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ABSTRACT

Post injections have been shown to reduce engine-out soot emissions in a variety of engine architectures and at a range
of operating points. In this study, measurements of the engine-out soot from a heavy-duty optical diesel engine have
conclusively shown that interaction between the post-injection jet and soot from the main injection must be, at least in part,
responsible for the reduction in engine-out soot. Extensive measurements of the spatial and temporal evolution of soot
using high-speed imaging of soot natural luminosity (soot-NL) and planar-laser induced incandescence of soot (soot-PLII)
at four vertical elevations in the piston bowl at a range of crank angle timings provide definitive optical evidence of these

interactions.

The soot-PLII images provide some of the most conclusive evidence to date that the addition of a post injection
dramatically changes the topology and quantity of in-cylinder soot. As the post jet penetrates toward the bowl wall, it
carves out regions from the main-injection soot structures, either through displacement of the soot or through rapid and
progressive oxidation of the soot. Later in the cycle, the regions of main-injection soot on either side of the jet centerline,
clearly present in the main-injection-only case, have all but disappeared when the post-injection is added - only the soot in
the post-injection pathway remains. Evidence of this apparent late-cycle oxidation of main-injection soot appears in both
the soot-PLII and soot-NL images, providing substantial support for the mixing mechanism of soot reduction with post
injections. Implications of these findings and future work are also discussed.
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INTRODUCTION

Modern heavy-duty diesel engines can meet pollutant
emissions targets using a variety of strategies [1, 2].
Approaches include multi-stage aftertreatment systems [3],
modification to the combustion mode to achieve various
degrees of low-temperature combustion (LTC) [4], and
advanced fuel-injection schemes [5, 6], including multiple-
injection schedules and injection rate-shaping. In this study, we
address the use of multiple injections, post-injections in
particular, to control particulate emissions from heavy-duty
diesel engines.

Post injections can be an effective way to reduce engine-out
soot emissions for a variety of engine sizes and at a wide
range of operating conditions. Measurements of post-injection
efficacy have been published in numerous studies; for a more

detailed review, see O'Connor and Musculus [7]. These studies
have shown that post-injection efficacy is sensitive to several
key operating parameters, including injection timing, load,
exhaust gas recirculation (EGR), speed, and fuel-spray
targeting.

Proposed mechanisms for engine-out soot reduction with post
injections generally fall into three categories. First, several
have identified an enhanced mixing mechanism as the driver of
engine-out soot reduction. Some authors have attributed the
engine-out soot reductions to enhanced mixing of the main-
injection soot with air entrained by the post injection, which
increases oxidation rates of main-injection soot [8, 9, 12, 17,
19]. Alternatively, other authors [14] have indicated that the
post injection enhances mixing of ambient air with fuel and/or


http://dx.doi.org/10.4271/2014-01-1255
http://saeeng.saejournals.org/

Downloaded from SAE International by Jacqueline O'Connor, Thursday, March 20, 2014 07:09:55 PM

O'Connor et al / SAE Int. J. Engines / Volume 7, Issue 2 (July 2014)

combustion intermediates, from both the main and post
injection, thereby reducing the local equivalence ratio and
suppressing local soot formation.

Second, several authors have proposed a thermal mechanism
by which the combustion of the post injection increases local
temperatures, thereby enhancing oxidation of main-injection
25, 26]. Temperature effects on soot oxidation are difficult to
verify experimentally, but two-color pyrometry measurements
[27] and predictive simulations [12] have indicated increased
soot temperatures with post injections, which is consistent with
the proposed thermal mechanism.

Finally, a small number of studies have indicated that engine-
out soot may be a function of injection duration and not simply
total mass of fuel injected [19, 28, 29, 30, 31]. According to
these studies, soot formation during an injection is a non-linear
function of the duration of the injection. Consequently, a given
quantity of fuel will form less soot if it is delivered in several
short injections instead of a single large injection. Sometimes
referred to as the “split-flame” concept [29, 30], this hypothesis
has mostly been proposed for multiple-injection schedules with
a very short dwell between injections. Other studies refer to the
fundamental mechanism behind duration-dependent soot
formation as “jet replenishment” [28].

Despite the prevalence of these three explanations in the
literature, there are few studies that provide direct experimental
or computational evidence of these mechanisms or quantify the
relative importance of each fundamental mechanism by which
post injections reduce engine-out soot. This lack of data is
driven by the complexity of the problem; not only are in-cylinder
mixing fields and temperatures difficult to measure, the
mechanism by which soot is reduced by post injections may
vary with operating condition [32], creating a virtually endless
experimental design space.

In particular, the extent of the interaction between the post jet
and the main-injection mixture is difficult to quantitatively
measure in engine environments. Several spray-vessel
experiments have used scalar mixing and front-tracking
techniques to quantitatively measure the interaction between
multiple injections [33, 34, 35]. While these studies provide
valuable information about the freely-propagating regime of the
spray, the boundary conditions of these experiments do not
faithfully represent those in an engine environment. In
particular, the lack of jet impingement and subsequent roll-up
at the bowl wall makes it difficult to extrapolate these results to
an engine geometry. Indeed, in current production engines that
use post-injections, soot-reduction efficacy is known to be
strongly dependent on spray targeting and/or piston geometry
[7, 36]. Further, two of the three theories of soot reduction
using post injections - the enhanced mixing and thermal
mechanisms - are dependent on the interaction between the
post jet and the main-injection products. Hence, interactions of
both the main jet and post jet with the engine geometry are key
to understanding the mixing field. For the mixing mechanism,

the post injection transports oxygen to oxidizer-starved regions,
either suppressing soot formation as the main-injection fuel is
burning, or enhancing soot oxidation after soot has formed
from the main-injection fuel. For the thermal mechanism,
interaction of the reacting post jet with the main-injection
products raises local temperatures, enhancing oxidation of soot
from the main- and/or post-injection combustion. In either case,
the details of the interaction between the post jet and the
main-injection mixture clearly are important, but are difficult to
measure.

In our previous work [32, 37], we have made an initial attempt
to understand the interaction between the post jet and the
main-injection soot in a heavy-duty optical diesel engine using
high-speed soot natural luminosity imaging (soot-NL) and
phase-resolved (one image per cycle at a selected crank
angle) soot planar laser-induced incandescence (soot-PLII)
along the spray axis. From these data, it was clear that the
post jet interacted with the main-injection mixture, where
interactions appeared to include displacement of the main-
injection mixture by the post jet, entrainment of some of the
residual main-injection jet by the post jet, and merging of the
post-injection mixture with the main-injection mixture in the
rotating soot structures on either side of the jet centerline. The
magnitude of these effects varied with main-injection duration
and post-injection duration. These effects may have also
changed with intake-oxygen level; however, as discussed in
Ref. [32], we were unable to track fluid motion and mixing
using soot-NL imaging at very low intake-oxygen levels
(12.6%-15%).

While the observations in these studies confirmed that
interaction between the post jet and the main-injection products
was associated with engine-out soot reduction, both the spatial
and temporal details of the interaction were difficult to discern
as a result of the limited data available. While the soot-NL
videos provided a fast frame rate that allowed visualization of
the evolving soot structures, this line-of-sight integrated data
did not resolve the vertical location of the soot and fluid
structures that drive the interaction between the post jet and
main-injection products. Although complementary soot-PLII
data helped to unravel some of the line-of-sight issues, data
were only available within one plane, and soot distributions
within the full three-dimensional field not intersected by the
laser sheet could be quite important during these interactions.
The goal of the current study is to acquire soot-PLII data at
multiple elevations from the firedeck to map the evolution of
soot in both space and time over a greater extent of the
combustion chamber.

In this study, we have limited the operational space to low-load,
conventional diesel operation with 18% intake-oxygen (20-30%
EGR) at a single speed and boost. In our previous studies [32,
37], we mapped the injection-timing space with variations in
main-injection duration, post-injection duration, and dwell
between the two injections; we also varied load and EGR level.
In this study, we have chosen two operating points: one where
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the post-injection is most effective for reducing soot at 18%
intake oxygen for a given main-injection duration, and one that
is the corresponding main-injection-only case.

