1436 Journal of Mechanical Science and Technology (KSME Int. J.), Vol. 20, No. 9, pp. 1436~ 1448, 2006

Influence of Injection Rate Shaping on Combustion
and Emissions for a Medium Duty Diesel Engine
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This paper describes the effects of injection rate shaping on the combustion, fuel consumption
and emission of NOx and soot of a medium duty diesel engine. The focus is on the influence of
four different injection rate shapes ; square type 1, square type 2, boot and ramp, with a variation
of maximum injection pressure and start of injection (SOI). The experiments were carried out
on a | liter single cylinder research diesel engine equipped with an amplifier-piston common rail
injection system, allowing the adjustment of the injection pressure during the injection event and
thus injection rate as desired. Two strategies to maintain the injected fuel mass constant were
followed. One where rate shaping is applied at constant injection duration with different peak
injection pressure and one strategy where rate shaping is applied at a constant peak injection
pressure, but with variable injection duration. Injection rate shaping was found to have a large
effect on the premixed and diffusion combustion, a significant influence on NOx emissions and
depending on the followed strategy, moderate or no influence on soot emission. Only small
effects on indicated fuel consumption were found.
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Nomenclature R . A ramp type of injection
B . A boot type of injection Real SOI : The real start of injection [CAD]
CAD  Crank Angle Degrees after top dead ~ RoHR . Rate of Heat Release [J/CAD]
center S1 . A normal square type of injection
HRL . Heat Release Law [J] S2 . A modified square type of injection
INOx . Emission Index of Nitrous Oxides  SOC . Start of Combustion [CAD]
Leno /Kgtuei) TDC : Top Dead Center
IP . Injection pressure [bar]
ISOOT  : Emission Index of soot [gscot/Kguel] 1. Introduction
Logic SOI : The start of injection programmed in

engine control unit [CAD]
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Diesel engines for light and heavy duty trans-
portation have been widely used along the last de-
cades for their relative higher efficiency compar-
ed with the gasoline engines. Today’s tightening
environmental standards and user—defined needs
call for both lower fuel consumption and reduced
emissions. The emission legislation EURO 1V, V
and US 2007, which are shown in Table 1, are
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Table 1 Emission legislation

o NOx PM
Legislation
[g/kWh] [g/kWh]
EURO IV 35 0.02
EURO V 2.0 0.02
US 2007 ~0.3 ~0.01

milestones for reduction of exhaust emissions of
commercial diesel engines.

Consumer demands for lower fuel cost and re-
strictions of the emission of CO, have put addi-
tional pressure on improving engine efficiency,
which is unfortunately conflicting with the mea-
sures for emission reduction. Present injection and
air management systems are in general incapable
of achieving by themselves the stringent emissions
limits, including here CO,, which is proportional
to the fuel consumption. Therefore, additional mea-
sures are required for reducing pollutant emis-
sions. Often, the combination of a combined in-
crease in EGR rate and injection pressure is de-
scribed as a way to meet reduce emissions.

The effect of injection pressure on fuel spray
formation and combustion has been well describ-
ed by Payri et al.(2005), Jeongkuk et al.(2004)
and Kyu Keun et al.(2005). However, not only
the average injection pressure is important, but
also the instantaneous injection pressure or in-
jection rate, as was described by Jinwook and
Kyoungdoug (2005), and Jinwook (2006). They
reported that it is possible to influence the injec-
tion rate slope by altering the control signal of a
common rail injector ; this influences the spray
formation, combustion and ultimately the emis-
sions.

Injection rate shaping is an extension of this
principle and it is a very promising approach to
reduce engine emissions. Usually the aim of mo-
dulation the fuel injection rate in a DI diesel en-
gine is to reduce the mass flow rate at the start
of the injection event. This action reduces the
amount of fuel that is mixed with air and burnt
during this early phase. Consequently, there is a
lower heat release rate, and lower local tempera-
tures, leading to lower NOy emissions (Heywood,
1988). This conjecture has been explored (Beck
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and Chen, 2000), by means of restricting the open-
ing motion of the needle in a unit injector, and
thus producing a boot injection. Reported results
with this strategy show a reduction in NOx of
about 50% with an increase of only 1% in BSFC,
despite a significant increase in combustion time
from 26 to 42 crank angle degrees.

