the fuel injection modes is
less than that of homogeneous mixture combus-
tion over the whole range of equivalence ratios.
This indicates that the heat loss for fuel injec-
tion is less than that for homogeneous mixture

at the time of peak pressure arrival. The esti-
mated maximum pressure rise due to combus-
tion based on the adiabatic combustion process
is shown in Fig. 5 and reveals no difference for
the different fuel supplying modes. Hence, it is
reasonable to conclude that the difference in
heat transfer results in the difference in pres-
sure rise observed in combustion using fuel
injection and homogeneous mixture.

Effect of Injection Timing

The injection timing was set to three different
timings at � � 1.0 to examine the effect of the
injection timing; the earliest, the middle and the
latest which were 20, 40, and 60 ms from the
compression start, respectively. Because the
earliest timing of 20 ms from the compression
start is far before the end of compression, little
pressure rise can be detected at the time of fuel
injection as shown in Fig. 2. At the middle
timing of 40 ms from the compression start, an
appreciable pressure rise can be seen at the time
of fuel injection. The latest timing of 60 ms from
the compression start is well after the end of
compression. For all three injection timings, the
spark timing of 80 ms from the compression
start was used as mentioned before. Thus, the
fuel injection ends before the spark timing
considering that the longest fuel injection dura-
tion was 16.7 ms which was for the stoichiomet-
ric condition. The injection duration is roughly 2
to 3 times longer than that used in current direct
injection gasoline engines. The optimization of
the injection duration will be examined together
with that of the injection pressure in the next
stage of this study.

The pressure rise due to combustion shown in
Fig. 7 varies little with the injection timing,
while both durations of 0 to 10% (Fig. 8) and 10
to 90% (Fig. 9) pressure rise due to combustion
decrease with retarding the injection timing.
This result may be caused by two factors; one is
the level of mixture stratification and the other
is the flow generated by the gas injection. As will
be mentioned later, the combustion duration
and the heat loss for fuel injection is much less
than those for the homogeneous mixture com-
bustion over the whole range of �. This indi-
cates that some stratification still exists at the
stoichiometric condition. This stratification be-

Fig. 5. Maximum pressure rise because of combustion,
estimated value without heat loss.

Fig. 6. Ratio of transferred heat to released heat at the
timing of peak pressure arrival.
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comes weaker with an earlier injection timing.
Both durations can be reduced significantly and
the average reduction rate of main burn dura-
tion of 10 to 90% reaches to almost half.
Although this can be expected to reduce heat
loss and consequently increase the pressure rise,
very little change in the pressure can be seen as
described above. This suggests that the reduced
heat loss is compensated for by the increased
combustion inefficiency due to the excessive
stratification, as will be shown later. Thus, the
reduction of burning duration does not influ-
ence the combustion pressure. Because the in-
jection timing is an important parameter, com-
prehensive investigation of the effect of
injection timing is necessary, and a detailed
examination will be reported in the future.

Combustion Pressure and Lean Burn Limit

In Fig. 10, the pressure rise because of combus-
tion is plotted against the equivalence ratio �
for homogeneous mixture and three modes of
fuel injection. The most prominent difference

between the homogeneous mixture and the fuel
injection is the limit of combustion. It is only at
� � 0.6 for the case of the homogeneous
mixture, and moreover, much unburned CH4
was detected, which means that the lean burn
limit must be practically at � � 0.7.

In contrast to this, the lean burn limit for fuel
injection depends on the injection condition. In
the case of 60 ms, which was almost the latest
injection timing, the lean limit is almost the
same � as that of the homogeneous case. By
setting the injection timing at the optimum
value which was longer than 60 ms, which means
that ignition occurs closer to or during injection,
the lean burn limit can be extended to 0.2 which
is even leaner than for current direct injection
gasoline engine (� � 0.3) [1–3]. Although com-
parison with an actual gasoline engine is diffi-
cult because of the fact that there are many
other parameters in actual engines and that
there was no other lean burn enhancement
technique applied in this study (such as increas-
ing the turbulence) it is shown that stratified

Fig. 7. Variation of maximum pressure rise because of
combustion with fuel injection timing.

Fig. 8. Variation of initial flame development duration with
fuel injection timing.

Fig. 9. Variation of main combustion duration with fuel
injection timing.

Fig. 10. Maximum pressure rise because of combustion
against equivalence ratio �.
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combustion with extremely lean burn capability
can be realized with CNG direct injection.

By changing the spark gap location from the
center position to that closer to the fuel injector
and with single injection, the lean burn limit can
reach � � 0.02. This is only 2% of the fuel
amount at the stoichiometric condition and is
almost the minimum injection rate for the in-
jector hardware used in this study. This encour-
aging result also indicates the possibility of
CNG application to a stratified-charge spark-
ignition engine, because it suggests that even at
idling conditions, stratified-charge combustion
can be applied.

Combustion Duration

The variation of the initial flame development
duration and the main combustion duration
with � are shown in Fig. 11 and 12, respectively.
These are semi-log plots because of the tremen-
dous variation of these combustion durations.

For the homogeneous mixture, the combustion
duration increases as the mixture becomes
leaner. In contrast to this, for fuel injection both
durations can be classified into two; one is for
� 
 0.6 and the other is for � � 0.5. In the
range of � 
 0.6, the dependence of both burn
durations (the initial flame development is more
remarkable) is similar to that of homogeneous
mixture combustion. In the range of � � 0.5,
the initial flame development duration de-
creases with a decrease in �, and the main burn
duration roughly takes on a constant value.
Considering the fact that in larger regions of �
the injection timing was rather early and it was
adjusted to the optimum value in smaller re-
gions of �, this may suggest that the combustion
pattern for earlier injection is more similar to
that of homogeneous mixture combustion. Fur-
thermore, the dependence of burn durations in
smaller regions of � is characteristic of stratified
combustion. Because these injection timing ef-
fects are quite characteristic of the CNG direct-
injection combustion, it will be examined in
detail and will be reported in the future.

