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ABSTRACT

High-pressure diesel injection systems are one of the criti-
cal technologies for emission control with the assistance of
electronically controlled fuel injection. Common rail injection
systems have great flexibility in injection timing, pressure and
multi-injections. Many studies and applications have reported
the advantages of using these systems to meet the strict emis-
sions regulations and to improve engine performance.

The main objective of this study is to investigate the effect
of pilot-, post- and multiple-fuel injection strategies on fuel-air
mixing and emissions formation in diesel combustion, using a
combination of experimental measurements and Computational
Fluid Dynamics (CFD) analysis. The experimental study was
carried out on a single-cylinder optical direct-injection diesel
engine equipped with a high pressure common rail fuel injec-
tion system. The experimental work was supported by CFD
simulations on the single-cylinder engine in order to investigate
the effect of multiple injections on mixture formation. The limi-
tations of the soot formation model were identified through
direct comparisons with experimental flame visualization.
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INTRODUCTION

Direct injection diesel engines have advantages of high
thermal efficiency and low fuel consumption and are penetrat-
ing in the passenger vehicle market in a fast pace. The high
flexibility of common rail injection systems enables emissions
reduction without sacrificing fuel economy. High injection
pressures can be used in order to reduce Particulate Matter
(PM) by improving spray atomization, evaporation and fuel-air
mixing; however, that leads to higher cylinder temperatures that
favor NOy formation. Reducing both pollutants simultaneously
can be achieved by following a multiple injection strategy, op-
timized for each operating condition of the engine.

Results from several contemporary investigations [1-3]
show that pilot injections have the potential to reduce both NOx
and PM emissions due to improved fuel-air mixing and the re-
duction of the amount of diffusion combustion. Whether both
pollutants or only one of them will be reduced depends on the
operating conditions, the number of injections and the injection
timing. Furthermore, post injections can accelerate the soot
oxidation process if the injection timing and the amount of fuel
are suitably selected [4]. The optimization of the injection strat-
egy for each operating point is a complex problem with many
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degrees of freedom that can be solved by extensive experimen-
tation. CFD simulations can be used as a tool to perform para-
metric studies and offer insight in the fuel injection, mixing,
combustion and emissions formation processes. This can be
achieved by developing and implementing robust and reliable
models for these processes into the CFD codes. Understanding
the physical mechanisms governing the in-cylinder processes is
a key step towards developing reliable models.

In order to understand the physical mechanisms leading to
soot formation and oxidation a number of studies have been
performed using flame visualization experiments. The devel-
opment of advanced laser-based diagnostics has provided a
means for making detailed measurements of the processes oc-
curring inside of a fuel jet [5]. Over the last years laser diagnos-
tics have been applied to direct injection diesel combustion in a
variety of optically accessible engines [6-8]. These investiga-
tions have provided valuable information on diesel combustion
and soot formation that can be used to evaluate and further de-
velop computational models for use in CFD codes.

In the current work, an optically-accessible single cylinder
diesel engine equipped with a common-rail injection system
was built to investigate the effect of multiple injections on the
combustion characteristics. The observation of the performance
and emissions including the flame images could provide the
explanation on the general mechanism of pollutant formations
at various conditions. Optical access was possible with the
elongated piston and bottom-view quartz. A high speed digital
video camera was used to visualize the combustion process
inside the cylinder. Experiments were carried out under a wide
range of injection parameters including injection pressures and
timings. The effects of multiple injections on ignition, combus-
tion and emissions are analyzed, assisted by CFD simulations.
The injection strategies selected are based on findings from
previous work on the same engine [4]. Moreover, the compari-
son between experimental measurements and CFD results is
being used to evaluate the capabilities and limitations of the
current soot formation model.

EXPERIMENTAL SETUP

Optical Research Engine

The engine used in the tests is a single-cylinder, direct in-
jection, 4-stroke optical research diesel engine equipped with a
common rail injection system. The specifications of the re-
search engine are listed in Table 1. A schematic of the engine
structure is shown in Figure 1. The piston has been modified in
order to permit an optical access to the combustion chamber. A
quartz inserted in the piston crown (used as bowl bottom) per-
mits a full bowl view of the combustion chamber. To collect
spray and combustion images, the elongated piston accommo-
dates an elliptical mirror reflecting the images in 45°.

