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INTRODUCTION

Diesel engine design continues to be driven by
the need to improve performance while at the
same time achieving further reductions in emis-
sions. The development of new designs to ac-
complish these goals requires an understand-
ing of how the emissions are produced in the
engine. Laser-imaging diagnostics are uniquely
capable of providing this information, and the
understanding of diesel combustion and emis-
sions formation has been advanced considera-
bly in recent years by their application [1].
However, previous studies have generally fo-
cused on the early and middle stages of diesel
combustion, and there is little detailed under-
standing of the late stages and the mechanism
whereby soot escapes oxidation to become a
tail-pipe emission.

These previous laser-imaging studies do, how-
ever, provide important insight into the soot
formation and oxidation processes during the
main combustion event [1]. They indicate that
prior to the end of injection, soot formation is
initiated by fuel-rich premixed combustion
(equivalence ratio > 4) near the upstream limit
of the luminous portion of the reacting fuel jet.
The soot is then oxidized at the diffusion flame
around the periphery of the luminous plume.
Under typical diesel engine conditions, the dif-
fusion flame does not burn the remaining fuel
and soot as rapidly as it is supplied, resulting in
an expanding region of rich combustion prod-
ucts and soot. This is evident in natural emis-
sion images by the increasing size of the lumi-
nous soot cloud prior to the end of injection
(see for example Refs. [2,3]). Hence, the
amount of soot in the combustion chamber
typically increases until shortly after the end of
fuel injection, at which time the main soot for-
mation period ends and the “burnout” phase
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begins. Sampling valve and two-color pyrome-
t~-data indicate that the vast majority (more
than 90%) of the soot formed is oxidized before
combustion ends; however, it is generally
thought that a small fraction of this soot from
the main combustion zones is not consumed
and is the source of tailpipe soot emissions [2].

Natural-luminosity images have also provided
support for this hypothesis that incomplete soot
burnout in the bulk gases (~.e.not near the cyl-
inder or combustion-bowl walls) is likely to be
the source of tail-pipe soot emissions. They
show pockets of luminous soot persisting in the
bulk gas after the main combustion event, with
the signal becoming progressively weaker until
it is no longer detectable. However, it should
be noted that there may be other mechanisms
whereby soot escapes combustion. Kittelson
[4] presented data from an older (1981)
smaller-bore diesel engine which indicated that
a large fraction of the emitted soot had been in
contact with the combustion chamber walls,
before entering the exhaust stream. It is un-
clear if these results are relevant to a modern
heavy-duty diesel engine, but they suggest that
wall flame-quench followed by wall soot-
deposition and subsequent blow-off is a possi-
ble alternative pathway for soot emissions. An-
other potential pathway is soot being forced into
the ring crevices near TDC (top dead center)
and being released late in the expansion or
during the exhaust stroke. Finally, it is possible
that more than one pathway contributes to the
total soot emissions.

In the current work, we more fully investigate
the pathway of incomplete soot burnout in the
bulk gases during the late stages of diesel
combustion by simultaneously imaging the OH-
radical and soot distributions using planar laser-
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induced fluorescence (PLIF) and planar laser-

induced incandescence (PLII), respectively.1
OH radicals are generated in the near stoichi-
ometric and lean combustion zones (typically in
diffusion flame zones) and persist in the post-
combustion gases as long as the local gas
temperature remains sufficiently high. Accord-
ingly, during the late stages of combustion, the
OH radical distribution marks the reaction-
zones and regions where products are suffi-
ciently hot for significant soot oxidation to oc-
cur. The presence of OH can also be important
because OH-radical attack is thought to be a
major mechanism for soot oxidation, particularly
in fuel-rich and near-stoichiometric products [2].
Images of the soot distribution show where soot
remains during the late stages of diesel com-
bustion, and simultaneous images of the OH
and soot show their relative locations, allowing
the potential for oxidation of the remaining soot
to be assessed.

The measurements in the current study were
made in an optically accessible direct-injection
(Dl) diesel engine of the heavy-duty size class.
Detailed descriptions of this engine, the oper-
ating conditions, diagnostics, and optical setup
are given in the next section. Following this,
the understanding of DI diesel combustion ob-
tained from previous laser-imaging studies is
briefly reviewed as a starting point for the cur-
rent study. Then, the main results of the cur-
rent study are presented and discussed. Be-
cause engine-out soot emissions can vary
widely with engine operating parameters,
measurements were made for several operat-
ing conditions, including variations in injection
timing, engine speed, fuel loading, and diluent
level. Temporal sequences of simultaneous
OH and soot images are presented and dis-
cussed for each of these conditions along with
a comparison of the in-cylinder soot data with
exhaust-emission measurements. In the final
section, the article is summarized and conclu-
sions are drawn.

