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Abstract

The cause of exhaust smoke from a small DI
Diesel engine having small-orifice-diameter
nozzles and a common-rail F.I.E. under the high-
speed and high-load condition was investigated.
In addition, methods by which to reduce this
exhaust smoke were explored.  Exhaust emission
tests, in-cylinder observations and three-
dimensional numerical analyses were performed.
The following points were clarified during this
study.

Under the abovementioned conditions, fuel

sprays are easily conveyed to the squish area by a
strong reverse squish.  Therefore, the air in the
piston cavity is not used effectively. Suppressing
the airflow in the piston cavity by using a
shallow-dish type combustion chamber decreases
the excessive outflow of the fuel-air mixture into
the squish area and allows full use of the air in the
piston cavity.  Hence, the exhaust smoke is
reduced.  This results in increased specific power,
which is limited by the amount of exhaust smoke.
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1.  Introduction

During the recent development of small HSDI
(High-Speed Direct Injection) Diesel engines,
increasing the specific power is an important issue.
One important step to realize this is decreasing the
exhaust smoke under the high-speed condition,
because the maximum torque is generally limited by
the amount of exhaust smoke.  Therefore, in general,
the combination of relatively large-diameter nozzles
and deep-bowl type combustion chambers has been
used in recent years for small HSDI Diesel engines,
due to its short injection period and strong fuel-air
mixing effect.  

On the other hand, in order to meet present and
future stringent emission standards, it is necessary to
use a moderate small-orifice-diameter nozzle and a
common-rail fuel injection system that enables high
flexibility in adjusting injection parameters, such
as pressure and timing.1, 2) However, for the
conventional deep-bowl type combustion chamber,
the combination of a small-orifice diameter nozzle
and a common-rail injection system is likely to
increase the exhaust smoke under high-speed and
high-load conditions.  This study attempts both to
clarify the cause of high levels of exhaust smoke
under the abovementioned conditions and to provide
countermeasures against that.  The application of
effective countermeasures is expected to enable the
realization of high specific power while maintaining
low exhaust emissions. 

2.  Experimental apparatus and the calculation
model

2. 1  Engine specifications
The level of exhaust smoke and the combustion

characteristics of the HSDI common-rail Diesel
engine were examined using a single-cylinder
research engine.  Next, the combustion processes
were observed using an optically accessible engine.
The bore and stroke were the same for both engines.
The specifications of these engines are listed in
Table 1.  An external supercharging apparatus was
used to simulate turbo charging.

A nozzle orifice diameter of 0.17 mm was selected
as being representative of recent conventional
nozzles for this displacement volume class of HSDI

Diesel engine, and a nozzle orifice diameter of 0.14 mm
was selected as being representative of an advanced
small-orifice-diameter nozzle for further reducing
emissions.  Both nozzles were of the six-orifice
VCO type.  Hereafter, these nozzles shall be referred
to as the 0.17-nozzle and the 0.14-nozzle, respective-
ly.  The nozzle cone angle is 150 degrees, unless
otherwise noted. 

2. 2  Experimental conditions
An engine speed of 4000 rpm was selected as the

typical high-speed condition, and an engine speed of
2000 rpm was selected as the typical medium-speed
condition.  The experimental conditions are listed in
Table 2.  The level of exhaust smoke was compared
for the same injection quantity.  Fuel injection
timing was selected such that the torque was
maximized under a limited maximum cylinder
pressure of 15 MPa. 

2. 3  Three-dimensional CFD
The airflow motion and fuel-air mixture formation

processes were calculated based on the KIVAII code.
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Table 1 Engine specifications.

Table 2 Experimental conditions. 



The spray model used in this study is the Hybrid
breakup model.3) The model was modified with
respect to the breakup parameter and the droplet size
distribution. 

3.  Combustion processes and cause of exhaust
smoke under high-speed and high-load
condition

3. 1  Exhaust emissions and combustion
characteristics

A comparison of the exhaust smoke between the
0.17-nozzle and the 0.14-nozzle is shown in Figs. 1(a)
and (b) for 2000 rpm and 4000 rpm, respectively.
Here, the deep-bowl type combustion chamber was
employed, which is representative of conventional
chambers used in recent DI Diesel engines of this
class.  For this combustion chamber, the aspect ratio
is 2.8, and the maximum diameter is 43 mm.

At 2000 rpm, the levels of exhaust smoke
produced by the two nozzles were almost identical.
However, at 4000 rpm, the level of exhaust smoke
was markedly higher for the 0.14-nozzle engine as
compared to the 0.17-nozzle engine.