For the optical diagnostics, we applied soot-PLII at multiple
elevations from the firedeck to provide data about both the
horizontal and vertical displacements of the soot from the main
and post injections throughout the cycle. The soot-PLII data
are acquired in one plane at a time, and are phase resolved. In
the ensemble, this dataset provides much more spatially and
temporally resolved data than our previous experiments and
many of those like it. This multi-plane view of the soot field has
provided us with more concrete evidence about the mechanism
by which post injections reduce soot.

Simultaneously with the acquisition of soot-PLIl data, we also
used high-speed cinematography to observe the temporal
evolution of soot-NL. The high frame rate available with the
soot-NL technique provides evidence of the temporal evolution
of soot structures in a single cycle that is not available from
phase-resolved soot-PLII data. However, the soot-NL
technique suffers from several limitations, including a signal
bias to hotter soot and, in particular, a lack of spatial resolution
along the line of sight. That is, the soot-NL images are two-
dimensional projections of complex three-dimensional soot
distributions. Hence, it is difficult from the soot-NL data alone to
determine if soot structures are merging together, or passing
over or under each other from the perspective of the camera.
This of course makes it even more difficult to understand the
nature of the interaction between the post injection and the
main-injection soot. Our recent work [32, 37] made some steps
toward interpreting soot-NL data and providing information
about the nature of the interaction between the post injection
and main-injection soot. In the current study, the multi-plane
soot-PLII technique provides information about soot distribution
along the soot-NL line of sight so that the two-dimensional
projection issues can be more fully resolved. Furthermore, the
soot-PLII technique is nearly insensitive to the combustion-
heated soot temperature, so comparisons of images from the
two techniques also help to resolve the potential temperature
bias in soot-NL images. These optical data will also serve well
for validation of and comparison with modeling efforts. For
more details on the first phase of this multi-year companion
modeling effort, see Hessel et al. [38].

The remainder of this paper is organized as follows. First is an
overview of the experimental facility with a detailed discussion
of the soot-NL and soot-PLII diagnostics. Next, the engine-out
emissions data at the conditions of interest are summarized,
along with a discussion of the high-speed soot-NL images. The
soot-PLII images are presented next, and are compared to the
soot-NL images. Finally, the important findings and possible
next steps are reviewed.

Table 1. Optical engine and fuel system specifications.

Engine base type

Cummins N-14, DI diesel

Number of cylinders

1

Cycle 4-stroke
Number of intake valves 2

Number of exhaust valves 1*

Intake valve opening 703 c:ADi
Intake valve closing 195 CADi
Exhaust valve opening 485 CAD*
Exhaust valve closing 27 CAD*

Combustion chamber

Quiescent, direct injection

Swirl ratio 0.5 (approx.)

Bore 139.7 mm [5.5 in]
Stroke 152.4 mm [6.0 in]
Bowl width 97.8 mm [3.85in]

Displacement

2.34 lters [142 in%]

Connecting rod length

304.8 mm [12.0 in]

Piston pin offset

None

Geometric compression ratio

11.2:1

Replicated compression ratio

16:1

Fuel Injector

Delphi DFI-1.5 (light duty)

Fuel injector type

Common-rail, solenoid actuated

Cup (tip) type

Mini-sac

Number of holes & arrangement

8, equally-spaced

Spray pattern included angle

156°

Nominal orifice diameter

0.131 mm

*In this optically accessible diesel engine, one of the two exhaust
valves of the production cylinder head was replaced by a window and

periscope (see Fig. 1).

*All valve timings correspond to the crank angle of the first detectable

movement from fully closed.

EXPERIMENTAL SETUP

Optical Engine Experiment

The optical engine is a single-cylinder version of the heavy-
duty diesel Cummins N-series (139.7/152.4 mm bore/stroke).
The engine is equipped with a Bowditch piston with a right-
cylindrical bowl and a flat piston-crown window providing
imaging access to the bowl, viewing from below. A flat, round
window is also installed in place of one of the exhaust valves
for imaging access to a portion of the squish region above the
piston (view not used in the current study). A 30-mm wide
curved window matching the contour of the bowl-wall allows
laser access into the bowl. Flat rectangular windows installed
in a ring at the top of the cylinder provide additional laser
access through the cylinder wall. Information about engine
geometry is in Table 1 and a schematic of the experiment is in
Fig. 1. Further details about this engine can be found in Refs.

[39, 40].
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The fuel is n-heptane, which was selected for its low
fluorescence upon illumination by ultraviolet (UV) laser-light. In
optical engine studies that use laser diagnostics, n-heptane is
commonly used as an approximation for diesel fuels; compared
to U.S. diesel fuel, its cetane number of 56 [41] is slightly
higher than the value of 44 typical of U.S. diesel fuel [42], a
lower density, a much lower boiling point, and zero aromatics.
With only a slightly higher cetane number, the autoignition
characteristics of these two fuels are similar. The lower boiling
point means that the liquid-to-vapor transition in the fuel jet will
occur sooner. While the absence of aromatics will affect soot
formation, the general in-cylinder mechanisms of post-injection
interactions with in-cylinder soot formation and oxidation
should be similar [43].

Injector
/ View Through Piston-Crown Window
Camera

Field of View '

Cylinder-Wall
Window

1064 nm

Laser Sheet

Piston-Crown

4 Window
|:| D n ICCD Camera

soot-PLII

Dichroic
] y Schott BG36
i Filters:
Beamsplitter é / SWP450

“““ N

Broadband

Beamsplitter | CMOS Camera
soot-NL

Figure 1. Experimental setup of the single-cylinder engine, laser
configuration, and two-camera optical system. The camera field-of-
view is shown in the upper right.

The injector is a centrally mounted solenoid-actuated common-
rail Delphi DFI 1.5 with eight 131-micron orifices, equally
spaced with an included angle of 156°. The heavy-duty injector
used in previous studies was replaced by this light-duty injector
for its fast response time and its ability to deliver close-coupled,
short-duration post injections over a range of injection
schedules. Because of the low lubricity and low viscosity of
special fuels (such as n-heptane) selected for optical research,
the production common-rail fuel pump could not be utilized.
Instead, a custom high-pressure diaphragm pump specially
designed for low-lubricity fuels pressurizes the fuel rail at up to
2000 bar. The delivery rate of the diaphragm pump is limited,
however, and as a result it could only sustainably pressurize
the fuel rail to 1200 bar at the static back-leak rate of this
particular injector.

Engine Diagnostics

Measurements of cylinder pressure, rate of fuel injection, and
engine-out emissions, along with two simultaneous imaging
diagnostics, provide data to better understand the mechanism
of soot reduction with post injections. Cylinder pressure was
measured with an AVL QC34D pressure transducer with a
one-quarter crank angle degree (CAD) resolution. The
apparent heat release rate (AHRR) was calculated from the
measured cylinder pressure using standard techniques [44].

The rate of fuel injection for the two operating conditions was
derived from spray momentum measurements. Spray
impingement (momentum) was measured by a Kistler 9215
force transducer connected to a Kistler 5004 charge amplifier.
Data for each injection schedule were collected at 140 kHz
over the span of 200 injections in a collection unit at
atmospheric back-pressure [45]. The mass rate-of-injection
profiles were derived from the momentum data [46]. The
profiles were ensemble averaged and low-pass filtered
(Gaussian roll-off at 10 kHz) to remove ringing at the natural
frequency of the transducer assembly. While this filtering
technique is effective to remove the high-frequency resonance
at the natural frequency of the detector, it does introduce small
filtering artifacts, such as apparent ringing ahead of the start of
injection (also see Fig. 3, discussed later). For more details in
the injection rate measurements and injector dynamics, see
O'Connor and Musculus [32].

Fuel rate of injection measurements were obtained to measure
start of injection and ignition delay timing, but were not used to
calculate fuel consumption. In this single-cylinder engine where
runs are skip fired and run times are very short, the
uncertainties of fuel delivery per cycle are too great to calculate
a meaningful fuel consumption metric or measure the effect of
post injections on fuel consumption. Some studies have noted
that post injections can reduce fuel consumption [5], a possible
result of “accelerated combustion” from the post injection [30],
although more evidence is needed to understand this
mechanism further.