1 PLII was selected over the more easily imple-
mented elastic-scatter soot imaging because it has
two major advantages: 1) the signal is, to first order,
proportional to the soot volume (d3) so PLII images
give a more accurate picture of the soot distribution,
and 2) laser light scattered off in-cylinder surfaces
and liquid fuel is easily rejected.

EXPERIMENT AND DIAGNOSTICS

The optical-access engine used in this investi-
gation was a single-cylinder, direct-injection, 4-
stroke diesel engine based on a Cummins N-
series production engine. The N-series engine
is typical of heavy-duty size-class diesel en-
gines, with a bore of 140 mm and a stroke of
152 mm. These dimensions are retained in the
optical-access engine, and a production Cum-
mins N-series cylinder head is used so that the
production-engine intake port geometry is also
preserved. The in-cylinder flow field of a similar
Cummins N-series research engine has been
examined under motored conditions and found
to be nearly quiescent [5]. To provide optical
access, the engine is equipped with a classic
extended piston and piston-crown window.
This piston-crown window provides a full view
of the combustion bowl and was used to ac-
quire all the images presented in this article.
Additional windows located around the top of
the cylinder wall provide the orthogonal optical
access required for planar imaging. Figure 1
presents a generalized schematic of this en-
gine, and a complete description of the engine
may be found in Ref. [3].

This research engine is equipped with a Cum-
mins CELECTTM electronic fuel injector. This
closed-nozzle unit injector uses camshaft ac-
tuation to build injection pressures. Typically,
this engine operates with an 8-hole (equally
spaced at 45°) tip; however, for the experi-
ments presented here, the injector was

equipped with a custom 7-hole tip. The hole
spacing on this tip was the same as that of the
8-hole tip (45°) except that the hole opposite
the imaged jet was missing, leaving a 90° gap
between holes. This allowed the laser sheet to
reach the imaged fuel jet without attenuation
from the opposing jet. The nominal nozzle-hole
diameter for the original 8-hole tip is 0.194 mm,
and the nominal angle of the fuel-jet axis is 14°
downward from horizontal. This same hole size
was maintained for five holes in the 7-hole tip,
but the two holes adjacent to the “missing”
eighth hole were enlarged to a diameter of
0.238 mm to maintain the same total fuel flow
rate as the standard tip. Thus, the measure-
ments reported in this paper were made in a
sector of the cylinder supplied by an unaltered
jet, and the jets adjacent to the imaged sector
were also unaltered.
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Figure 1. Schematic of theoptical-access die-
sel engine showing the optical setup for simul-
taneous OH-PLIF and PL1l-soot imaging.

All experiments were conducted with Phillips
No. 2 diesel fuel (D2) at a representative diesel-
engine operating condition corresponding to a
motored TDC temperature and pressure of
992 K and 5.0 MPa, respectively. Before con-
ducting the experiments the engine was heated
to 368 K (95° C) by means of electrical heaters
on the “cooling” water and lubricating oil circu-
lation systems. To minimize the rate of window
fouling and to avoid overheating, the engine
was fired once every 10thengine cycle, at which
time the data were acquired. Measurements
were made for both normal (11.5° BTDC) and
11.50-retarded (TDC) injection timing at four
different combinations of fuel load, engine
speed, and N2-diluent levels, as summarized in
Table 1. This amount of timing retard is typical
of amounts used to control NOX. Nitrogen was
used as an inert diluent to simulate the effect of
EGR (exhaust gas recirculation) which is also
used to reduce NOX emissions. For conven-
ience, the fuel loading is stated in terms of a
charge/fuel (C/F) ratio, which is the same as
the air/fuel (A/F) ratio when no N2 is added.
With Nz addition, the air/fuel ratio is slightly
less, as noted in Table 1.

A dual-laser, dual-camera system was used to
obtain the simultaneous “single-shot” images,
as shown schematically in Fig. 1. The OH PLIF
laser was tuned to a strong feature of the A-X,
(1,0) transition at 284.01 nm. This line was
selected for its high fluorescence yield and be-
cause it is relatively insensitive to temperature

TABLE 1. Engine Operating Conditions

Motored TDC pressure .......................................... 5.0 MPa
EstimatedmotoredTDC temperature ....................... 992 K
Estimated motored TDC density ........................ 16.6 kgfm’

Normal Timing - Start of Injection ....................l 1.5° BTDC
RetardedTiming - Start of Injection ............................ TDC

Base Condition: Medium-Low Fuel Load - Medium

Speed
Engine speed .......................................................l2OO tpm