Juneja et al.(2004) used KIVA simulations to
demonstrate that injection rate shapeing stronly
affects the fuel spray properties and the formation
and reduction of contaminants such as soot and
NOx.

Erlach et al.(1995), achieved flexible injection
rates by means of a modified unit injector with
two solenoid valves. At a constant value of BSFC
and soot, a short boot reduced NOx emissions by
14%. A long boot injection shape achieved a re-
duction in NOx and BSFC of 9% and 7% respec-
tively, comparing points of equal soot, and taking
the plain injection rate shape as a reference.

Similar results were obtained in the study present-
ed by Kato et al.(1998). When the initial injec-
tion rate is reduced by restricting the needle lift, at
a constant value of NOy, the premixed combus-
tion is inhibited and the injection timing could
possibly be advanced. As a result, fuel consump-
tion improved but black smoke emission increas-
ed due to the rate shaping.

Kohketsu et al.(2000) combined two indepen-
dent common rail systems working at two differ-
ent pressures with a switching valve selecting the
pressure sent to the injector. The noticeable re-
sults were a decrease in fuel consumption and
soot at constant NOx with respect to a conven-
tional common rail system at medium speed and
high load mode.

Injection rate shape can also be modulated with
the use of different cams in the injection pump
as described by Ishiwate et al.(1994) with a con-
cave and tangential cam in a pump-line-nozzle sys-
tem at medium engine speed. Their results showed
that the concave cam (which produces a lower
initial injection rate and almost a boot injection)
causes an increase in PM at high load, while at
medium load there are simultaneous reductions
in NOx and PM with a slight increase in BSFC.

The advantages of avoiding the natural steep
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injection rate of common rail systems have also
been explored. A slow increase in injection rate
was attained by Nehmer and Reitz (1994), by chang-
ing the valve within the common-rail injector.
Reported results show that a slow injection rate
rise has a small penalty in the NOx-particulate
trade-off. However, in this case it was possible for
combustion to continue longer into the cycle with
lower soot levels than those with faster injection
rate tests.

A similar study was described by Schwarz et al.
(1999), comparing the advantages of a ramp type
injection which is natural in PLN systems with
respect to the rectangular injection rate. In the
important operating range of heavy-duty diesel
engines at high load and low speed, the slow ini-
tial injection process is able to induce low com-
bustion temperatures, while the high injection pres-
sure at the end of the relatively long injection
time favours soot oxidation. The reported conse-
quence is lower NOx with a ramp injection rate,
and similar soot emissions and BSFC to those
found when using the rectangular injection shape.

It can therefore be concluded that depending
on the injection system, different results can be
obtained when using boot injections. Moreover,
depending on the load and speed of the engine,
the rate shaping mechanisms can be more or less
efficient.

2. Experimental Facility and
Methodology

The engine used is a single cylinder research
engine, based on a commercial medium duty die-
sel engine. The cylinder displacement is 1.02 1, the
bore/stroke relation 0.82 and a compression ratio
of 17.15. The injector is a Bosch common rail in-
jection with 8 orifices of 166 ym diameter. The in-
jection system was the Bosch APCRS (Amplifier
Piston Common Rail System), see Fig. 1. This
system was developed as a new generation of com-
mon rail systems for heavy duty application. This
common rail system works with a relative low rail
pressure (300 to 800 bar). The fuel pressure is
amplified for the duration of the injection event
with a hydraulic piston, up to 2.8 times of the rail
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Fig. 1 Amplifier piston common rail system

pressure. The amplifier and injector (normal com-
mon rail injector) are electronically controlled.
This combination results in a highly flexible in-
jection system in the field of injection rate shap-
ing. The maximum achievable injection pressure
is around 2000 bar, however, for durability rea-
sons the maximum pressure was limited to 1600
bar. Injection pressure was measured by a piezo-
electric pressure transducer in the high pressure
line, just before the common rail injector.