Engine-out smoke was measured using an AVL 415S smoke
meter. This device draws a known sample volume of engine
exhaust through a filter and measures the change in
reflectance (blackening) of the white filter due to accumulated
smoke. One potential concern about smoke meter
measurements is the response of the meter to adsorbed
hydrocarbons. For some LTC conditions that have high
adsorbed hydrocarbons, the filter can become tinted with color
[47, 48], which could conceivably bias the reflectivity
measurement. However, comparisons with other soot and
adsorbed hydrocarbon measurement techniques show that
even with adsorbed hydrocarbons, the reflectivity strongly
correlates with the elemental carbon [47]. Furthermore, no
color tinting by adsorbed hydrocarbons is discernible from
visual inspection of the loaded filter paper from the current
study. Hence, we expect that the reflectivity measurements in
the current study are indicative of elemental carbon (C), which
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is treated here as synonymous with engine-out soot. We have
discussed the use of filter-paper methods for measurement of
elemental carbon in this engine in previous works [32].

In this work, we report engine-out soot in milligrams of carbon
per cubic meter, which is derived from a correlation
computation as follows. The smoke meter quantifies the
change in reflectance for a given volume of sample gas as a
filter smoke number (FSN) [49]. In this study, FSN was then
converted to elemental carbon volume-fraction using a
standard correlation from AVL [49]. In each test, sampling
commenced before the first fired cycle and continued well after
the last fired cycle so that all the exhaust soot for each run was
sampled; this amounted to a sampling time of 65 seconds, or
approximately 12000 ml of exhaust gas. Although the engine
was skip fired, all data reported in this paper have been
corrected to the value that would have been measured for
continuously fired operation (as if the engine were not skip-
fired) by correcting for the intake volume to the smoke meter,
referred to as the “effective length” in the AVL calculations. The
actual effective length was multiplied by a factor of the ratio of
fired time to sample time, where sample time is 65 seconds
and fired time is the number of fired cycles divided by engine
cycles per second [50]. Repeatability of this measurement was
tested at several injection schedules; the standard deviation of
the carbon volume-fraction measurements at each of these
repeated conditions was approximately 0.05 mg/m3.

Two complementary imaging techniques were used
simultaneously: high-speed natural luminosity imaging and
phase-resolved planar laser-induced incandescence of soot.
The two techniques shared the same perspective, viewing
through the piston-crown window as shown in Fig. 1. A dichroic
beam splitter with a cutoff near 485 nm spectrally separated
light emitted from the combustion chamber, with long-
wavelength light directed to the soot natural-luminosity imaging
system, and short-wavelength light directed to the laser-
induced-incandescence imaging system. These two
techniques, and some of the nuances of using them together,
are discussed below.

High-Speed Natural Luminosity Imaging (Soot-NL)
A high-speed (high frame-rate) Phantom 7.1 complementary
metal oxide semiconductor (CMOS) camera equipped with a
Nikon 105-mm focal-length, /2.8 glass lens imaged the
soot-NL. Previous optical engine studies at similar conditions
have shown that soot luminosity is several times brighter than
any other source of light during combustion; as a result, we
expect that the light from this imaging technique represents
soot [46, 51]. The lens aperture was set to f/11. Images with a
resolution of 256 x 512 pixels were acquired at half crank-
angle intervals (70 microseconds at 1200 RPM). The exposure
time was 2 microseconds. The high-speed imaging allows for
high frame rates over a long data set; in this study, the entire
combustion event during each fired cycle was imaged using
this technique.

Planar Laser-Induced Incandescence of Soot (Soot-
PLII)

The fundamental output (1064 nm) of a Spectra-Physics
Quanta-Ray single-cavity Nd:YAG laser was attenuated to 130
mJ/pulse and formed into a 30-mm wide, approximately 1-mm
thick sheet for planar laser-induced incandescence of soot
within the engine cylinder. As described in the Optical Engine
Experiment section, the sheet was oriented to probe soot
horizontally across the width of the bowl, parallel to the
firedeck. Using the fundamental output at 1064 nm avoids
fluorescence of large poly-cyclic aromatic hydrocarbons (PAH)
species, so that only solid soot particles are imaged [52].

As described in previous studies [40], the laser-heated soot
emits more strongly at shorter wavelengths than the cooler
combustion-heated soot, so the soot-PLII emission was
spectrally filtered to shorter wavelengths to improve the
signal-to noise ratio of laser-heated to combustion-heated soot.
Soot-PLII emission was imaged with an intensified Princeton
Instruments PI-MAX 3 camera with a resolution of 1024x1024,
a gate time of 15 ns, and at 50% of maximum gain. Two filters,
Schott BG36 and SWP450, rejected emission at wavelengths
longer than approximately 450 nm. PLII data were limited to
one frame per cycle, due to repetition-rate constraints of both
the laser and camera systems.

A schematic of the laser imaging planes is provided in Fig. 2.
The soot-PLII data were collected along four horizontal planes.
One plane elevation was utilized for each engine run, and the
sheet elevation was adjusted between runs (the laser sheets
were not simultaneous). For each run, the laser sheet was
oriented at either 9, 11.5, 14, or 19 mm below the firedeck. The
distances from the firedeck were constrained by physical
aspects of the engine across the range of crank angles of
interest. An elevation 9 mm below the firedeck was the highest
sheet position accessible, as constrained by the upper side of
the cylinder-wall window. At all heights and at all crank angles,
the laser must not be obstructed by the upper surface of the
bowl-rim window; this also limited the achievable range of
sheet elevations and image crank-angle timings. Note that the
position of the piston with respect to these planes changed at
each crank angle, but the position of each plane with respect to
the firedeck was fixed across all crank angles. For more details
on the position of the sheets relative to the piston throughout
the range of image acquisition, see Fig. A1 in the Appendix.

The horizontal laser sheet at a given elevation entered from
the right of the schematic in Fig. 2, passing through both the
cylinder-wall window and the bowl-rim window. While the
cylinder-wall window is not curved, the bowl-rim window is
curved, with concentric surfaces, so that it is a negative
cylindrical lens. Hence, when the laser sheet passes through
the bowl-rim window, its divergence in the horizontal plane
increases somewhat. Also, the laser sheets were oriented
parallel to the firedeck, while the nominal jet axis is declined
12° from the firedeck. Hence, the sheet intersected the jet at a
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12 degree angle relative to the jet axis (see Fig. 2) so that the
soot-PLII images are not on a nominal symmetry plane of the
jet.

Cylinder-Wall
Window

9mm
,*{/11.5 mm
<14 mm
*19 mm

Piston-Crown
Window

Figure 2. Schematic of four soot-PLIl imaging planes at 9, 11.5, 14,
and 19 mm from the firedeck.

At each vertical location in the engine and at each crank angle
of interest, 40 images were acquired from 40 different cycles to
form the ensemble average. Visual inspection of the soot-PLII
images shows no significant signal attenuation due to soot
deposited on the piston crown window in the first 40 fired
cycles. Signal attenuation becomes apparent after 40 fired
cycles, so the engine was stopped and windows were cleaned
after every 40 cycles. The instantaneous images in each set
presented here are from the early cycles of several engine
runs. Even though soot accumulation on the piston-crown
window could affect the signal collection, soot deposits did not
affect the signal creation through laser-induced incandescence
- the laser fluence was high enough to ablate nearly all of the
soot deposits on the cylinder-wall and bowl-rim windows
between fired cycles.

Finally, the instantaneous images shown in this paper are
statistically and objectively the “most representative” of the
ensemble; to select the most representative image, each
image was correlated with every other image in the ensemble,
and the image with the highest average correlation coefficient
was chosen as the most representative. For more discussion
of this image selection technique, see the Ph.D. dissertation by
Genzale [36].

Engine Operating Conditions

Table 2 provides an overview of the engine operating
conditions. The intake pressure and temperature are elevated
from what they would be for a production engine to account for
the low compression ratio of the optical engine. While the
production engine has a compression ratio of approximately
16:1, the compression ratio of the optical engine is only
11.22:1. The compression ratio is lower in the optical engine
primarily because of an increased squish-volume due to the
absence of valve pockets in the top of the piston, the absence
of the central pip in the piston, an increased ring land crevice,
and increased crevices from the flat cylinder-wall windows that

do not match the contour of the cylinder bore. To compensate
for the lower compression ratio, the engine was operated to
replicate the thermodynamic state at top-dead center (TDC) of
the piston stroke for a 16:1 compression ratio engine by using
a preheated, boosted intake stream [39]. Additionally, this
engine was run in skip-fired mode; for every ten cycles, nine
were motored using a dynamometer and one was fired. This
was done to reduce thermal loads on the optical components.