Charge/Fuel Ratio (mass basis) ......................................65

Fuel injected per cycle .......................................... 0.079 ml
N, Diluent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..OYO

High Fuel Load - Medium Speed

Engine speed .......................................................1200 rpm

Charge/Fuel Ratio (mass basis) ......................................31

Fuel injected per cycle ..........................................0.152 ml

N, Diluent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..OYO

High Fuel Load - High Speed
Engine speed .......................................................1680 rpm

Charge/Fuel Ratio (mass basis) ......................................3l

Fuel injected per cycle ..........................................0.152 ml

N, Diluent .......................................................................o%

High Fuel Load - High Speed - 10?’. N, diluent
Engine speed .......................................................1680 rpm

Charge/Fuel Ratio (mass basis) ......................................3l

Air/Fuel Ratio (mass basis) .............................................28

Fuel injected per cycle ..........................................0.152 ml

N, Diluent (molar fraction of intake gas) .......................lO%

variations over the range of interest. The out-
put of this laser was about 22 mJ per pulse
prior to entering the cylinder, and it was moni-
tored to insure that the energy stayed within
AI OOAof this value, since the OH-PLI F signal
can vary with laser energy. The PLII signal was
produced using a frequency-doubled Nd:YAG
laser at 532 nm whose output was about
120 mJ prior to entering the cylinder. This
pulse energy is sufficiently high to make the
PLII signal insensitive to laser-energy fluctua-
tions [6], which were less than &5Y0 in this
study.

The two laser beams were combined into
overlapping laser sheets approximately 25 mm
wide and 0.2 mm and 0.3 mm thick for the PLIF
and PLII lasers, respectively, using a combina-
tion of lenses and a dichroic reflector (see
Fig. 1). The combined beams were directed
into the combustion chamber through one of
the windows at the top of the cylinder wall
which was opposite the region of the imaged
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fuel jet, and inline ivith the “missing” fuel jet of
the 7-hole injector described above. Images
were acquired through the piston-crown window
with the OH and soot signals being separated
into the two intensified video cameras by
means of an edge filter. Each camera was
equipped with additional filters to isolate the
appropriate signal.

To prevent cross-talk between the two images,
the laser Q-switch timing was adjusted so that
the OH PLIF laser fired 200 ns prior to the PLII
laser, and the camera gatewidths were set to
110 ns and 70 ns, respectively, with the laser
pulses centered in the camera gates. This
200 ns delay time is negligible for any fluid me-
chanics or soot burnout rates, so it should have
no effect on the apparent simultaneity of the
images. For each crankangle at each operat-
ing condition, a minimum of 12 (and more typi-
cally 24) image pairs were acquired for 12 or 24
separate fired cycles. The images presented
have been subjectively selected from these
sets.

DIESEL COMBUSTION PRIOR TO LATE-
COMBUSTION SOOT BURNOUT

Previous work involving several different laser
imaging diagnostics has carefully detailed the
events that occur during the ignition delay, start
of combustion, premixed burn, and the mixing
controlled burn including the transition to the
quasi-steady period [1,7,8]. Figure 2, repro-
duced from Ref. [1], presents an idealized
schematic showing the main features of a re-
acting diesel fuel jet during the quasi-steady
period, Le. the period after the initial premixed
burn until the end of fuel injection. As dis-
cussed in detail in these references, the high
injection velocity causes high rates of air en-
trainment into the jet and keeps the diffusion
flame lifted. Thus, combustion is thought to oc-
cur in two stages: first as a very rich (~ > 4)
premixed reaction which leads to the initial soot
formation; then second, the products of the rich
premixed combustion burn out as a near-
stoichiometric diffusion flame at the jet periph-
ery. The soot particles travel along with the
other rich-combustion products to the diffusion
flame where they burn out due to the high tem-
peratures and the availability of OH-radicals
and/or oxygen. The exact nature of the soot

Scale (mm)

_ LiquidFuel . . . . Fuel.~~h premixed c~mbu~~~n

n Vapor-Fuel/Air Mixture ~ InitialSoot Formation
(equivalenceratio2-4) — Thermal NO ProductionZone

_ Dfision Flame R Soot OxidationZone

LOW~ High

Soot Concentration

kigure 2. A schematic showing the features of
a ~eacting diesel fuel jet at a ty~ical time during
the quasi-steady portion of combustion, i.e. af-
ter the initial pre-mixed burn through the end of
fuel injection. Reproduced from Ref. [1].

oxidizing reactions is not known, but OH-radicaI
attack is thought to be a major mechanism,
particularly in fuel-rich and near stoichiometric
products [2]. Finally, it should be noted that in
a real engine, the jet reaches the combustion
bowl wall during the quasi-steady period2 and
the idealized schematic in Fig. 2 will become
distorted as the leading portion spreads out
along the wall.