3. 2  Combustion processes with the small-
orifice-diameter nozzle under the high-speed
and high-load condition

The combustion processes at 2000 rpm and 4000 rpm
were examined using both the conventional 0.17-
nozzle and the 0.14-nozzle.  The results of this
examination are shown in the four left-most columns
of Fig. 2.  Based on these results, the following
points were clarified.

For the 0.17-nozzle at 2000 rpm, the fuel sprays
progress in a straight line without being deflected by
the swirl due to the strong penetration of the fuel

spray (-0.2 deg.ATDC).  Thus all of the flame jets
impinge significantly onto the chamber wall and are
well mixed with ambient air (3.4 deg.ATDC).  Then,
the dark brown area appears on the bottom window.
This indicates that flame jets successfully develop to
the bottom of the piston cavity.  The above
combustion processes are schematically summarized
in Fig. 3(a).  The squish flow and the fuel jet
generate vertical flow.  The combination of the
vertical flow and swirl flow then forms a spiral
vortex.  This complicated flow pattern is considered
to contribute to the promotion of soot oxidization. 

For the 0.14-nozzle at 2000 rpm, the charac-
teristics of the combustion processes are almost
identical to those of the 0.17-nozzle.  The same
complicated flow pattern of the spiral vortex as in
the case of the 0.17-nozzle is observed. 

However, at 4000 rpm, a significant difference
appears between the 0.17-nozzle and the 0.14-
nozzle.  For the 0.17-nozzle, flame jets successfully
impinge on the chamber wall and then develop to the
bottom of the cavity.  This flame development is
confirmed by the dark brown soot areas on the
observation window at 22.8 deg.ATDC.  Thus, the
spiral vortex flow shown in Fig. 3(a) is also
observed for this case.  In contrast, for the 0.14-
nozzle at 4000 rpm, the fuel sprays are strongly
deflected by the swirl before reaching the chamber
wall (1.8 deg.ATDC).  As a result, unlike the other
cases, the flame jets fail to develop to the bottom of
the cavity.  This difference occurs because, at this
high engine speed, the momentum of the fuel spray
of the 0.14-nozzle is relatively weak compared to the
airflow. 

A comparison of the flame development into the
squish area at the latter part of the combustion
period is shown in the four left-most columns of
Fig. 4.  At 2000 rpm, the main part of the luminous
flame exists inside of the cavity for both nozzles.
However, at 4000 rpm, a large amount of luminous
flame blows out to the squish area, especially for the
0.14-nozzle.

Figure 5 shows a comparison of the fuel vapor
distribution between the 2000 rpm and 4000 rpm
engine speeds calculated using 3D-CFD for the
0.14-nozzle.  At 2000 rpm, the fuel vapor exists both
in the cavity and in the squish area.  However, at
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Fig. 1 Comparison of exhaust smoke.
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Fig. 3 Schematic diagram of flame development in combustion chamber.
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4000 rpm, almost all of the fuel vapor blows out to
the squish area.  Thus, the air in the cavity is not
fully used to oxidize the fuel.

Based on these results, the combustion processes
for the 0.14-nozzle at 4000 rpm are summarized in
Fig. 3(b).  The promotion of fuel-air mixing by
spray-wall impingement is slight because the fuel
sprays are highly deflected by a strong swirl.  Thus,
the air in the cavity cannot be fully used because the
fuel vapor is conveyed to the squish area by a strong
reverse squish flow.

4.  Smoke reduction methods using the shallow-
dish combustion chamber

4. 1  Reduction of exhaust smoke by enlarging 
combustion chamber diameter 

Based on the above results, the effect of suppress-
ing strong airflow by enlarging the combustion
chamber diameter is examined. 

The evaluated combustion chambers are shown in
Fig. 6.  The aspect ratio was increased to 5.2 from
2.8 in the earlier investigation, while maintaining the
same compression ratio.  An approximately 40%
suppression of both the cavity swirl ratio and the
squish velocity is realized by enlarging the diameter
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Fig. 4 Comparison of flame development in squish area (35 deg. ATDC).

Fig. 5 Computational analysis of mixture distribution.

Fig. 6 Variation in combustion chamber.
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of the chamber from φ43 to φ55.  For the sake of
simplicity, hereinafter only the maximum chamber
diameter is referenced to indicate these chambers,
such as φ43-chamber and φ55-chamber.

The relations between the combustion chamber
diameter and exhaust smoke at the high-load
condition are shown in Fig. 7(a) for 2000 rpm and in
Fig. 7(b) for 4000 rpm for both nozzle cases.  The
case of the expanded cone angle of 155 degrees for
the 0.14-nozzle is also shown.