Table 2. Engine operating conditions.

Engine Speed

1200 RPM

Main-Injection-Only Engine Load

405 kPa gIMEPT

Main- Plus Post-Injection Engine Load

523 kPa gIMEP

Intake O2

18%

Equivalent EGR

25%

Fuel Pressure 1200 bar
TDC Motored Density 16.6 kg/m3
TDC Motored Temperature 900 K
Intake Pressure 161 kPa
Intake Temperature 108°C

(16:1 Compression Ratio BDC Pressure)

(99 kPa abs)

(16:1 Compression Ratio BDC Temperature) (41°C)
Commanded Main Start of Injection (SOI1c) 347 CAD
Actual Main Start of Injection 350 CAD

Commanded Main Duration of Injection (DOI1c)

1550 microseconds

Actual Main Duration of Injection

13°CA

Main-Injection Fuel Quantity

57.3 mg/injection

Commanded Post Start of Injection (SOI2¢c)

366 CAD

Actual Post Start of Injection

369 CAD

Commanded Post Duration of Injection (DOI2c)

500 microseconds

Actual Post Duration of Injection

3.5°CA

Post-Injection Fuel Quantity

13.8 mgl/injection

TgIMEP = Gross Indicated Mean Effective Pressure, calculated using
indicated work done during compression and expansion strokes only.

The operating condition is typical for modern low-load heavy-
duty diesel operation - 18% intake-oxygen, 523 kPa gross
indicated mean effective pressure (gIMEP), and a speed of
1200 RPM. The choice of 18% for the intake-oxygen fraction
was guided by industry practice with regard to EGR levels
commonly used to meet emissions regulations. 18% O, was
chosen because the corresponding range of EGR (20-30%) is
commonly used to meet 2010 US on-road heavy-duty diesel-
engine particulate and NO, regulations [52] with the use of both
urea-based selective catalytic reduction (SCR) and diesel
particulate filter (DPF) after-treatment systems [3].

The selected post-injection schedule is the minimum-soot
condition from previous work [32] with a main- plus post-
injection schedule at a main-injection command duration of
1550 microseconds. As will be shown later in the discussion of
Fig. 4, we chose this point from a sweep in the post-injection
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duration where the main-injection duration is held constant
throughout the post-injection duration sweep. This kind of test
was done intentionally so that with each different post-injection
duration, even though the load is not held constant, the
conditions of the main-injection would stay the same, creating
a constant in-cylinder “initial condition” for the post-injection
tests. A more detailed discussion of this experimental design
approach can be found in our previous work [32, 37].

RESULTS

Operating Point Characterization

The measured cylinder pressure, rate of injection, and AHRR
for both the main-injection-only and the main- plus post-
injection operating conditions are in Fig. 3. For both conditions,
the AHRR profile contains the characteristic premixed
combustion spike (from the start of combustion near 354 CAD
to about 360 CAD) followed by a longer mixing-controlled
combustion period (starting near 360 CAD). In the main- plus
post-injection schedule test, combustion from the post injection
is manifest during the mixing-controlled combustion portion as
an additional rise in AHRR starting near 370 CAD. The AHRR
and injection-rate measurements in Fig. 3 show three important
aspects of the ignition delays and combustion characteristics
for the two injections.
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Figure 3. Cylinder pressure (red), rate of fuel injection (black), and
AHRR (blue), for main-injection operation (solid) with SOI1.,=347 CAD
and DOI1,=1550 microseconds; and main- plus post-injection
operation (dashed) with SOI1,=347 CAD, DOI1.=1550 microseconds,
S0I12,=366 CAD, and DOI2_,=500 microseconds.

First, the actual main-injection duration is 13 °CA, while the
main ignition delay is only approximately 4 °CA. As a result, the
ignition dwell for the main injection, from the end of the main
injection near 363 CAD, to the start of main combustion near
354 CAD, is negative. A negative ignition dwell is typical for
conventional diesel conditions. (Advanced low-temperature
combustion modes, by contrast, typically have a positive
ignition dwell). Second, the relatively low level of the mixing-
controlled AHRR peak compared to the premixed burn peak is

typical of a low-load condition. Much of the fuel from the main
injection is consumed in the premixed burn, but the relatively
short main-injection duration means that the net heat release
from mixing-controlled combustion is relatively small compared
to higher-load conditions.

Third, the ignition delay of the post injection is only 1 °CA,
which is much shorter than the main injection ignition delay (4
°CA). This difference is likely driven by the higher in-cylinder
ambient density and local temperatures encountered by the
post-injection fuel. With such a short ignition delay, the
post-injection combustion does not exhibit the same two-stage
burning characteristics of the main injection, but instead burns
as a single heat-release event. The relatively short post-
injection ignition-delay does not provide as much time for fuel/
air premixing before ignition, meaning that combustion of the
post-injection fuel should be more mixing-controlled.

Engine-Out Soot Measurements

Engine-out soot measurements for both a single-injection
duration sweep and a main- plus post-injection sweep are
shown in Fig. 4. These data were obtained through two
separate sets of tests. The single-injection baseline (closed
squares) was collected by varying the commanded duration of
the single injection (DOI1 ) from 1350 to 2750 microseconds,
corresponding to engine loads from 350 to 750 kPa gIMEP,
while holding the command start of the single injection (SOI1,)
constant at 347 CAD. For the post-injection sweep (open
symbols), a post injection of increasing commanded duration
(DOI2) from 300 to 1200 microseconds was added to one
main-injection duration, DOI1C=1550 microseconds. The
commanded start of injection for the post injection (SOI2.) was
held constant at 366 CAD.*

The engine-out soot data in Fig. 4 clearly show that the post
injection reduces engine-out soot compared to a single
injection at the same load over a wide range of post-injection
durations, from DOI2,=300 microseconds to 800
microseconds. At the condition considered in this paper,
DOI2,=500 microseconds, the post injection reduces engine-
out soot by 40% compared to a single injection at the same
load of 523 kPa gIMEP. At longer post-injection durations, the
engine-out soot at a given load is lower than for a single
injection at the same load, but the magnitude of the post-
injection soot reduction decreases as the post injection
duration increases. Eventually, the engine-out soot with a long
post-injection is larger than for a single injection at the same
load. For this particular condition, the cross-over point, where
the addition of a post injection is detrimental to engine-out soot

¥. Compared to previous data [32] at the same injector command conditions, the
absolute magnitudes of both the loads and exhaust soot are slightly different. For
example, the load at the DOI1,=1550 microseconds, DOI2 =500 microseconds
condition is approximately 7% higher than in the previous tests. The difference

is most likely due to slight changes in injector performance as the new injector
“breaks in.” Even with the slight differences in an absolute sense, the trends are
the same as data from previous tests at the same conditions, and the emissions
data at a given load are nearly identical.
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as compared to a single injection at the same load, is at
approximately a DOI2 =900 microseconds and 670 kPa
gIMEP.

14r- Om 1083
W Single
- O Main+Post -
o '
107 o 10.64
"€
2 8 oo {os3 &
= Main-njection only: u
= SOI1=347 CAD o
6[ Dolc=1550ps g 10.42
4r 5 O main plus post Injection: 10.29
OO O O «5011=347 CAD, DOI=1550 pis
m SOI2¢=366 CAD, DOI2¢c=500 pis
2 . : 0.15
300 400 500 600 700 800
gIMEP [kPa]

Figure 4. Filled squares: engine-out soot levels for a single-injection
sweep with SOI1,=347 CAD and DOI1_=1350-2750 microseconds.
Open circles: main injection with SOI1, = 347 CAD and DOI1.=1550
microseconds with post injections added at SOI2,=366 CAD and
DOI2,=300-1200 microseconds.