Although the events occurring after fuel injec-
tion ends have been less well studied, sufficient
data exists to at least generally understand the
transition from the quasi-steady period to the
later burnout stages that are the main subject
of the work in this article. Natural flame lumi-
nosity [3,7], and PLII and elastic-scatter soot [1]
image sequences show that when fuel injection
ends, combustion quickly spreads back to the
injector, with soot forming in this upstream re-
gion as well. Thus, the flame standoff and
premixed reaction zone disappear, and the re-
acting jet consists of the sooty products of rich
premixed combustion (along with some diffu-
sion-flame products) completely surrounded by
a diffusion flame. Then, the jet-like nature of
the soot-filled combusting region gradually dis-
appears as the upstream portion (the part ex-

2 For small-bore (automotive size) diesels, the jet
can reach the wall prior to the quasi-steady period.
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tending up to the injector) is gradually carried
downstream by its remaining momentum to the
leading portion of the jet which is spreading out
along the combustion-bowl wall. Momentum
from the injection process continues to spread.
this soot-filled combusting region along the
bowl wall until it encounters the remains of the

. adjacent jet and then folds back toward the
center of the bowl. As this process proceeds,
oxidation reduces the size of this region, and
this initially intact region breaks into separate,
smaller “pockets” of combustion. Although the
number and location of these luminous pockets
vary from cycle to cycle, quite often there are
initially two distinct pockets in the remains of
the wings of the jet (as seen in the images pre-
sented below) due to the residual flow pattern
of the jet. As the burnout continues, the re-
maining pockets continue to get smaller, some-
times breaking into two or more smaller pock-
ets, and eventually they lose any obvious spa-
tial correlation to the original combusting fuel
jet.

SIMULTANEOUS OH AND SOOT IMAGES

Details of the laser sheet location and field of
view for the simultaneous OH and soot images
are shown in Fig. 3. As indicated in Fig. 1, the
entire sheet-forming lens and mirror assembly
is mounted on a translation stage so that the
combined laser sheets can be adjusted verti-

vacu Fo917

Hsk81

Setupfor Low Fuel Loading

c.

Top View of Piston

tally to various positions below the cylinder
head, as shown in Fig. 3a. However, the size
of the cylinder-wall window limits the lowest
elevation of a horizontal laser sheet to about
36 mm below the cylinder head. As will be dis-
cussed with the data presentation, it was nec-
essary to position the laser sheet lower for in-
vestigation of the high fuel-load condition. This
was accomplished by angling the laser sheet
downward at approximately an 8.5° angle so
that it was 53 mm below the cylinder head in
the center of the field of view as shown in
Fig. 3b. With this setup the laser sheet eleva-
tion varies a few millimeters across the field of
view. Figure 3C shows the field of view for the
images which were acquired through the pis-
ton-crown window. The field of view in Fig. 3C
is shown with the piston in the TDC position;
however, as the piston moves down well below
the laser sheet, the parallax is such that the
piston no longer blocks the field of view on the
right as indicated in Fig. 3c.

Medium-Low Load (C/F = 65), 1200 rpm
Condition

Figure 4 presents temporal sequences of si-
multaneous OH and soot images for both nor-
mal and 11.50-retarded timing at the medium-
IOWload (C/F= 65), 1200 rpm condition. For all
the images presented in this paper, 0°
crankangle (CA) is defined as TDC exhaust, so

Pb!c.1

Setupfor High Fuel Loading

Scale: mm
I 4
Osnlm

Figure 3. Detailed schematic of the combustion chamber showing the laser sheet orientation and field
of view.
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TDC compression is at 360°. Fuel injection
starts at348.5° (11.5° BTDC) and360° (TDC)
for the normal and retarded timing cases, re-
spectively, as noted in Table 1. The small
white dot near the left edge of each image
marks the location of the injector, and the curve
at the right shows the edge of the combustion
bowl when the piston is in the TDC position.

Both the OH and soot images were originally
obtained as gray-scale intensity maps on sepa-
rate cameras as shown in Fig. 1. In order to
view the spatial relationship between the OH
and soot fields, it is necessary to superimpose
the two images while maintaining a distinction
between the two fields. The best method of
doing this is to use a different false color map-
pings for each of the two fields Accordingly,
the superposition was originally accomplished
by mapping the OH distribution to shades of
green and the soot to shades of red, with the
overlap regions appearing as yellow. For the
current article, it was necessary to make a
black and white version of these superimposed
images. Several different gray-scale mappings
were evaluated before selecting the one used

- OH (PLIF)

in Figs. 4-7. As noted in the legend at the top
of each figure, the soot regions are shown as
black, while the OH distribution is shown in
shades of gray from a medium-gray to white.
The overlap regions show as darker gray; how-
ever, there is some ambiguity between higher-
intensity OH signal overlapped with soot and
low-intensity OH signal near the edges of the
OH distribution. The current scheme also does
not show the intensity variation of the PL1l-soot
signal. Attempts to show the soot in shades of
dark gray produced confusion between soot,
soot and OH overlap regions, and low-intensity
OH. Despite these shortcomings, most essen-
tial information is still discernible in the images
presented here.