For the experiments presented here, the injector is
equipped with a 5-hole tip. The nominal hole diameter is 0.168
mm and the nominal angle of the fuel-jet axis was 15° down-
ward from horizontal. Table 2 summarizes the specifications of
the fuel injector.

Table 1 Engine specifications

Specifications Resources
Bore (mm) 83
Stroke (mm) 92
Displacement (cc) 498
Compression Ratio 18.9
Stroke/Bore ratio 1.108
Swirl ratio 2.1
Con. rod length (mm) 145.8
/ Injector
| L :
Cam shaft I;
g A Liner quartz
Piston crown e
quartz
Elengated ? . A5° mirror
Pistan
—— 2 High Speed CCD Camera

Figure 1: Schematic of the single-cylinder optical engine

Table 2 Injector Specifications

Specifications Resources
Type Common Rail
Injection System
Injection Pressure [MPa] 0~150
Number of Holes 5
Hole Diameter [mm] 0.168
Injection Angle [deg.] 150

Engine Instrumentation

A schematic diagram of the engine test bench is shown in
Figure 2. It includes the following modules: diesel engine, fuel
injection equipment, data acquisition and control units as well
as the emission measurement system. The electrical motor al-
lows operation both in motoring and firing conditions. The
pressure regulator valve and the solenoid injector are driven by
an electronic injector operating system (TDA 3000H, TEMS
Ltd.).

A shaft encoder is used to transmit the crank shaft position
to the injection system and data acquisition system for the elec-
tronic control. The encoder provides two digital outputs; one is
top dead center (TDC) index signal once in a revolution, and
the other is the pulse train with the resolution of 0.2° crank an-
gle (CA).

A sampling probe is installed in the exhaust pipe, which is
connected to the HORIBA MEXA1500D exhaust gas analyzer.
The analysis of the gaseous emissions was performed using the
following instruments: non-dispersive infrared absorption
(NDIR) analyzer for the CO and carbon dioxide (CO,) meas-
urements, chemiluminescence detector (CLD) analyzer for the
NOyx measurements, flame ionization detector (FID) analyzer
for the total hydrocarbon (THC) measurements. The in-line
type opacimeter (OP100 EplusT Ltd.) was employed to meas-
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ure the smoke emissions. If the opacimeter was used for the DI-
diesel engine, the opacity of the exhaust gas represented the
smoke intensity. The opacity value could be translated to Bosch
smoke number by SAE J1667. The principle of opacimeter was
such as an absorption photometry; while a light emitting diode
emits 563 nm light and a crystal diode received it, the opacity
of the exhaust gas changed the light intensity which was trans-
lated to a voltage signal.

"

- L d
I u Data Acquisition
system

Gas analyzer Computer

f: Fuel temperature
L Control system
High Speed Camera N
Single-cylinder
Diesel engine

Computer

Figure 2: Schematic diagram of the engine test bench

During the tests, the injection parameters were controlled
by a personal computer (PC) that was directly connected to the
fuel injection system, while a Kistler 6052A piezoelectric pres-
sure transducer was used for the measurement of the in-cylinder
pressure.

The cylinder pressure data were digitized and recorded at
0.16 crank-angle-degree interval and ensemble-averaged over
130 engine cycles. The apparent heat release rate was calcu-
lated from the ensemble-averaged cylinder pressure data using
the typical first law and perfect gas analysis [9].

The in-cylinder images were acquired using a high speed
CCD camera (Vision Research Inc.; Phantom v7.0). It affords a
high speed imaging rate of up to 10,000 frames per second so
that the images could be taken every 0.48 CA at 800 rpm en-
gine speed. The exposure times of the camera were optimized
to obtain clear images. The camera images were digitized by a
frame grabber in a PC to a resolution of 512 by 384 pixels.
Synchronization between the engine and camera was controlled
by another PC and a digital delay generator with the master
signal coming from the engine shaft encoder. The camera al-
lowed the video frame acquisition to be synchronized with the
engine. This synchronization system could be adjusted to obtain
images at any desired crank angle within the 0.48 degrees reso-
lution.