The actual evolution of the fuel introduction
rate into the combustion chamber cannot be mea-
sured online during the engine tests. Instead, the
injection rate was measured off-line in a so-call-
ed injection discharge-rate-curve indicator (EVI-
IAV). In this system, the injection process is car-
ried out in a specific measuring tube filled with
fuel. The discharge of the fuel produces an in-
crease in pressure that is proportional to the fuel
mass increase Instantaneous pressure in the fuel
tube is recorded and later instantaneous mass flow
rate is computed based on average fuel flow and
taking into account fuel temperature.(Bosch, 1966 ;
Arcoumanis and Baniasad 1993).

The research engine was installed in a fully
instrumented test cell, with all auxiliary facilities
required for the operation and control of the en-
gine. Fig. 2 shows a scheme of the installation. To
provide the intake air conditions as in the real
production engine, a screw compressor supplied
the required boost pressure, while air temperature
and humidity at the engine intake was controlled
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Fig. 2 Experimental set-up

by an external cooler and dryer, keeping the de-
sired inlet conditions in a settling chamber up-
stream of the intake pipe. Air flow rate was mea-
sured by a volumetric flow meter. The exhaust
back pressure produced by the turbine in the multi
cylinder engine was reproduced by a throttle in
the exhaust system, controlling the pressure in the
exhaust settling chamber.

The in-cylinder pressure was measured with a
piezoelectric pressure transducer. Pressure traces
for 25 engine cycles were recorded in order to
compensate for the statistical dispersion in engine
operation. The filtered average pressure signal was
used as input for a combustion diagnostic model.

The NOy, CO, HC, CO,, and O, measurements
were performed with a HORIBA 7100 analyzer.
Smoke emission was measured with a variable
sampling smoke meter, providing results directly
in filter smoke number that were transformed into
dry soot mass emissions by means of the correla-
tion proposed by Christian et al.(1993).

From the engine tests, direct information on
performance behavior can be obtained in terms of
brake specific fuel consumption (BSFC) and pol-
lutant emissions, mainly NOyx and Dry Soot. Val-
uable additional information can be extracted
from in-cylinder pressure, such as the heat release
law (HRL) and several associated parameters,
namely combustion duration, burnt temperature,
ignition delay, etc. The combustion diagnosis code
CALMEC (Lapuerta et al., 1999 ; 2000) has been
used for this purpose ; it is based on the solution
of the energy equation inside the cylinder, with
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the assumption of uniform pressure and tempera-
ture over the volume. This single-zone model ap-
proach allows calculation of the instantaneous
average temperature as well as the instantaneous
heat release from the burnt fuel. With simple ad-
ditional hypotheses (Desantes et al., 2000 ; Garcia
et al., 2000 ; Ishida et al., 1996), the single zone
model can be extended to a two-zone model that
provides information on the instantaneous tem-
perature of both the burnt and unburnt gas frac-
tions.

3. Injection Strategies

Engine mode — One basic engine operating mode
has been chosen, corresponding to the A75 of the
European Stationary Cycle (ESC). This engine
mode corresponds to a speed of 1550 rpm, the in-
jected fuel mass was maintained constant at 80
mg/stroke, while maintaining the intake and ex-
haust pressure constant at respectively 2.00 and
2.10 bar. The intake temperature was 36C.

Injection strategies — For the tested mode, 4
different injection rate shapes were tested, named
square type 1 (S1), square type 2 (S2), ramp (R)
and boot (B). These injection rate shapes were test-
ed at 4 different maximum pressure levels : at 900,
1100, 1300 and 1600 bar. Fig. 3 shows a scheme of
the injection rates shapes of all these strategies.
The goal of all these tests is to separate the effect
of injection rate shape, injection pressure, and in-
jection duration. All strategies were tested for logic
SOI varying between —10 to +2 CAD ATDC in
steps of 2 CAD.