As shown in Fig. 3, the laser sheets propagate
from left to right, and they were positioned in
three different image planes to obtain the se-
quences in Fig. 4, as noted at the top of each
image. This was necessary because, during
the burnout phase of combustion, the main
combusting region moves down with the piston,
presumably as a result of residual downward
momentum from the 14° downward angle of the

_ Soot (PLII)

Normal timin q All soot in the bulk gas burns out well before high
concentrations of OH radicals disappear.

16mm 24 mm 32 mm 32 mm

370° 382° 394° 406°

Retarded timin g Although soot pockets persist longer into the expansion stroke, all
soot in the bulk gas burns out before OH radicals disappear.—

24 mm

386°

32 mm

410°

32.mm

422°

Figure 4. Temporal sequences of simultaneous OH and soot images at normal and 11.5°-retared in-
jection timing for the case of medium-low load (C/F= 65), 1200 rpm.
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injectorholes. Note that the first images of the
sequences in Fig. 4 are in the 16 and 24 mm
image planes for the normal and retarded tim-
ing, respectively because the combustion zone
has moved downward for the retarded-timing
case, since it occurs later. Note that the im-
ages for the retarded-timing sequence in Fig. 4

. are taken 16° CA later than those in the nor-
mal-timing sequence. However, other than this
shift in location and timing, the sequences for
two injection timings are quite similar for this
C/F = 65, 1200 rpm case.

By the start of the image sequences in Fig. 4,
the jet-like nature of the combustion has disap-
peared and the sooty-combustion region is
confined to the outer part of the combustion
bowl. The combined OH and soot images
show a broad soot region with a thin layer of
OH-radicals along the left edge, indicating that
a diffusion flame still surrounds this remaining
soot region, as it did during the earlier stages of
combustion depicted in Fig. 2. [t should be
noted that both the OH and the soot fields are
truncated at the top and bottom of the image
because the field of view is greater than the la-
ser-sheet width. The truncation of the OH im-
age is more severe since the OH signal is more
sensitive to the reduced laser intensity toward
the edges of the sheet. As a result, soot often
appears to extend beyond the OH at the top
and bottom of the images as seen in the 370°
and 382° images of the normal-timing se-
quence in Fig. 4. In addition, the lasers are at-
tenuated by the soot cloud, so it cannot be de-
termined how far the large soot region in the
first image of each sequence extends to the
right; however, luminosity images suggest that
it extends to (or nearly to) the bowl wall [7].
Attenuation is more severe for the retarded-
timing case indicating higher soot levels within
the soot cloud.

Then, for both cases, the single, large soot
area breaks into smaller pockets that have
moved out into the bulk gas, away from the
wall. Combustion and soot oxidation are also
occurring as the soot regions become smaller
and eventually disappear. These soot pockets
are surrounded by a region of OH indicating the
presence of a diffusion flame, and as the burn-
out progresses, OH is also broadly distributed
through the surrounding gases. This broadly
distributed “bulk-gas” OH indicates the pres-

ence of combustion product gases that are still
at or above 1900 to 2000 K, which is sufficiently
hot for soot oxidation to occur. The presence
of the OH radical itself might also play a role in
the soot oxidation as discussed in the introduc-
tion. Thus, even if the diffusion flame were to
go out, the remaining soot would almost cer-
tainly be oxidized in these hot gases. By the
end of the sequences, all the soot has disap-
peared, and there is still substantial OH signal.

To verify that there was no remaining soot at
other elevations, the laser sheet was moved
above and below the three image planes re-
ported in Fig. 4. Like the images in Fig. 4, they
showed no unburned bulk-gas soot at this op-
erating condition, even with retarded timing.
Therefore, no engine-out soot emissions would
be expected unless they result from a different
mechanism. This is in agreement with Bosch
smoke measurements that showed virtually no
exhaust soot for this C/F = 65, 1200 rpm oper-
ating condition for either injection timing. It is
also in agreement with typical production-
engine data which show very low particulate at
lower-load, lower-speed conditions.