Operating Conditions

All the data presented in this article were taken at an en-
gine speed of 800rpm. Before conducting the experiments, the
engine was heated to 80°C by electrical heaters in the cooling
water and the lubricating oil circulation systems. The amount of
pilot- and/or post-injected fuel injected was fixed at
1.5mms/stroke. The total quantity of the fuel injected was main-
tained at 11.5mms/stroke.

COMPUTATIONAL MODELS

For the numerical simulations performed in this work a
modified version of the Los Alamos multi-dimensional code
KIVA-3V [10-12] is been used. The modifications include the
fuel injection, wall impingement, ignition, combustion and soot
formation models, as described in the following paragraphs.

Computational Mesh

One inherent difficulty with modeling optical engines is
the fact that the gap between the piston and the cylinder liner is
considerably large. In the current experimental setup the bore
diameter is equal to 83 mm and the piston diameter 81.3 mm,
resulting in a gap of 0.85 mm between the piston and the cylin-
der wall. The effect of this geometrical feature is that there is a
very strong blow-by and heat loss to the cylinder wall. The
simplest way to take this effect into account is to decrease the
compression ratio by increasing the squish height, so that the
cylinder pressure during motoring engine operation matches the
experimental measurements. In the current configuration the
squish had to be increased from 1.5 mm to 3.12 mm. In Figure
3 the calculated cylinder pressure for 1.5 mm and 3.12 mm
squish height is shown, as well as the experimentally measured
pressure trace in the optical engine. The peak pressure of 45 bar
is in reasonable agreement with the peak pressure of the multi-
cylinder commercial engine that has been used as a model for
the optical engine.

Cylinder Pressure

I
,,,,,,,,,,,,,, AN - - - - [ — Experimental |
Squish=1.5 |
Squish=3.12 |

Pressure [bar]

[

-150 -100 -50 0 50 100 150
CA [deg. aTDC]

Figure 3: Cylinder Pressure Traces

In Figure 4 the computational grid is shown. Since a 5-hole
nozzle is used, only a 72° sector has been modeled. The current
grid contains 26,000 cells and two additional grids, one with
55,000 and one with 77,000 cells have been created in order to
perform a sensitivity analysis of the grid resolution on combus-
tion and emissions formation.

Figure 4: The computational mesh with 26,000 cells
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Grid Sensitivity Analysis

Three computational grids with varying resolution have
been created to model the optical engine, using 26,000, 55,000
and 77,000 cells respectively. A grid sensitivity analysis is per-
formed to find the optimum grid resolution for the following
calculations. The test case selected includes a single injection
event, with Start of Injection (SOI) at 11.9° BTDC and Injec-
tion Pressure 30 MPa. Average cylinder pressure, temperature,
NOx and soot formation rate predictions were compared be-
tween the 3 grid resolutions. In Figure 5, the cylinder pressure
comparison is shown and the predictions are almost identical
for all three cases. Similar results are obtained for the average
cylinder temperature. Therefore, the coarse grid containing
26,000 cells will be used in this work for analysis of mixture
and emissions formation.

Cylinder Pressure

Pressure [bar]

0 25 50

CA [deg. aTDC]

Figure 5: Grid sensitivity analysis: cylinder pressure compari-
son

Fuel Injection and Wall Impingement Models

The fuel spray has been modeled by assuming a liquid core
emerging from the nozzle, which disintegrates very fast into
droplets, with diameter equal to the nozzle diameter. The
WAVE breakup model [13-16] has been adopted in this study
for the secondary atomization modeling of the resulting drop-
lets. This model is based on a linearized analysis of a Kelvin-
Helmbholtz instability of a stationary, round liquid jet immersed
into a quiescent, incompressible gas. The result is a general
dispersion equation, which relates the growth rate of an initial
surface perturbation to its wavelength. Under the assumption
that the size of the stripped off product droplets are propor-
tional to the length of the fastest growing surface wave and that
the rate of droplet generation is proportional to the maximal jet
disturbance growth rate one obtains the expression for the ra-
dius and the time constant of the stripped off product droplet.