At 2000 rpm (Fig. 7(a)), a change in the nozzle
orifice diameter in the examined range does not
affect the characteristics of the exhaust smoke with
respect to the chamber diameter, so long as the same
nozzle cone angle is used.  Namely, for both nozzle
diameters, the exhaust smoke is minimized by the
φ47-chamber and is drastically increased by
enlarging the chamber diameter. 

On the other hand, at 4000 rpm, the minimum
exhaust smoke level is obtained at different chamber
diameters for different nozzles, as shown in Fig. 7(b).
For the 0.17-nozzle, the φ47-chamber produces
minimum smoke, as is the case at 2000 rpm.
However, for the 0.14-nozzle, the minimum smoke
level is obtained for the φ51-chamber.  Thus, for the
high-speed and high-load condition, the optimum
diameter of the combustion chamber increases with
decreasing nozzle hole diameter. 

In addition, at 4000 rpm, the exhaust smoke
produced by the φ51-chamber using the 155-degree
/0.14-nozzle is almost equivalent to that using the

150-degree/0.14-nozzle.  Thus, low levels of exhaust
smoke can be realized at 2000 rpm (Fig. 7(a)) and
4000 rpm (Fig. 7(b)) by the 155-degree/0.14-nozzle
and the φ51-chamber combination.

4. 2  Combustion processes of the shallow-dish 
combustion chamber 

The combustion processes of the shallow-dish type
φ51-chamber were examined at 4000 rpm using the
0.14-nozzle.  The observation results of the combus-
tion chamber and the squish area are shown
respectively in the right-hand column of Fig. 2 and
the right-hand column of Fig. 4.

Here, the fuel sprays are only slightly deflected by
the swirl flow and progress in an almost straight
line, as shown in the two top-most photographs in
the right-hand column of Fig. 2.  Then, the dark
brown areas are produced on the bottom glass at
23.0 deg. ATDC.  This indicates that the flame jets
successfully develop to the bottom of the cavity and
that the air at the bottom of the combustion chamber
is used effectively.  In the visualization from the top
(Fig. 4, right-hand column), the amount of luminous
flame blowing out of the piston chamber is
suppressed by the use of the φ51-chamber. 

4. 3  3D-CFD numerical analysis
The fuel-air mixture distribution and airflow

patterns in the conventional deep-bowl type φ43-
chamber and shallow-dish type φ51-chamber are
calculated at 4000 rpm for the 0.14-nozzle.  The
results are shown in Fig. 8 and Fig. 9, respectively. 

For the φ43-chamber, almost all of the fuel-air
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Fig. 7 Effect of chamber diameter on exhaust smoke.

(a) 2000 rpm (b) 4000 rpm



mixture flows out to the squish area, as shown in
Fig. 8.  This could be due to not only the high
velocity of the reverse squish but also its nearly
vertical upward direction, which are shown as small
vector arrows in the left figure of Fig. 9.  This
upward flow is considered to strongly convey the
fuel vapor out into the squish area from the cavity. 

On the other hand, for the shallow-dish type φ51-
chamber, the velocity of the reverse squish is lower
than that of the φ43-chamber, and the cross-angle
between the fuel spray and the reverse squish flow is
narrower, as shown in Fig. 9.  In addition, the

geometric impinging point of the fuel spray onto the
chamber wall is lower than that of the φ43-chamber.
Therefore, the fuel-spray can enter the cavity, and
the air in the cavity is used effectively, as shown in
Fig. 8. 

5.  Conclusion

(1) The combination of a conventional deep-bowl
type combustion chamber, a small-orifice-diameter
nozzle and a common-rail fuel injection system
increases the exhaust smoke under the high-speed
and high-load condition, resulting in decreased
specific power for the same smoke level.  This
phenomenon occurs due to significant amounts of
fuel sprays being conveyed to the squish area by the
strong reverse squish flow of the deep-bowl
combustion chamber, because the momentum of the
fuel sprays is relatively small compared to the well-
developed airflow. 

(2) The high level of exhaust smoke produced by a
small-orifice-diameter nozzle and a common-rail
fuel injection system under the high-speed and high-
load condition can be suppressed by introducing a
shallow-dish type combustion chamber.  A reduced
amount of fuel-air mixture is conveyed to the squish
area due to the reduced velocity and inclined
direction of the reverse squish, and due to the
downward shift of the geometric spray-wall
impinging point inside of the cavity.  Therefore,
realization of full use of the air in the piston cavity
allows the specific power to be increased for a
limited level of exhaust smoke.
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Fig. 8 Computational analysis of mixture distribution
for each chamber (Engine speed = 4000 rpm,
0.14-nozzle).

Fig. 9 Simulated flow patterns for each chamber
at 14 deg.ATDC (without fuel spray, Engine
speed = 4000 rpm).
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