A detailed injection rate shape comparison is
shown in Fig. 4. In this figure, four injection stra-
tegies with constant injection duration are depict-
ed, these are the injection rate shapes marked with
a “*” in Fig. 3.

With the proposed strategy of Fig. 3, the effect
of injection rate shaping is investigated in two
ways. Firstly, different injection rate shapes are
compared at equal maximum injection pressure
(vertical comparison in Fig. 3). And secondly,
different injection rate shapes are compared for
constant injection duration (diagonal comparison
in Figs. 3 and 4).
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Fig. 4 Four different injection rate shapes with con-
stant injection duration

4. Combustion Analysis

4.1 Ignition delay phase

The ignition delay is defined as the time be-
tween the start of injection (Real SOI) and start
of combustion (SOC) (see Fig. 5). The real SOI is
the start of fuel introduction into the combustion
chamber (this is derived from the measurements
of the injection discharge-rate-curve indicator);
whereas the Logic SOI is the crank angle pro-
grammed in the electronic control unit of the in-
jection system. The definition of the SOC is de-
fined here as the moment when the rate of heat
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release is changing from negative to positive. The
actual combustion starts earlier, but the released
energy is lower than the energy required to evap-
orate the injected fuel. During the auto-ignition
delay period several chemical and physical pro-
cesses take place. The physical processes can be
separated into the atomization of the liquid fuel
jet, the evaporation of the fuel droplets and the
mixing of the fuel vapor with air. The fuel atomi-
zation depends on the injection pressure, orifice
diameter, fuel viscosity, and in-cylinder pressure
at the time of injection. The fuel evaporation de-
pends on the droplet size, droplet distribution
and velocity, in-cylinder temperature and pres-
sure. The fuel/air mixing is mainly controlled by
the injector and combustion chamber design. The
chemical processes are pre-combustion reactions
of the fuel, air, residual gas mixture. The chemical
reaction rate is mainly dependent on the temper-
ature (Baert et al., 1999 ; Rosseel and Sierens, 1996) .

Influence of injection rate shape at constant
injection duration — The effect of injection rate
shaping at constant injection duration on the
ignition delay, injection pressure and injection
rate is shown in Fig. 6 for all tested injection rate
shapes at the same logic SOI of —8 CAD. For
each rate shape, the injection pressure and rate is
depicted versus the crank angle, from the start of
injection until the start of combustion (=auto-
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ignition delay).

Figure 6 shows that a square type 1 rate shape
with a maximum injection pressure of 900 bar has
an injection pressure of 800 bar during the auto-
ignition delay ; a boot rate shape with a maximum
injection pressure of 1600 bar has a similar injec-
tion pressure of 700 bar during the auto-ignition
delay. It is known that an increase in injection

lay depends on the chosen rate shape. The auto-
ignition delay times varies depending on the in-
jection pressure during the auto-ignition delay
time. Thus the auto-ignition delay depends on the
chosen injection rate shape.

Figure 7 shows the well known effect of in-
creasing injection pressure vs SOI on the auto-
ignition delay time. The auto-ignition delay time
increases for later SOI due to reduced in-cylinder
temperature and thus lower chemical reaction
rate. This behavior was not only seen for the
square type 2 shape, but for all tested rate shapes.
The auto-ignition delay reduces for increasing
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injection pressure.

4.2 Premixed combustion phase

The premixed combustion phase is generally
seen as the phase when the fuel that has been mix-
ed with air during the auto-ignition delay period,
is burned (Heywood, 1988). Usually, this fuel burns
very fast, leading to a rapid increase of released
heat ; indicated by a peak in the rate of heat re-
lease curve, see also Fig. 5.

Influence of injection rate shape at constant
injection duration — When rate shaping is appli-
ed at constant injection duration, all rate shapes
show a similar duration of the premixed combus-
tion. However, the lowest amount of fuel is burnt
in premixed mode for a boot and ramp injection
rate shape (see Table 2).