High-Load (C/F =31), 1680 rpm Condition

Production engines typically produce higher
soot emissions at higher-load, higher-speed
conditions, particularly when injection timing is
retarded to reduce NOX emissions. Figure 5
shows the results of simultaneous OH and soot
imaging for a high load (C/F = 31), 1680 rpm
condition. With this higher fuel loading, the
combustion period is considerably longer, and it
persists farther into the expansion stroke. Be-
cause the main combustion regions follow the
piston down, it was necessary to lower the laser
to an elevation of 53 mm below the cylinder
head using the laser sheet orientation shown in
Fig. 3b. With this low laser-sheet position, the
piston has not moved below the plane of the la-
ser until just before 420°, which is the starting
crankangle of the image sequences in Fig. 5.

The first image (420°) of the normal-timing se-
quence is similar to the later soot burnout im-
ages in Fig. 4. There are only a few small
pockets of soot remaining, and they are sur-
rounded by a broad region of strong OH signal.
This indicates that these remaining soot pock-



ets are still actively burning, and that even if the
diffusion flames around these pocket were to
go out, any remaining soot would almost cer-
tainly be oxidized in the surrounding hot-
product gases. Both the OH and soot signals
then fall off rapidly through the rest of the se-
quence with no detectable signal beyond 480°.
We believe that this occurs because the re-
maining pockets of soot and vapor-phase fuel
are consumed, ending the heat-producing re-
actions, and the rapid expansion at these
crankangles quickly cools the hot-product
gases. Except for a few very small pockets of
soot at 460° and 480° that may not be com-
pletely consumed, the bulk-gas soot burns out
and is not a source of exhaust soot emissions
for normal timing.

However, for retarded timing at this higher-
speed, high-load condition, the bulk-gas soot
burnout is much less complete, as evident in
Fig. 5. There are still large pockets of soot
present when the exhaust valve opens (EVO)
at 490°. In some cycles, these soot pockets
are still surrounded by diffusion flames as in the
480°image; however, it is unlikely that these
relatively large soot pockets will be completely

consumed before they flow out the exhaust
valve. In other cycles, the combustion reac-
tions have nearly gone out, or gone out com-
pletely as evident in the 500° image. It is note-
worthy that even when these soot pockets are
actively burning (480° image), there are no
broad regions of OH outside the diffusion flame
zone. This indicates that by these late
crankangles, the bulk gases have cooled below
temperatures that would support soot oxidation,
so when the diffusion flame goes out, all soot
oxidation will cease. Thus, these images indi-
cate that incomplete soot burnout in the bulk
gases is likely to be a significant source of tail-
pipe soot emissions for retarded timing at this
1680 rpm, high-load condition.

N2 Diluent Addition at the High-Load (CIF =
37), 1680 rpm Condition

The addition of inert diluents (typically via EGR)
is another method of reducing combustion tem-
peratures to reduce NOX emissions. However,
EGR addition has often been associated with
increased soot emissions in prototype engine
tests. In order to investigate the effects of inert
diluents on the bulk-gas soot burnout, the study

_ OH (PLIF) _ Soot (PLII); 53 mm Plane

Normal timin q Almost all soot in the bulk gas burns out before EVO. OH
radicals are typically still present.

420° 440° 460° 480° 500°

Retarded timin q Large soot pockets remain well after EVO. OH radicals sometimes
persist (indicating soot oxidation). and sometimes soot is not oxidizing.

420° “ 440° 460° 480° 500°

Figure 5. Temporal sequences of simultaneous OH and soot images at normal and 11.50-retarded in-
jection timing for the case of high load (C/F= 31 ), 1680 rpm.
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presented in Fig. 5 (high-load, 1680 rpm) was
repeated with 10% Nz added to the intake air
(molar basis). The addition of this nitrogen re-
duced the air/fuel ratio to 28; however this
slightly lower A/F ratio is thought to have only a‘
small (-1 07.) effect on soot emissions for two
reasons. First, the addition of 10% Np has al-

. most no effect (0.5° shift) on the apparent heat
release rate curve, indicating a minimal change
in the fuel-air mixing rate. Second, emission
measurements from a near production version
of our research engine showed only about a
10% increase in particulate emissions as the
A/F was reduced from 30.7 to 27.5, as is typical
of data from other engines. In contrast, adding
10% Nz reduces the flame and post-combustion
gas temperatures by 100 to 200 K. This will
have a significant impact on reaction rates and
on concentrations of radicals such as OH,
which tend to be exponential in temperature.