A wall impingement model, developed by Grover et al.
[17-18] has been used to improve the prediction capability of
spray-wall interactions. The model conserves mass, tangential
momentum and energy of an impinging parcel. This model fo-
cuses on spray impact on dry and wet surfaces below the fuel’s
Leidenfrost temperature, a scenario encountered under typical
engine operating conditions [19]. Three splashing parcels and
one wall film parcel are used to represent the shattering of a
splashing droplet upon impact with the surface. It is assumed
that the impulsive force on an impinging droplet normal to the
surface is dominant, thus allowing one to treat the magnitude of

its tangential momentum component constant after impact. The
viscous dissipation of an impinging droplet and kinetic energy
of the wall film are accounted for in the energy conservation
equation.

Ignition and Combustion Models

The Shell Ignition model [20] is based on a general eight-
step chain-branching reaction scheme, which uses lumped ki-
netic parameters and other terms as coefficients in the conser-
vation equations. The species involved are RH, the hydrocar-
bon fuel of the form C,Hy,, O,, R radical formed from the
fuel, B branching agent, Q intermediate species and P products
consisting of CO, CO, and H,O in specific proportions. The
five conservation equations that describe the above mechanism
consist of a series of coupled differential equations describing
the concentrations of the chemical species that influence heat
release in the auto ignition process and the system tempera-
tures.

The model used in this work is an enhanced version of the
original Shell Ignition model [21]. Three main deficiencies
have been recognized and eliminated in this improved version.
The first one concerns the calculation of the heat release, which
was based on an assumed fixed ratio CO/CO, in the products.
This assumption has been removed and the heat release is given
instead by an energy balance. The second modification is re-
lated to the inert products of the two termination reactions. In
the previous scheme, radicals are removed from the reactants
pool by converting them into N,. Here, it is assumed that the
two radical termination reactions lead to the same species that
would result from the combustion of the same initial mixture of
reactants. The third modification is related to the Shell species
R, B and Q. In the previous scheme the contribution of these
species to the energy balance was ignored. In the present
scheme enthalpy values for these generic species have been
assigned.

The Characteristic-Time Combustion (CTC) model [22], is
used for combustion simulations. The rate of change of the
mass fraction of species m, Y,, due to chemical reaction is
given by:

m m m (6)

where 7, is the characteristic time of combustion and Y,,” de-
notes the local equilibrium mass fraction. The characteristic
time is assumed to be the same for all seven species (fuel, O,,
N,, CO, CO,, H,, H,O) considered necessary to predict the
thermodynamic equilibrium temperatures. Also, the characteris-
tic time is the weighted sum of a laminar time scale, 7, and a
turbulent time scale, 7,, given by:

=1t/ (7
where the weight function f simulates the influence of turbu-
lence on combustion after ignition has taken place. The turbu-

lent time scale is proportional to the eddy turnover time

1,=Cyk/e. )
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The constant Cj, is an input variable that acts as a scaling pa-
rameter between the different engines and their injection con-
figurations

Soot and NOx Formation Models

The Extended Zeldovich Mechanism, as given by Hey-
wood [9] has been used to predict NO formation from diesel
combustion. The principal reactions for NO formation and de-
struction are:

O+N, <> NO+N
N+0O,«<NO+O
N+OH < NO+H

The soot formation model developed by Hiroyasu and
modified by Han et al. [18] has been used throughout this work.
The model predicts the production of soot mass, M;, by a sin-
gle-step competition between the soot mass formation rate,

M , and the soot mass oxidation rate, Mg, , according to:

SO >

s o )
=Mg — Mg, ©)

The Arrhenius formation rate is proportional to the fuel
vapor mass, Mj, and the formation coefficient is a function of
pressure and temperature, according to:

K=AP"?exp(-E/RT). (10)

The Arrhenius oxidation rate is proportional to the soot
mass and the oxidation coefficient is a function of pressure,
temperature and the oxygen mole fraction. The original model
has been modified by replacing the Arrhenius global oxidation
rate equation with the experimentally based oxidation rate of
Nagle and Strickland-Constable (NSC) [22].