Influence of injection rate shape at constant
injection pressure — When rate shaping is intro-
duced at a equal maximum peak injection pres-
sure, it can be seen in Table 2 that a boot and
ramp shape have a longer premixed combustion
than a square injection rate shape. Also the fuel
that is burnt in premix mode (see also definition
in Fig. 5), is reduced for ramp and boot in com-
parison with a square type. This can be explained
by the rate of injection during the ignition delay
and premix burn period (see Fig. 9). A boot and
ramp shape show a similar injection rate at the
first instants of injection, thus the premixed com-
bustion phase is very similar. Both square shapes
show a higher rate of injection during the premix-
ed combustion, this explains a shorter but more
intense premix combustion.

4.3 Mixing-controlled combustion phase

The mixing-controlled combustion phase fol-
lows the premixed combustion. In this phase, the
burning rate is primary controlled by the mixing
rate between the fuel vapor and the air (Heywood,
1988).

Influence of injection rate shape at constant
injection duration — The strategy was chosen to
keep the injected fuel mass per cycle and the in-
jection duration constant, resulting in higher maxi-
mum injection pressures when the square type was
changed to a boot type (see Fig. 3). Therefore
these two effects, changed rate shape and changed
injection pressure, are influencing the results. The
effects on the rate of heat release curve are shown
in Fig. 8, for a SOI at —8 CAD ATDC. It can be
observed that if the main part of the fuel is inject-
ed later and at a higher pressure (boot type), the
peak of the mixing-controlled combustion phase
is shifted towards later crank angles. Comparing
square type 1 at 900 bar with the boot type at 1600
bar, it can be seen that the injection rate for
square type 1 at 900 bar is higher at the beginning
of the injection (Fig. 6). This increased injection
rate is known to improve the mixing process, thus
resulting in an earlier more intense combustion.
In the case of a boot rate shape at a peak pressure
of 1600 bar the main part is injected at the end of
the injection period when the ambient conditions
in the combustion chamber are less favorable for
the combustion process, because the in-cylinder
temperature and pressure are decreasing due to
the downwards movement of the piston, resulting
in a longer combustion duration.

Table 2 Ignition delay and premixed combustion

1P Inj. Ignition Premixed Fuel
Shape max Duration delay combustion burnt in premix

[bar] [ms] [ms] [ms] [mg]
S1 1.84 0.08 0.30 43
S2 1.84 0.08 0.30 43
R 1600 1.84 0.08 0.30 43
B 1.84 0.08 0.30 43
S1 900 0.08 0.30 43
S2 1100 4938 0.08 0.30 43
R 1300 0.08 0.30 43
B 1600 0.08 0.30 43
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Influence of injection rate shape at constant
injection pressure — This strategy keeps the in-
jected fuel mass per cycle and the peak injection
pressure constant, resulting in longer injection
duration when the square type was changed to a
boot type (see Fig. 3). Therefore these two effects,
changed rate shape and changed injection dura-
tion, are influencing the results. The cylinder pres-
sure and rate of heat release curves for changing
injection rate shapes at a maximum injection pres-
sure of 1600 bar shown in Fig. 9. One can see that
a high injection rate at the first part of the in-
jection event leads to a high rate of heat release.
One explaining factor is the advanced combustion
process, since increased injection pressure is known
to shorten the ignition delay time for the same
SOI (see Fig. 6). Further, higher injection pres-
sure provides more turbulent kinetic energy re-
sulting in improved fuel/air mixing and a higher
burning rate. This combined with more fuel in-
jected earlier in the combustion leads to lower
fuel consumption. In the case of a boot type most
fuel is injected later at lower cylinder temperature
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and pressure, resulting in a lower burning rate and
thus longer combustion duration.

4.4 Fuel efficiency

From the cylinder pressure trace, the indicated
mean effective pressure and indicated power was
calculated. Based on this calculation, the fuel con-
sumption can be expressed as indicated fuel con-
sumption.