Figure 6 shows the effect of 10% N2 diluent on
the late-combustion soot burnout for normal
injection timing at the high-load (C/F =31),
1680 rpm condition. The 0% Np image se-
quence from Fig. 5 is re-presented here so that

the changes with 10% N2 diluent are more eas-
ily seen. These images show that the addition
of the diluent significantly increases the amount
of soot remaining during the late stages of
combustion. At 420° two large pockets of soot
are present in the image shown. OH is also
present around the sooting region and distrib-
uted throughout the region between the two
soot pockets. However, both the extent of the
OH distribution and the intensity of the OH sig-
nal are significantly less than for 0% N2at 420°.

Although other factors can affect the OH-PLIF
signal intensity besides OH concentration,
these parameters vary only slightly between the
0% and 10% N2 cases. A full discussion of
these factors which include temperature, den-
sity, line broadening, and collisionai partners, is
bevond the scope of this article. However, es-
tim-ates show that they will have only a 10-20%
effect on the OH-signal intensity between these
two cases. Also, for all operating conditions,
expansion of the in-cylinder gases through a
temporal sequence will increase the signal for a
given OH concentration, mainly due to a reduc-
tion in collisional line-broadening. Thus, the

m OH (PLIF) _ Soot (PLII); 53 mm Plane

!Wh!2: Almost all soot in the bulk gas burns out before EVO. OH radicals are
typically still present.

420° 440° 460° 480° 500°

10?fONz: Soot pockets remain well after EVO. OH radical signal is weak or non-
existetit, indicating little soot oxidation.

420° 440° 460° 480° 500° “

Figure 6. Temporal sequences of simultaneous OH and soot images at normal timing for 0% and 10%
Npaddition for the case of high load (C/F= 31), 1680 rpm.
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actual rate of OH-concentration decrease with
time is faster than it appears in the image se-
quences presented.

Through the rest of the 10%-N2 sequence, the
soot levels decrease, but there is still a signifi-
cant amount of soot present in the bulk gas
near the time of EVO at 490° as evident in the
480° and 500° images. OH is present as late
as 480°, indicating that some soot oxidation
continues to this crankangle. However, these
oxidation rates are expected to be fairly low
since the OH signal levels are quite low, sug-
gesting lower diffusion-flame and product-gas
temperatures in addition to lower OH concen-
trations. As a result, a significant amount of
bulk-gas soot remains when combustion reac-
tions end, as indicated by the absence of de-
tectable OH. This is evident in the 500° image
and for the large pocket of soot in the lower
center of the 480° image. Accordingly, some
engine-out soot emissions would be expected
due to incomplete bulk-gas burnout, even for
normal timing, when 10’ZONz diluent is added.

The combined effect of 11.50-retarded timing
and 10% N2 is shown in the image sequence at
the bottom of Fig. 7. For comparison, the OYO-
N2 retarded-timing sequence is shown at the
top of this figure. As evident in the figure, the
combination of these two NOx-reducing tech-
niques dramatically decreases the bulk-gas
soot burnout. Although the presence of OH as
late as 500° indicates that combustion some-
times continues even after EVO, there is little
detectable OH in most images. Substantial
bulk-gas soot remains in the 480° and 500° im-
ages suggesting that significant engine-out soot
emissions will occur as a result of incomplete
bulk-gas soot burnout.

Comparison with Exhaust Soot Measure-
ments

The image-data in Figs. 4-7 suggest that in-
complete soot burnout in the bulk gas is likely
to be a major contributor to engine-out soot
emissions. In order to obtain a better measure
of the correlation between the in-cvlinder and
engine-out soot, a semi-quantitati~e analysis

Figure 7. Temporal sequences of simultaneous OH and soot images at retarded timing for O?!Oand
10% Nz addition for the case of high load (C/F= 31), 1680 rpm.
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was made of the PL1l-soot
compared with engine-out,

image data and
soot-filter meas-

urements. These ‘engine-out measurements
were made using a standard Bosch-smoke-type
technique whereby the exhaust soot-mass frac-,
tion was determined from the relative darkness
of a filter paper [9]. This type of exhaust soot

, measurement was used because it is a meas-
ure of the dry-soot component of the regulated
particulate emissions, which is the component
resulting from combustion-produced soot.

A semi-quantitative number corresponding to
the unburned bulk-gas soot was obtained from
the PLII image data as follows. First, since the
PLII signal is (to first order) proportional to the
volume of soot within the probe volume [6], a
number proportional to the total soot within
each image was obtained by integrating the
PLII signal over the field of view. To account
for cycle-to-cycle variation, this process was
repeated for each of the 12 or 24 images taken
at each crankangle, and the values were aver-
aged together. This process was then re-
peated for each crankangle at which images
were acquired (10° to 20° intervals). Next, a
cubic spline cuwe was fit to these PLII intensity
values to obtain a smooth curve of the ensem-
ble-average PLII intensity with crankangle. Fi-
nally, this curve was integrated from 460° until
after the last late-combustion soot was de-
tected at 550° to obtain a measure of the total
soot remaining from incomplete burnout in the
bulk gas.