This simplified two-step empirical model for soot forma-
tion offers the advantage of easy implementation and adjust-
ment but caution must be paid when considering the predicted
spatial distribution, as shown by Tao et al. [23]. Similar conclu-
sions have been reached through this work and some of the
limitations of the model are revealed through comparison with
optical diagnostics measurements.

FUEL-AIR MIXING AND SOOT FORMATION

The effect of multiple injection strategies on fuel-air mix-
ing and emissions formation has been studied by investigating
both single and split injection schemes, including two and three
injection events per cycle, namely pilot-main, main-post and
pilot-main-post [4]. In the current work, a number of these
cases are used for comparison with CFD calculations in order
to explore the capabilities and limitations of the soot formation
model. The ignition and combustion characteristics for each
case are checked by comparing experimentally measured cylin-
der pressure traces with CFD results.

Single Injections

Two single injection cases, with SOI -15° aTDC and -5°
aTDC are considered here to show the effects of injection tim-
ing on soot formation. In Figure 6 the experimentally measured
cylinder pressure traces for both cases are shown, as well as the
predictions with KIVA-3V. The predicted pressure agrees well
with the experimental measurements in both cases, implying
that the combustion process is successfully modeled. The small
discrepancies observed in Figure 6 are attributed to the fact that
the compression ratio had to be lowered in order to take into
account the significant blow-by losses that could not be mod-
eled otherwise with KIVA. In most cases simulated similar
small differences are observed; however, the ignition and com-
bustion models can successfully be used to predict a wide range
of conditions, including split injections, without changing the
calibration.

60
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Pressure [bar]
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ol |
-40-30-20-10 0O 10 20 30 40
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Pressure [bar]

) R s e e
-40 -30-20-10 0 10 20 30 40

CA[deg. aTDC]
Figure 6: Measured and predicted cylinder pressure

In Figure 7 soot luminosity images are shown for SOI=-
15° aTDC. The first visible flame is apparent at -7° aTDC at
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the center of the cylinder, near the injector nozzle tip, and
propagates toward the cylinder walls. The timing of the first
visible flame roughly coincides with the ignition timing. It is
interesting to note that the injection duration in this case is
about 5° CA; therefore, the injection process has been com-
pleted at -10° aTDC. However, the first luminosity images,
close to the injector tip, imply that soot is being formed and
oxidized in this area after the end of injection.

Figure 7: High-speed images of soot luminosity, SOI=-15°

In Figure 8 CFD predictions of the soot formation process
are presented. The images are substantially different than the
experimental ones both temporally and spatially: soot appears
for the first time -4° aTDC (3° later than in the experimental
images) but the most striking difference is that soot is initiated
in the area close to the cylinder walls. This can be explained
considering that the soot formation model uses only fuel vapor
as soot precursor and therefore creates soot at locations with
high vapor concentration.

CA=-4 CA=3

NN

L. L.

Figure 8: CFD predictions of soot formation, SOI=-15° aTDC

In order to explain these contradicting results, the fuel-air
mixing history was studied. In Figure 9 the equivalence ratio is
shown as a function of time during the injection process. The
isosurface plotted represents equivalence ratio of 2.0 and
higher.

CA=14 CAm13

A

Cas12 Casil

| S | S

Figure 9: CFD predictions: isosurface of equivalence ratio 2.0,
SOI=-15°

The structures of the isosurfaces shown in Figure 9 are
very similar in shape and evolution with the soot luminosity
structures acquired experimentally using the high-speed cam-
era. However, there is a delay of approximately 7° CA, which
corresponds to 1.46 msec. It seems that the CFD images show
the location where the soot precursors start forming. Small par-
ticles start forming in rich areas (¢>2.0) close to the nozzle. As
the fuel spray propagates into the cylinder and reaches the cyl-
inder wall, the reach areas extend to the wall as well, initiating
the formation of soot precursors. It appears that a certain
amount of time is required from the onset of the soot precursors
formation until the moment when soot particles grow and start
oxidizing, which is the process captured in the experimental
high-speed images. Observation of Figures 7 and 9 also reveals
that the soot particles are found roughly in the same location
where the precursors started forming. They are only slightly
transported due to the swirl motion in the cylinder.