Influence of injection rate shape at constant
injection duration — Table 3 shows that all values
for indicated fuel consumption are similar when
injection rate shapes are compared at constant in-
jection duration. However, a square injection rate
shape seems to show a lower indicated fuel con-
sumption than a boot injection. The absolute dif-
ference is due, on one hand, to the center of com-
bustion of the different shapes, with optimum
values around the TDC. On the other hand, at
the same logic SOI, small variations in the actual
SOI can appear between injection rates, due to the
hydraulic behavior of the system. It can be seen
that for increasing injection pressure, the indicat-
ed fuel consumption of ramp and boot improves,
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Table 3 Analysis of indicated fuel consumption for
SOI —8 CAD ATDC

S1 —5.04 188.2
S2 —4.93 188.9
R 900 —4.65 197.7
B —4.76 204.6
S2 1100 —4.93 188.2
S1 —4.87 188.1
S2 —4.98 188.0
R 1300 —4.85 190.5
B —4.87 196.3
Sl —5.15 189.2
S2 —5.07 188.0
R 1600 —4.77 190.9
B —4.94 191.4

while the indicated fuel consumption for the square
types remains constant.

Influence of injection rate shape at constant
injection pressure — In Table 3 can be seen that
changing from a square type of injection to a
boot type of injection at constant IP, will always
worsen the fuel consumption for the same reasons
as mentioned before. However at higher injection
pressures this fuel consumption increase is lower.

5. Pollutant Emissions

5.1 NOx emissions

Influence of injection rate shape at constant
injection duration — The effect of different in-
jection rates with constant injection duration on
NOx emissions is shown in Fig. 10. The corre-
sponding injection rates can be found in Fig. 8.
In the case that the injection rate is lower at the
beginning of the injection, the NOx emissions are
lower. Thus, a boot shape with a maximum pres-
sure of 1600 bar resulted in lower NOx emissions
than a square type 1 shape with a maximum in-
jection pressure of 900 bar, even though that both
have the same injection duration. Fig. 8 shows a
comparison of the rate of heat release for injection
rate shapes : boot at 1600 bar and square type 1 at
900 bar. The rate of heat release of square type 1
at 900 bar is higher then that of boot at 1600 bar
during the first part of the diffusion combustion,
when in-cylinder pressure is still high. This re-
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Fig. 11 Burnt and gas temperature for injection rate

shapes with a constant injection duration at
a SOI of —8 CAD ATDC

sults in a slightly higher burnt temperature as
can be seen in Fig. 11.

According to the extended Zeldovich mechan-
ism, the formation rate of NOy increases exponen-
tially to the local flame temperature and to a lesser
extent, reduces for reducing local oxygen concen-
trations (Lavoie et al., 1970). The boot type of
injection rate shape in Fig. 11 shows a lower peak
in burnt gas temperatures and this peaks occurs
later, when the local oxygen concentration is re-
duced due to combustion of previous injected
fuel. This can explain that despite the small dif-
ference in burnt gas temperature, large differences
are found in the NOyx emissions. As a result of
this, the square type 1 injection rate shape at 900
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emits the highest and a boot rate shape at 1600
bar lowest amount of NOx.

Influence of injection rate shape at constant
injection pressure —In Fig. 12 it can be seen
that despite an equal maximum injection pressure,
a boot type of injection rate shape produce much
lower NOx emissions than a square type of injec-
tion rate shape. The maximum injection pressure
is reached later in the injection event in case of a
boot type of rate shape (see Fig. 9). This explains
the lower and the later peak in burnt gas tempera-
tures in Fig. 13, in the case of a boot rate shape.
The formation rate of NOyx increases exponen-
tially with the temperature, thus the lower peak in
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Fig. 12 INOyx emissions for a maximum injection

pressure of 1600 bar vs SOI
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burnt gas temperatures typical for a boot injection
leads to lower NOx emissions.

It was found that an advanced SOI resulted in
higher NOy emissions for all injection strategies
studied. For the range of SOI tested, an earlier
SOI shifts the combustion closer to TDC (Figs.
10 and 12). When fuel is burnt close to TDC, the
gas temperature is increased due to the compres-
sion of the burnt gases (Ahmad and Plee, 1983).
It was found that the peak of the burnt gas and
gas temperature are increased for advanced injec-
tion timing. The well known Zeldovich mechan-
ism states that the formation rate of NOy increases
exponentially with the temperature, thus the hig-
her burnt gas temperatures, typical for advanced
SOI, leads to an increase in NOx emissions.