Furthermore, and quite importantly, Fig. 4 conclusively shows
that the post injection must be interacting with the main-
injection in-cylinder soot to reduce the engine-out soot over a
range of DOI2_=300 microseconds to 550 microseconds. This
is evident by comparing the engine-out soot level of the

main- plus post-injection operation with that of the lower-load
single injection condition with the same duration as the
main-injection (i.e., the “main-injection-only” condition).” That
is, the engine-out soot with only the main-injection at
DOI1,=1550 microseconds (411 kPa gIMEP) is 4.25 mg/m?,
while the engine-out soot at the main- plus post-injection
condition with DOI1,=1550 microseconds and DOI2.=500
microseconds (532 kPa gIMEP) is 3.35 mg/m?3, 20% lower than
with just the main injection. This comparison is important
because it clearly shows that with an unchanged main
injection, the post injection must be interacting in some way
with the in-cylinder main-injection soot to reduce the engine-out
soot.

Recalling the three proposed soot-reduction mechanisms
described in the introduction, this result indicates that the
mechanism for engine-out soot reduction for these data cannot
be solely the injection-duration effect; the reduction in soot
must also stem from a fluid mechanical or thermal interaction
between the post injection and the main-injection mixture. At
post-injection durations greater than DOI2 =550 microseconds,
it is still very likely that the post jet interacts with the main-
injection products, but as discussed in O'Connor and Musculus

*. Here, the term “main injection” refers to the first injection of a post injection
condition. “Single injection” generally refers to a condition that has the same load
as the post-injection condition, but with only one injection, such that the single
injection is longer than the main injection of the post-injection condition.

[37], the additional soot likely created by the post injection itself
increasingly outweighs the soot reduction resulting from the
interaction of the post jet with the main-injection mixture.

Understanding more about the nature of this interaction is the
goal of the current study. Our earlier work [37] began to explore
the interaction process, but the soot-PLII data were only
obtained in one plane, resulting in limited information about the
spatial distribution of soot in the combustion chamber. In the
next section, we discuss the results of the simultaneous
soot-NL and multi-plane soot-PLII imaging, from which the
development of in-cylinder soot is more clearly revealed.

Soot-NL Imaging

A time series of soot-NL images is shown in Figs. 5a and 5b. In
these images, only one of the eight jets from the injector is fully
captured. The partial view shows the injector tip on the left and
the bowl wall on the right-hand side of the image. The jet of
interest propagates horizontally from left to right in the image.
In both figures, the leftmost and center columns are ensemble
averages of 20 images for the main-injection-only and main-
plus post-injection conditions, respectively. The rightmost
column shows instantaneous images for the main- plus
post-injection condition. The series begins at 370 CAD at the
top of Fig. 5a, and progresses downward by rows in 0.5 °CA
increments to 372.5 CAD, and continues in Fig. 5b from 373 to
375.5 CAD. As discussed above in reference to Fig. 4, the
reduction of engine-out soot compared to the main-injection-
only case indicates that there is a substantial interaction
between the post jet and the main-injection mixture. The crank
angle range presented in Fig. 5 corresponds to the initial
interaction of the post jet with the main-injection soot.

The start of the time series at 370 CAD is 1 °CA after the actual
start of the post injection (see Fig. 3). At this point in the cycle,
the upper right image shows the liquid sprays of the post
injection, which are weakly visible by Mie scattering of the soot
natural luminosity (combustion heated, no laser yet). No
discernible soot luminosity has yet appeared in the post jet,
and most of the luminosity signal is due to soot from
combustion of the main injection. Two large regions of soot
from the main injection are located near the piston bowl-wall
(right side of image) on either side of the jet centerline. Prior to
this image, the main-injection has already impinged on and
spread along the bowl wall. As a result, the main-injection soot
resides primarily in two counter-rotating vortical structures on
either side of the horizontal jet centerline, as indicated in Fig. 5.
Although the rotational motion of the vortical structures is not
obvious in the static images of Fig. 5, they are more apparent
in dynamic cinematographs of the images, which are provided
at [563, 54]. These two vortical structures of soot are formed by
the interaction of the horizontal jet with the two adjacent jets on
either side of it. Within these soot structures, it is unclear from
this line-of-sight technique how the soot is distributed vertically
(i.e., in the direction of the cylinder axis, perpendicular to the
firedeck).
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After its initial appearance at 370.5 CAD, soot luminosity in the
post jet increases significantly just 0.5 °CA later, at 371 CAD,
where soot luminosity appears across much of the apparent
head of the post jet. Images another 0.5 °CA later show strong
soot luminosity distributed across the head of the post jet. This
distribution of soot luminosity is consistent with the soot-filled
jets described by Dec for conventional diesel combustion [40].
An interaction between the post jet and the main-injection
mixture is also first discernible at 371.5 CAD, as annotated in
blue, where the head of the post jet interacts with the soot
structure on the bottom of the image. Although the annotated
interaction is not obvious in these static images, it is more
evident from visual inspection of the cinematic sequences of
images. Further evidence of this interaction is also much more
apparent in the ensemble-averaged soot-PLII images that are
discussed later in the paper.

The high-speed cinematograph shows how the interaction
develops through the next several crank angles. The cinematic
sequence seems to show the head of the post jet “pushing” or
displacing the main-injection soot located in the soot structure in
the lower part of the image. This explanation would be
consistent with the behavior of starting jets, where the jet fluid
displaces ambient fluid ahead of it as the jet penetrates through
the medium [55]. However, we are unable to verify such
displacement from the soot-NL images because the flow field
“tracer,” in this case soot, is a non-conserved scalar. The
apparent displacement could instead be the progressive, rapid
oxidation of the main-injection soot structure, creating a moving
“front” of oxidation that appears very similar to fluid
displacement. (Complementary evidence of this interaction from
soot-PLII imaging is presented later, in the discussion of Fig. 7.)

As the post-jet penetrates into/past the region of main-injection
soot, the soot luminosity from the post and main injections
merges together so that soot from the two injections becomes
largely indistinguishable, as notated in 372.5-373.5 CAD in Fig._
5. Due to the line-of-sight limitations of soot-NL imaging, it is
unclear whether these two regions are indistinguishable as a
result of actual merging of the luminous soot from the main and
post injections, or if it is because the two soot distributions are
separate but at different vertical elevations along the line of
sight. (Evidence from the soot-PLIl images presented in the next
series of figures indicates that there is actual merging of the
post-injection soot with the main-injection soot at these timings.)

Between 374 and 375 CAD, the post jet reaches the bowl wall
and thereafter it impinges on the wall, spreading to either side
of the jet centerline, much like the main jet before it. At this
timing, the post-injection luminous soot appears to merge with
that of the main-injection, which is easier to discern in the
dynamic cinematic movie than in the static images of Fig. 5.
Even though the movie provides some indications of the
contributions of main- and post-injection soot to the overall
luminosity, it is impossible to definitively discriminate between
them from these line-of-sight images. Nevertheless, at the end
of the sequence of ensemble-average images, soot luminosity
that is apparently from the main injection (bottom of images in

lower rows of Fig. 5b) seems to maintain approximately the
same intensity with the post injection. This intensity comparison
is hindered somewhat by the increase in overall luminous
emission from the addition of the post injection, which raises
the overall background intensity throughout the image,
evidenced for instance in the increased visibility of mechanical
features on the firedeck. In the next section, the soot-PLII
images reveal, among other things, a much greater contrast
between main-injection soot with and without a post injection
than is apparent from the soot-NL technique.

Soot-PLIl Imaging

To better probe the interaction between the post jet and the
main-injection products, we turn to the soot-PLIl images for
more information. Figures 6, 7, 8, 9 show soot-PLII images from
the four laser-sheet planes in Fig. 2 at four key crank angles of
the post-injection event. In each of these figures, three sets of
images are provided. The left column shows the ensemble-
average of 40 images for the main-injection-only. The middle
column contains the ensemble-average of 40 images for the
main- plus post-injection condition. The right column images are
the most representative instantaneous main- plus post-injection
images at each location and crank angle (the technique for
selecting the “most representative” image is described in the
Engine Diagnostics section above). In each image, the crank
angle degree and elevation of the laser plane below the firedeck
is indicated in the upper left corner.