The observations made for SOI=-15° aTDC were verified
with similar observations for SOI=-5° aTDC. Figures 10 and 11
show experimental high-speed images of soot luminosity and
CFD predictions of equivalence ratio isosurfaces, respectively.
Exactly the same time delay of 7° CA or 1.46 msec is observed
in this case between the moment when the equivalence ratio of
2.0 starts forming until the first visible luminosity images in the
experiment.

Figure 10: High-speed images of soot luminosity, SOI=-5°

6 Copyright © 2005 by ASME



Ca=3 CA=0

Figure 11: CFD predictions: isosurface of equivalence ratio
2.0, SOI=-5°

The simplified soot formation model fails to predict the
correct location of soot initiation in this case as well. In Figure
12 the CFD predictions for soot formation are shown, indicat-
ing that soot should appear first close to the cylinder walls.

CA=2 CA=3

’

L. L.
Figure 12: CFD predictions of soot formation, SOI=-5° aTDC

This set of results indicates that the simplified two-step
soot formation model is not adequate for predicting correctly
the location where soot first appears in the cylinder. However,
it is interesting to note, that with appropriate calibration of its
constant it can predict the correct amount of soot mass in the
cylinder.

Pilot Injections
Further investigation of the soot formation process has

been performed using a split injection strategy, employing a
pilot and a main injection event. The case discussed here in-
volves a pilot injection timing at -26° aTDC and the main injec-
tion set at -6.5° aTDC. Figure 13 shows the cylinder pressure
comparison between the experiment and the CFD calculation.
There is only a small disagreement close to the ignition point,
indicating a slightly longer ignition delay in the CFD calcula-
tion, but overall the agreement is acceptable.

Figures 14 and 15 show the experimental images of soot
luminosity and CFD images of the equivalence ratio isosurface
(9=2.0). Even though the pilot injection starts at -26° aTDC,
there is no fuel-rich area observed in the cylinder following this
injection event. This is attributed to relatively low cylinder
temperatures that do not allow for fast fuel evaporation, as well
as to the small fuel quantity injected. The first fuel-rich area is
apparent shortly after the main injection event. The structures
observed are very similar to the experimentally acquired soot
luminosity images. In this case the time delay is slightly shorter
than for the single injection case, approximately 5° CA, which
corresponds to 1.04 msec. This observation is in agreement
with the conclusions reached by Park et al. [16] who found that
pilot injections are effective in shortening the ignition delay and
that soot precursors formed by pilot injections are easily con-
verted into soot as the main injection starts. Soot predictions
from KIVA are inaccurate in this case as well, showing initia-

tion of soot formation close to the walls, similarly to the previ-
ous cases.

60

Pressure [bar]

Y e e
-40-30-20-10 0 10 20 30 40
CA[deg. aTDC]

Figure 13: Measured and predicted cylinder pressure, pilot-
main injections

Figure 14: High-speed images of soot luminosity, pilot-main
injections

The effect of pilot injections on engine performance and
soot emissions is demonstrated in Figure 16. The engine IMEP
increases up to 20% when a pilot injection is employed but
there is a considerable penalty in soot emissions (opacity) be-
cause of the extended diffusion-controlled combustion. An ad-
ditional advantage of the pilot injection is the suppression of
NOx emissions and combustion noise [16]. Moreover, it was
reported in [16] that the soot emissions can be reduced by em-
ploying a post injection that enhances soot oxidation when
timed appropriately. Therefore, a triple injection approach, with
pilot-main-post injections, has been studied in order to combine
the advantages of the two methods.
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Figure 15: CFD predictions: isosurface of equivalence ratio
2.0, pilot-main injections
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Figure 16: Effect of pilot injection on IMEP and smoke forma-
tion; Start of Pilot: 20° bSOI