5.2 Dry soot emissions

Influence of injection rate shape at constant
injection duration — To investigate the effect of
rate shaping at constant maximum injection pres-
sure on soot emissions, the peak injection pres-
sure was increased from 900 to 1600 bar, while the
rate shape was changed from a square to a boot
type. The dry soot emissions are shown in Fig. 14
for all tested SOI. The obtained soot values are
very low, with a maximum of 0.029 gsoot/kgfuel
which corresponds to 0.06 FSN, this is at the
lower border of what can be measured. Because of
these low soot levels, only limited conclusions can
be made.

Changing a square type of injection rate shape
with an IP of 900 bar for a boot type of rate shape

—— 51 at 900 bar
——pe— 52 at 1100 bar
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o
x
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Fig. 14 Indicated soot emissions for rate shapes with

constant injection duration
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Fig. 15 Indicated soot emissions for rate shapes with

a maximum injection pressure of 1600 bar

at an IP of 1600 bar, has a very small effect on the
soot emission.

Influence of injection rate shape at constant
maximum injection pressure — When different
injection rate shapes are tested at the same maxi-
mum injection pressure (1600 bar), the differences
in soot emissions are larger (as can be seen in
Fig. 15) compared to the case described in previ-
ous paragraph. The absolute soot emissions are
even lower.

The final concentration of soot emissions is a
result of two processes acting against each other :
soot formation and soot oxidation. At the first
part of the injection event, a boot type has a lower
injection pressure, leading to a reduced flame lift-
off length, and therefore also a reduced amount of
air entrained into the spray, increasing the soot
formation compared to a square type (Chomiak
and Karlsson, 1996). Also in Fig. 13, it can be seen
that the burnt gas temperature of a boot injection
stays longer in the window of 1800-2600°K com-
pared to a square type of injection, this tempera-
ture window is the soot formation area (Kazuhiro
and Uoshiki, 2001).

When a square type of injection is replaced
with a boot type of injection rate shape with the
same peak injection pressure, the soot emission
increases but is still at a very low level.

6. Conclusions

In this article, rate shaping was evaluated on its
influence on the combustion process and the in-
fluence on fuel consumption and emissions as

J. Benajes, S. Molina, K. De Rudder and T. Rente

NOx and soot. Four different rate shapes were
compared : a classic common rail square type, a
modified square type, a ramp and a boot type, all
rate shapes were investigated at peak injection
pressures from 900 to 1600 bar. The influence of
these rate shapes was studied at constant maxi-
mum injection pressure, and at constant injection
duration for different start of injections.

Influence of injection rate shape at constant
injection duration — It was found that when a
square type of injection rate shape is changed to
a boot type at constant injection duration, the
peak injection pressure has to be increased from
900 to 1600 bar. The auto-ignition delay and pre-
mixed combustion show only small changes be-
cause the injection pressure during this period is
at a similar level in all cases. The mixing con-
trolled combustion phase is characterized by a
later and lower peak in the rate of heat release,
the average and burnt gas temperatures are slight-
ly reduced. The fuel-indicated NOx emission
reduces by 26% with a 1.7% penalty in indicated
fuel consumption at an approximated constant
fuel-indicated dry soot emission.

Influence of injection rate shape at constant
maximum injection pressure — When the injec-
tion rate shape was changed from a square to a
boot type at a peak injection pressure of 1600 bar,
the injection duration has to be increased. The
injection pressure during the auto-ignition delay
is reduced, and the auto-ignition delay and pre-
mixed combustion time increase, however less fuel
is burnt in premixed combustion. The mixing
controlled combustion duration is increased and
the burning rate is reduced, the average and burnt
gas temperatures show a significant reduction.
The fuel-indicated NOx emission reduces with
51% while the fuel penalty is 1.1%, the dry soot
emission changes from too low to measure to
around 0.02 gary soot/Kgtuer.
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