Like the soot-NL images, soot-PLIl images are a partial view of
the combustion chamber, focusing on one jet penetrating
horizontally from the perspective of the camera. The injector is
located on the left, indicated by a white dot, and the bowl wall is
on the right, indicated by a white curved line. The jet intersected
by the laser sheet penetrates horizontally from left to right, and
the laser sheets in these images enter the chamber from the
right side of the images. Recall that each horizontal laser sheet
intersects the jet at a 12 degree angle relative to the jet axis (see
Figs. 2 and A1). Also, as described in the Engine Diagnostics
section, the sheet elevation is adjusted between engine runs to
generate soot-PLIl images from separate cycles but at different
planes within the combustion chamber.

Figure 6 shows soot-PLII images in four planes at 370 CAD,
before any soot is formed in the post jet. At 370 CAD, which is 1
°CAinto the post injection, very weak interference from the liquid
jets is visible, especially in the ensemble-averaged post-injection
images (middle column). Strictly speaking, it is not possible to
quantitatively compare intensities or even relative distribution of
intensities due to uncertainties of the soot-PLII technique, which
include differential laser attenuation, shot to shot variability in
laser pulse energy and/or energy distribution across the laser
sheet, and signal trapping [56]. Nevertheless, the similarity of the
ensemble-averaged main-injection-only and main- plus post-
injection images (left and middle columns) indicates that the post
injection has had almost no effect on the main-injection soot at
this early timing. This spatial soot distribution acts as an “initial
condition” for the approaching post jet.
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Figure 5a. Time series of instantaneous soot-NL images for conditions with either main injection only (left) or main- plus post-injection (center and right).
S0I1,=347 CAD, DOI1.=1550 microseconds, SOI2.=366 CAD and DOI2.=500 microseconds. The white dot at the left indicates the position of the fuel
injector and the curved white line on the right represents the piston bowl-wall. Swirl ratio is 0.5 and swirl rotates counter-clockwise.
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Figure 5b. Time series of instantaneous soot-NL images for conditions with either main injection only (left) or main- plus post-injection (center and right),
continuing from Fig. 5a. SOI1,=347 CAD, DOI1.=1550 microseconds, SOI2.=366 CAD and DOI2.=500 microseconds. The white dot at the left
indicates the position of the fuel injector and the curved white line on the right represents the piston bowl-wall. Swirl ratio is 0.5 and swirl rotates

counter-clockwise.
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Figure 6. Soot-PLIl images at 370 CAD in horizontal planes at four elevations below the firedeck (arranged by rows), as noted on each image. Columns

show images ensemble averaged over 40 cycles for main-injection only (left) or for main- plus post-injection (middle), or representative instantaneous

images for main-plus post-injection (right). SOI1,=347 CAD, DOI1,=1550 microseconds, SOI2,=366 CAD and DOI2,=500 microseconds. Swirl ratio is
0.5 and swirl rotates counter-clockwise.

Additionally, at this early point in the cycle, the distributions of
main-injection soot at all four elevations from the firedeck are
similar in shape. Similar to the line-of-sight soot-NL images in
Fig. 5, soot structures are located on either side of the jet axis
and less soot is found between these structures, especially at
the upper elevations. At this particular timing and operating
condition, with similar spatial distribution of soot at all
elevations in the soot-PLIl images, the soot-NL image (at 370
CAD) should be fairly representative of the actual soot
distribution throughout the bowl. That is, the gradients in soot
volume fraction along the line of sight are small, so the
luminosity signal should roughly represent the soot distribution
along the whole line of sight. This does not happen everywhere
in the cycle, however. Furthermore, temperature gradients
along the line of sight bias the soot-NL signal to the soot that is

hotter and/or closer to the camera. Unfortunately, information
about line-of-sight temperature gradients is not available from
either dataset, so the possible effect of a temperature bias in
the soot-NL images cannot be assessed. Hence, the soot-NL
images may still have significant bias to hot soot due to
whatever temperature gradients may exist along the line of
sight.

The first interaction of the post-jet with the main-injection soot
is apparent in the soot-PLIl images at 372 CAD (Fig. 7). As
noted earlier in the discussion of the soot-NL images in Fig. 5,
the post jet interacts with the soot from the main injection, and
soot from the main- and post-injections begins to merge
together.
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Figure 7. Soot-PLIl images at 372 CAD at four horizontal elevations below the firedeck (arranged by rows) with approximate boundaries for the
main-injection and post-injection soot. Columns show images ensemble averaged over 40 cycles for main-injection only (left) or for main- plus post-
injection (middle), or representative instantaneous images for main-plus post-injection (right). SOI1,=347 CAD, DOI1.,=1550 microseconds, SOI2.=366
CAD and DOI2,=500 microseconds. Swirl ratio is 0.5 and swirl rotates counter-clockwise.

Comparison of the main- plus post-injection images with those
for only the main injection clearly shows the interaction of the
post jet with the main-injection soot in a highly repeatable
fashion; this interaction is seen in the instantaneous main- plus
post-injection images as well. First, in the images in the top row
of Fig. 7, 8, 9 mm from the firedeck), the soot structures in the
main-injection-only images are undisturbed and relatively
circular. The corresponding soot structures in the main- plus
post-injection images, however, have clearly been disturbed by
the penetration of the post jet. A large region of soot has been
carved from the soot structure near the bottom of the image,
either by displacement or oxidation. The fact that this feature is
so clearly defined in an ensemble-averaged image indicates
that this process is highly repeatable and occurs during most (if
not all) cycles. This feature in the main-injection soot structure
is also visible in the most-representative instantaneous image;
the main-injection soot, indicated by the blue arrows, has been

disturbed by the post jet, indicated by the red arrows. Similar
features in the main-injection soot structures are visible in the
images at 11.5 and 14 mm from the fire deck.

At 372 CAD, the spatial distribution of soot at each elevation is
much different than at 370 CAD. Most importantly, the post jet
has only penetrated far enough to reach the 9 mm, 11.5 mm,
and 14 mm planes; see the nominal jet axis relative to planes
in Fig. 2, or for more detail on estimated jet penetration relative
to the laser sheet elevations, see the Appendix. In the top two
images in Fig. 7, the head of the post-jet appears to penetrate
farther in the 11.5 mm image; this is a result of the 12° angle
between the horizontal laser plane and the nominal jet axis
(see Fig. 2 or A1). According to the penetration calculations for
Fig. A1, the head of the post jet should not have reached the
14 mm elevation at 372 CAD; the appearance of soot from the
post at 14 mm in the soot-PLIl data is likely due to cycle-to-
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cycle variation of the jet path and/or widening of the head of
the jet, as discussed by Dec [40]. At 372 CAD, soot in the post
jet is not yet present in the lowest elevation, 19 mm. In
addition, there is little displacement or alteration of the main-
injection soot distributions relative to the 19 mm single-injection
images in the left column, so the post-jet itself likely has not yet
penetrated into this plane.

At the 9-mm elevation at 372 CAD, soot appears in the post-jet
(annotated in the figure) in a region that is soot-free with only
the main injection. For the most part, the apparent post-
injection soot-PLII signal is also spatially separated from the
main-injection soot-PLII, so that the post-injection soot is
distinct from the main injection soot. Visual inspection of each
image in the set confirms that this is the typical instantaneous
behavior. By contrast, in the instantaneous image at the
11.5-mm elevation, soot also appears in the post-jet (annotated
in the figure) in a spatial location that was soot-free with the
main injection only, but it is difficult to discern the post-jet soot
from the main-injection soot. Unlike the images at the 9-mm
elevation, there is no clear separation between the post-jet and
main-injection soot-PLII signals in the instantaneous image, the
soot-PLII signals are spatially merged. However, the ensemble-
averaged images at 11.5 mm display features that are
consistent with frequent separation, as there is a zone of low
intensity between the post-jet and main-injection soot. In the
main-injection-only images (left column), soot-PLII signals are
much stronger in the same spatial location as the separation
region in the images with a post injection. These observations
provide evidence of the interaction between the post jet and
the main-injection soot at this elevation. The same description
holds true at the 14 mm elevation as well. However, it is difficult
to determine the extent of mixing between the post jet and the
main-injection soot, as was discussed above with reference to
the soot-NL images in Fig. 5.