In any event, this behavior must be as a result
of the extent of mixture stratification inside the
cylinder. This extremely short combustion dura-
tion would have contributed to the slightly
higher combustion pressure for fuel injection as
mentioned earlier.

Furthermore, it is characteristic that the com-
bustion duration for single injection is more or
less the same as the other fuel injection condi-
tions. Because the injection rate for each injec-
tor is equal within the production accuracy, the
injection duration for single injection had to be
twice as long as that of parallel injection and
opposed injection. Still, results of burn duration
and also the combustion pressure in Fig. 10
show the beneficial trend of single injection.
This could also be related to the higher level of
mixture stratification than the other two types of
twin injection, but further research to verify this
is needed.

Analysis of Burned Gas Components

Because CH4 is the major hydrocarbon compo-
nent in combustion products detected by the
FTIR (heated sampling) analyzer, its concentra-
tion reflects the state of unburned hydrocarbons

Fig. 11. Initial flame development duration against equiva-
lence ratio �.

Fig. 12. Main combustion duration against equivalence
ratio �.
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in the combustion products (shown in Fig. 13).
For the homogeneous mixture, the CH4 emis-
sion tends to increase with decreasing �. This is
a typical trend for the homogeneous lean burn.
The unburned hydrocarbons must come from
the quenching layer near the wall.

As for fuel injection, it should be noted here
that the leakage from the fuel injector was
difficult to eliminate and its level varied from
trial to trial as shown in the figure. Considering
this, all the data points are within the range of
measurement of the facility. This suggests that
bulk quenching for the stratified charge com-
bustion might be less serious than wall quench-
ing for the homogeneous mixture case.

The calculated combustion efficiency for four
different fuel-supplying modes is shown in Fig.
14 [11]. It can be seen that the combustion
efficiency of injection modes is over 0.95 except
for � � 1.0 and less than 0.06. At � � 1.0
because of the stratified mixture formed in the
combustion chamber, rich zones exist and com-
bustion efficiency becomes slightly lower. At
� � 0.06, the combustion efficiency decreases

steeply with decreasing �. This may suggest the
possibility of bulk quenching in this extremely
low region of �. However, there is a possibility
that the leakage from the injector affected the
value of the combustion efficiency. We may
need to improve the experimental technique
and/or facility to examine the phenomenon in
such a very lean region.

NO 
 NO2 emission is shown in Fig. 15. For
the homogeneous case, the dependence on � is
reasonable and the level is low at � � 0.6. On
the other hand, for the fuel injection, the level is
high in the region near � � 0.7, which is
characteristic of stratified combustion. For � �
0.8, the level decreases steeply. Moreover, the
mode of fuel injection did not result in much
difference, although it would have been higher
than that for single injection if the mixing
between fuel and air could be enhanced, and it
would have been lower if the internal EGR
effect could be realized. As for the injection
duration, it has almost no effect on the NOx
emission, since there is no difference of NO 

NO2 between single injection and the other
injection methods. This is reasonable consider-
ing the fact that the combustion duration was
little affected by the injection duration as seen
in Fig. 6. From close observation, the NO 

NO2 for the single injection is slightly higher
than the other twin injection cases at the range
of 0.4 to 1.0 of �. This suggests that the extent
of stratification for the single injection would be
higher than the two other twin-injector cases,
which corresponds to the behavior of combus-
tion duration discussed in the previous section.
From these results, a general aspect of CNG
direct-injection combustion, that the injection
parameters seem to have less influence on the

Fig. 13. CH4 concentration against equivalence ratio �.

Fig. 14. Variation of combustion efficiency with equiva-
lence ratio �.

Fig. 15. Variation of NO 
 NO2 with equivalence ratio �.
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combustion for gas injection stratified combus-
tion, is revealed.

CONCLUSIONS

1. The lean combustion limit for CNG direct
injection depends on the timings of injection
and ignition. By applying these optimum
conditions, it can reach � � 0.02, with an
extremely short combustion duration. This
value is much lower than the homogeneous
mixture case (� � 0.6) and the gasoline
direct injection engine (� � 0.3). Thus, strat-
ified combustion with extremely lean burn
capability can be realized with CNG direct-
injection.

2. The combustion and emission parameters
are not significantly influenced by the modes
of fuel injection such as the number of
injectors, position of the injectors, and the
arrangement of the injectors with regard to
the spark location. Thus, a general aspect of
CNG direct-injection combustion, that the
injection parameters seem to have less influ-
ence on the combustion for gas injection
stratified combustion, is revealed. However,
it also appears that single-injection gives
higher level of mixture stratification than the
twin injection modes.

3. The pressure rise because of combustion for
fuel injection is higher compared with that of
homogeneous mixture combustion. The dif-
ference in heat loss to the combustion cham-
ber wall is regarded as the main reason for
the difference, and this was verified by the
combustion analysis using a single zone com-
bustion model.

4. Combustion efficiency of fuel injection
modes is over 0.95 except for � � 1.0 and for
� � 0.06. At � � 1.0, incomplete combustion
in the excessively stratified rich zone reduces
the combustion efficiency, and at less than
� � 0.06 bulk quenching and/or unavoidable
leakage through the injector might have oc-
curred. Combustion efficiency for the homo-
geneous mixture decreases greatly when the

equivalence ratio is 0.6, which is because of a
thicker wall quenching in lean homogeneous
combustion.

This study was supported by Nissan Motor Co.
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Shin-nosuke Ishiguro, a student of Gunma Uni-
versity, and Dr. Pin Cai, a research associate of
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