Triple Injections

The final part of this investigation includes a triple injec-
tion strategy. The pilot injection was set at -35° aTDC, the main
at -5° aTDC and the post at +15° aTDC. As shown in Figure
17, the soot luminosity first appears at -13° aTDC, almost 30°

or 6.25 msec after the pilot injection is completed. CFD calcu-
lations of the equivalence ratio, shown in Figure 17, reveal that
there is a slightly rich fuel vapor concentration in this location
during the pilot injection. The isosurfaces in Figure 18 repre-
sent equivalence ratio of 1.25 instead of 2.0, as in previous im-
ages. An equivalence ratio of 2.0 could not be detected in these
early timings. It is believed that this fuel vapor initiates the soot
growing process, with soot precursors developing at this loca-
tion, close to the nozzle. The longer time delay is attributed to
colder cylinder temperatures and lower fuel concentrations,
therefore soot precursors require longer time to grow into soot
particles and start oxidizing. It is very interesting to note that in
the experimental images the luminosity is weaker than in previ-
ous cases and does not extend along the cylinder wall. Like-
wise, the CFD rich vapor concentration pockets are observed
only for a short period of time along the spray axis and they
become leaner as they reach the wall. This is strong evidence
that soot precursors first appear in these rich pockets.

Figure 17: High-speed images of soot luminosity, triple injec-
tions

CA=-32 CA=-31

P 4 r 4
s L

Figure 18: CFD predictions: isosurface of equivalence ratio
1.25, triple injection

Most of the soot produced in the triple injection case is
formed after the main injection event. In Figure 19 it appears
that soot starts forming at 2° aTDC and gradually expands to
the cylinder walls. Exactly the same trend is evident from the
equivalence ratio isosurfaces, shown in Figure 20. The time
delay in this case is shorter, in the order of 4°-5°, which corre-
sponds to approximately 1 msec. This shorter delay is most
likely due to the already existing soot and fuel vapor in the cyl-
inder. The same trend was observed for the pilot-main injection
case.
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Figure 19: High-speed images of soot luminosity, triple injec-
tions

CA=2 CaA=1

ya A

Figure 20: CFD predictions: isosurface of equivalence ratio
2.0, triple injection

In Figure 21 the soot and NOx measurements for this triple
injection strategy are shown. Both pollutants are reduced com-
pared to the single injection case with SOI=-5° aTDC. The
NOy reduction in the triple injection case is attributed to the
shorter ignition delay, caused by the pilot injection; conse-
quently. The amount of premixed combustion is reduced. The
reduction in smoke emissions has been achieved through the
post-injection which enables oxidation of the soot formed dur-
ing the main injection event. Furthermore, less soot is formed
because of diffusion combustion during the main injection,
since the amount of fuel injected has been reduced and the re-
maining fuel is used for the post injection. The IMEP for the
triple injection case has been reduced only by 3% compared to
the single injection.

NO>< Emissions Smoke Emissions
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Figure 21: Effect of triple injection on soot and NOx emissions

CONCLUSIONS

The effect of multiple injections on diesel combustion has
been studied using experimental flame visualization techniques
assisted by CFD simulations. It has been shown that multiple
injection strategies can be successfully used to simultaneously
reduce smoke and NOy emissions. The pilot injection reduces
the ignition delay and therefore the amount of premixed com-
bustion, leading to lower temperatures and NOx emissions, but
significantly increases soot emissions by increasing the diffu-

sion combustion. Employing a post-injection combined with a
pilot injection results in reduced soot formation from diffusion
combustion and enhances the soot oxidation process during the
expansion stroke, resulting in decreased smoke emissions,
while the NOx concentration is maintained in low levels.

The comparison between CFD predictions and experimen-
tal measurements shows that soot precursors start forming in
fuel-rich areas of the combustion chamber, typically surround-
ing the fuel jet. There is a time delay between the timing when
the fuel-rich areas are created and the timing when the soot
oxidation process is observed experimentally. This delay is
interpreted as the time required for the soot particles to grow
and start oxidizing. When pilot injections are employed the
time delay is shortened, implying faster growth rate. Finally, it
has been found that the soot formation model currently used
cannot correctly predict the location of soot initiation and evo-
lution. More sophisticated models are needed for reliable calcu-
lations of soot formation from CFD codes.
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