Later in the cycle, soot from the post-injection merges with
main-injection soot, especially at the middle two elevations.
Figure 8 shows soot-PLIl images at 373 CAD, when the post
jet penetrates past the main-injection soot structures. Further,
Fig. 9 shows the point at 375 CAD when the post jet impinges
on the bowl wall and begins to spread and merge into the
regions of the residual main-injection soot. At 373 CAD, the
merging of the post- and main-injection soot makes it difficult to
distinguish between the two structures. However, based on the
extent of the soot toward the top and bottom of the ensemble-
averaged images at this timing, it is clear that two large
main-injection soot structures remain at all elevations. These
soot structures have been indicated in Fig. 8 with blue arrows.
These regions of main-injection soot relate well to those in the
single-injection case in the left column. While it is very likely
that there is interaction between the post injection and the
main-injection soot during this time, we are unable to discern
the extent of mixing between the post jet and the main-injection
soot from either the ensemble-averaged or instantaneous
images.

However, looking now at the 375-CAD images in Fig. 9, after
the post jet has impinged on the wall, the apparent main-
injection soot, particularly at the lower elevations of 14 mm and
19 mm, is almost gone. To see this clearly, compare the
soot-PLII intensities within the annotated ellipses in Fig. 9 of
the ensemble-average main-injection-only images (left column)
relative to main- plus post-injection images (middle column). In
the main-injection-only images, soot structures are present on
either side of the jet centerline. In the main- plus post-injection
images, this soot is all but gone. Instead, the soot is
predominantly along the centerline where the post jet is
located. Recall that in the soot-NL images of Fig. 5, the
luminosity of the main-injection soot structures remained nearly
the same as the post jet impinged on the wall. Because the
main-injection soot signal reduction is evident in a soot-LlII
image, which indicates the location of soot regardless of its
combustion-heated temperature, (as opposed to a soot-NL
image where the intensity is highly correlated to soot
temperature), we can more confidently conclude that
interaction between the post jet and the main-injection soot
results in a dramatic difference in soot distribution within the
laser planes. It is possible that the reduction of soot within the
laser planes is due in part to displacement of the soot out of
the laser planes, where it is not probed, e.g. between the
lowest sheet and the bottom of the piston bowl (see Fig. A1).
Alternatively, image analysis in our previous work [37] has
suggested that the intensity reduction may be in part due to
entrainment of the main-injection soot into the post jet. That is,
some of the main-injection soot structure may be pulled into
the post jet, leaving less soot in the regions formerly occupied
by main-injection soot. Additionally, the signal could have
decreased because of lower soot concentrations due to
enhanced oxidation. This enhanced oxidation could be a direct
effect associated with mixing in the vicinity of the post jet. It
may also be a more indirect effect for which the post jet
displaces the main-injection soot into a region of higher oxygen
concentration and/or higher temperature, thereby increasing
the rate of soot oxidation. Of course, the engine-out soot
measurements show a reduction with the addition of a post-
injection, which is consistent with enhanced oxidation of the
main-injection soot.

Further exploring the comparison of signal intensity trends for
soot-NL relative to soot-PLII, the stark differences in the
ensemble-average soot-PLII signal for the main-injection soot
structures with and without a post-injection also suggest that a
temperature bias may be significantly affecting the soot-NL
signals in Fig. 5. In particular, two features of the ensemble-
average images (left two columns) at 375 CAD in Fig. 5b are
consistent with a soot temperature bias in the intensity
measured by the soot-NL technique. First, as already
discussed, the main-injection soot structures have nearly the
same signal intensity in the same spatial locations with the
addition of a post injection. Increased background interference
from reflections of luminosity off the cylinder head in the lower
image make this comparison less than straightforward, but
relative to the background intensity, the main-injection soot
luminosity with the post-injection appears roughly equivalent to
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that without the post injection, as already noted for the
instantaneous images in Fig. 5b. By contrast, regions of the
ensemble-average soot-PLIl images are much weaker with a
post injection (bottom of middle column in Fig. 9) than without
one (bottom left of Fig. 9). In particular, the main-injection soot
within the blue ellipses in the left column of Fig. 9 is not present
in the post-injection cases in the middle column of Fig. 9, which
is most likely a result of redistribution and/or enhanced
oxidation of main-injection soot.

Second, the post-injection soot luminosity (center-right of
images at 375 CAD in middle column of Fig. 5b) is much
stronger than the soot luminosity with the main injection only
(left column in Fig. 5b). By contrast, the post-injection soot-PLII
signals (middle column of Fig. 9) have roughly the same
intensity as the main-injection-only soot (left column of Fig. 9).

Main Injection Only
Ensemble Average, 40 Images

Main + Post Injection
Ensemble Average, 40 images

The inconsistencies between intensity in the soot-NL images
compared to the soot-PLIl images may be caused by
differences in combustion-heated soot temperature across the
images. For instance, if the main-injection soot structures were
cooler than the post-injection soot, then the signal from the
main injection soot would be much weaker, as is apparent in
Fig. 5. Furthermore, with relatively weak luminous intensity for
the cooler combustion-heated main-injection soot, the intensity
reduction due to greater soot oxidation by the post-injection
would be less apparent, given the relatively strong background
interference. The soot-PLII technique, for which the laser-
heated soot is virtually unaffected by the initial combustion-
heated soot temperature, is much less sensitive to these
temperature biases. Hence, the above comparisons between
soot-NL in Fig. 5 and soot-PLIl in Fig. 9 clearly illustrate that
soot-NL images must be interpreted with care.

Main + Post Injection
Single Instantaneous Image

Main + Post
373 CAD
9mm

Main + Post
373 CAD
11.5mm

Main + Post
373 CAD
14 mm

Main + Post
373 CAD
19 mm

Min Signal Strength Max Min

Main + Post
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14 mm
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19 mm
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Figure 8. Soot-PLIl images at 373 CAD at four horizontal elevations below the firedeck (arranged by rows). Columns show images ensemble averaged
over 40 cycles for main-injection only (left) or for main- plus post-injection (middle), or representative instantaneous images for main-plus post-injection
(right). SOI1,=347 CAD, DOI1,=1550 microseconds, SOI2,=366 CAD and DOI2,=500 microseconds. Swirl ratio is 0.5 and swirl rotates counter-
clockwise.
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Main Injection Only
Ensemble Average, 40 Images

Main + Post Injection
Ensemble Average, 40 images

Main + Post Injection
Single Instantaneous Image

Main + Post
375 CAD
9mm

Main + Post
375 CAD
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Main + Post
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Figure 9. Soot-PLIl images at 375 CAD in horizontal planes at four different elevations below the firedeck (arranged by rows), as noted on each image.
Columns show images ensemble averaged over 40 cycles for main-injection only (left) or for main- plus post-injection (middle), or representative
instantaneous images for main-plus post-injection (right). SOI1.,=347 CAD, DOI1,=1550 microseconds, SOI2,=366 CAD and DOI2,=500 microseconds.
Swirl ratio is 0.5 and swirl rotates counter-clockwise.

One other example where caution must be exercised in the
interpretation of soot-NL images is in the full series of images
throughout the combustion event as presented in the soot-NL
cinematographs [53, 54]. In the combined cinematograph,
which extends beyond the 375-CAD end of the static images
presented here, the combustion luminosity for the post-
injection condition extends much later into the cycle than with
the main injection only. Without considering the influence of
temperature on the natural luminosity intensity, the increased
late-cycle soot luminosity might suggest that a post-injection
would increase engine-out soot. The direct measurements of
engine-out soot of course show the opposite. Hence, in this
example, trends in late-cycle soot luminosity are counter to
trends in the eventual soot emissions at the end of the cycle.

Clearly, changes in intensity of soot luminosity can be due to
changes in the amount of soot, but they can also be due to
changes in temperature. Discriminating between the two
effects is not straightforwad without some other independent
measurement, such as soot-PLII in multiple planes as
employed here.

SUMMARY

Returning to the three general mechanisms that have been
proposed to explain how post injections reduce soot, the
results of this study clearly show that interaction between the
post jet and the main-injection in-cylinder soot is driving the
reduction of the engine-out soot. The engine-out soot trends in
Fig. 4 show that the post-injection must interact with the
residual main injection soot, and the soot-NL and soot-PLII
images show that this interaction involves displacement and/or
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oxidation in some regions, and merging of post- and main-
injection soot in other regions or at other times. As discussed
above, this means that the “duration-driven” explanation of soot
reduction, which does not account for interactions between
injections, cannot fully explain the reduction in soot.
Furthermore, the merging of post- and main-injection soot
observed in the soot-PLII data show that a “split flame,” for
which the post injection burns separately from the main
injection, is not observed, and hence is not essential for soot
reduction. However, the results of this study cannot rule out
either the mixing-driven or temperature-driven explanations.
Several observations do however suggest that the mixing-
driven explanation may involve multiple mechanisms, including
both a direct mixing enhancement in the vicinity of the post jet,
and potentially a more indirect effect of displacing the main-
injection soot to regions where soot oxidation is enhanced.

The interaction between the post jet and the main-injection
soot does not take place through only small-scale mixing, but
also large-scale interaction of the post jet with the main-
injection soot structures as the post jet initially penetrates into
and past the main-injection soot. This interaction could be due
to either large-scale displacement of the main-injection soot by
the post jet, or rapid, progressive oxidation of the main-
injection soot as a result of the penetration of the post jet.
Additionally, images taken later in the cycle, near 375 CAD,
have shown substantial differences in the spatial soot
distribution between the single-injection and main- plus
post-injection cases. Both of these pieces of evidence indicate
that interaction of the post injection with main-injection soot is
driving the soot reduction.

CONCLUSIONS

In this study, measurements of the spatial and temporal
evolution of soot using high-speed imaging of soot natural
luminosity (soot-NL) and planar-laser induced incandescence
of soot (soot-PLII) in an optically accessible heavy-duty engine
provide insight into the in-cylinder processes responsible for
engine-out soot reduction with close-coupled post injections.
Specific conclusions of this study are as follows:

1. Engine-out soot measurements unequivocally indicate that
there is an interaction between the post jet and the main-
injection soot, leading to a 20% reduction of engine-out
soot compared to main-injection-only operation (and a 40%
reduction at the same load). Although the magnitude of the
soot reduction may change at other operating conditions
[32], the low-load, moderate-EGR condition examined
here is representative of current approaches to meet 2010
US on-road heavy-duty diesel-engine particulate and NO,
regulations [52] with the use of both urea-based selective
catalytic reduction (SCR) and diesel particulate filter (DPF)
after-treatment systems [3].

2. In-cylinder imaging shows evidence of early interaction
of the post-injection with soot structures created by the
main injection. Soot-PLII images show that as the post jet

penetrates into the main-injection soot structures, the post-
injection soot is initially quite distinct from the main-injection
soot. The post- and main-injection soot structures are
separated by a region of low soot concentration surrounding
the post jet, especially in the upper half of the piston bowl.
The separation is clearly evident in ensemble-averaged
soot-PLII images, indicating that it occurs in most, if not

all cycles. The “carving out” of the main-injection soot by
the post injection could be due to either displacement or
rapid oxidation; but the soot-PLIl data are not sufficient to
differentiate between these two mechanisms.

3. Afew crank angle degrees after the initial interaction
between the post jet and the main-injection soot structures,
the high-speed soot-NL cinematographs also suggest
merging of the post and main-injection soot, though line-of-
sight uncertainties preclude definitive evidence of merging.
Soot-PLII data, however, confirm that soot structures from
the two injections become less distinct, merging together
into a connected soot distribution within the soot-PLII laser
sheets. Some of the merging may be due to entrainment of
the main-injection products by the post injection [37].

4. A few more crank angle degrees later, the merged main-
and post-injection soot spreads along the bowl wall. At the
same time, main-injection soot outside the post-jet envelope
decreases in concentration, especially in the lower soot-PLII
sheets. By the time the fluid from the post jet reaches the
lowest soot-PLII elevation (19 mm from the firedeck), most
of the main-injection soot outside the post jet is already
gone, whereas the soot remains nearly unchanged without
the post injection. The in-plane soot reduction could be
caused in part by the post injection displacing main-injection
soot out of the laser sheet, but decreasing intensity in the
line-of-sight integrated soot-NL images, as well as reduction
of engine-out soot, strongly suggest that increased oxidation
of the main-injection soot plays an important role.

5. Comparisons of soot-NL images with soot-PLII images
acquired from multiple planar elevations along the line of
sight for the soot-NL images show instances where intensity
variations in soot luminosity must be interpreted with care.
In some cases, strong intensity variations in soot-NL images
do not agree with soot-PLII images, which show little
variation. In other cases, significant differences in soot-PLII
intensity are not apparent in soot-NL images.

Furthermore, late-cycle soot luminosity trends are not
necessarily consistent with exhaust soot trends, in this case
either with or without a post injection. These observations are
consistent with a potential temperature bias to hotter
combustion-heated soot in the soot-NL images, for which
soot-PLII is less affected.

CLOSING COMMENTS ON FUTURE
RESEARCH
Additional research to further elucidate the in-cylinder

mechanisms of soot reduction would be helpful in two areas,
described in the following two paragraphs: measurement of the
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velocity field to understand more about the behavior of the post
jet and its effect on the main-injection mixture, and
characterization of soot oxidation processes.

In-cylinder velocity measurements would allow more precise
tracking of the motion of the post jet as it penetrates into/past
the slower-moving main-injection soot structures. The
displacement of the main-injection mixture by the post jet,
possible entrainment of the main-injection products into the
post jet, and turbulent mixing at the interface between the post
jet and main-injection soot would be more conclusively
examined with velocity data.

Measurements of the high-temperature combustion and
oxidation zones, for instance by planar-laser-induced
fluorescence of OH (OH-PLIF) at multiple sheet elevations,
would also be helpful. Such data would reveal the spatial
extent of oxidation in the regions where soot concentrations
rapidly decrease with post injections. Such evidence of soot
oxidizing species would complement the velocity data to
provide a more complete picture of how bulk displacement by
the post injection and increased mixing in the vicinity of the
post jet affect engine-out soot reduction. Such improved
understanding could lead to better design of post-injection
schedules and in-cylinder geometry for improved soot
reduction performance with post injections.
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Definitions and Abbreviations
AHRR - Apparent heat release rate

C - Soot elemental carbon [mg/m3]

°CA - Duration measured in crank angle degrees

CAD - Crank angle degree position (360 CAD is TDC of
compression stroke)

CMOS - Complementary metal oxide semiconductor

DOI1, - Commanded duration of main injection (in
microseconds)

DOI2. - Commanded duration of post injection (in
microseconds)

DPF - Diesel particulate filter
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EGR - Exhaust gas recirculation

FSN - Filter smoke number

gIMEP - Gross indicated mean effective pressure
LTC - Low temperature combustion

OH-PLIF - OH planar laser induced fluorescence
PAH - Poly-cyclic aromatic hydrocarbon

RPM - Rotations per minute

SCR - Selective catalytic reduction

SOI1. - Commanded start of main injection (in crank angle
degrees)

S0I2. - Commanded start of post injection (in crank angle
degrees)

soot-NL - Soot natural luminosity

soot-PLII - Planar laser-induced incandescence of soot
TDC - Top dead center

UV - Ultra-violet
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APPENDIX

Figure A1 provides a graphical reference that illustrates the estimated position of the post-jet relative to the piston bowl and laser sheets
for the imaging sequences in Figs. 5, 6, 7, 8, 9. The post-injection penetration was estimated using the one-dimensional discrete
control-volume jet model [57] from the Engine Combustion Network [58]. For the penetration calculations, the relevant model inputs
were the dynamic injection velocity (changing with time) derived from the injection rate measurements (Fig. 3) assuming an orifice
contraction coefficient of 0.83, an ambient density equal to the TDC motored density (16.6 kg/m3), and a full spreading angle of 17°.
The illustrations in Fig. A1 show the nominal post-injection jet envelope using the same spreading angle. The widening usually
observed at the head of penetrating jets is not illustrated in the figure, so the illustration may not depict the intersection of the actual jet
envelope with the laser sheets. Similarly, expansion of the jet from heat release is not shown.
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Figure A1. Estimated post-injection penetration and nominal jet envelope relative to soot-PLII laser sheets and piston geometry.
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