It should be noted that this bulk-gas soot num-
ber is only an approximation to the actual un-
burned bulk-gas soot for three main reasons.
First, the current optical setup was designed to
determine the relative spatial distributions of
OH and soot, and as a result, the probe volume
(defined by the laser sheet) is only a small frac-
tion of the total in-cylinder volume. Second, in-
cylinder flows appear to bring the burning soot
pockets in and out of this probe volume, pro-
viding more signal at some crankangles than
others. Note that for the retarded-timing case
in Fig. 5, the signals become very weak at 440°
and 460° and then get stronger again at 480°.
Third, the soot within the probe volume is often
still burning at 480° and 500° which is just be-
fore and just after EVO at 490°. It is likely that
some of this soot will be further consumed be-
fore it exits the cylinder. For these reasons, it
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is not possible to determine an exact number
for the amount of bulk-gas soot escaping com-
bustion from the current data. However, the
above method should provide satisfactory rela-
tive numbers for investigating trends between
the operating conditions.

Figure 8 shows the comparison of the engine-
out soot measurements with the integrated PLII
measurement of the remaining bulk-gas soot.
The 1200 rpm data in Fig. 8 is for a 1200 rpm
high-load (C/F =31 ) condition for which images
were not presented. The 1200 rpm, medium-
Iow load (C/F = 65) case from Fig. 4 is not
shown because both the integrated-PLH and
the exhaust-soot values were essentially zero
for both normal and retarded timing.

Despite the approximate nature of the inte-
grated PLII data, Fig. 8 shows a strong correla-
tion between the bulk-gas and engine-out
measurements. For every case, retarding the
timing produces an increase in both the re-
maining bulk-gas and engine-out soot. Also,

1200 rpm
100

1680 rpm

75

50

25

0
NR NRNR

75

50

25

0
NR NRNR

Figure 8. Comparison between engine-out
(top) and late-combustion bulk-gas (bottom)
soot measurements. The engine-out data were
derived from Bosch-smoke-type measure-
ments, and the late-combustion bulk-gas soot
values were obtained from the PL1l-soot image
data in the 53 mm plane.
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the addition of 10% N2 diluent increases the
soot levels obtained with both measurements
for both normal and retarded timing. Finally,
the combination of 10% N2 and 11.5° timing:
retard produces a substantial increase in soot
levels by both measurements. These data
strongly suggest that the changes in engine-out
soot typically observed with timing retard and
diluent addition (e.g. EGR) are related to
changes in the bulk-gas-soot burnout rate.

The data in Fig. 8 also suggest that another
pathway contributes a baseline soot emission in
this research engine. For both of the normal-
timing cases without diluent, the PLII data show
almost no soot left in the bulk gasjs while en-
gine-out measurements still indicate soot emis-
sions. Also, for 10% Nz, the PLII data show
that the bulk-gas soot with normal timing is ap-
proximately a factor of ten less than with re-
tarded timing, while for the exhaust measure-
ment this factor is only about three. A secon-
dary source of soot, unrelated to the bulk-gas
burnout, would explain these discrepancies.
For example, soot trapped in the ring-pack then
released, or deposited on in-cylinder surfaces
and then stripped off could produce soot emis-
sions even when all the bulk-gas soot is con-
sumed. [t could also add to the bulk-gas-
produced soot to bring the factor between the
normal and retarded timing cases with 10!ZONz
in line with the exhaust measurements. How-
ever, it should be noted that the secondary soot
source which appears to be affecting this re-
search-engine data might not occur in produc-
tion engines since they have different ring-pack
designs than our research engine. In addition,
production engines often show very low engine-
out soot emissions for operating conditions
comparable to our normal-timing case, more
comparable with the PLII bulk-gas measure-
ments.

3 The data in Fig. 8 are for the 53 mm plane; how-
ever, higher elevations were also examined, and no
significant bulk-gas soot was found after 420° for
these conditions. Also, the normal-timing images in
Fig. 5 show that almost all the soot is gone from the
53 mm plane by 420° when the piston has just
moved below this elevation, so it is unlikely that any
significant soot exists below this elevation at later
crankangles. Similar results were found for the high-
Ioad, 1200 rpm case reported in Fig. 8.
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SUMMARY AND CONCLUSIONS

An investigation of late-combustion
out in d DI diesel engine has been

soot burn-
conducted

using simultaneous planar imaging of the OH-
radical and soot distributions. These simulta-
neous images, obtained with a dual-laser, dual-
camera system, show the spatial relationship
between the remaining hot reaction zones and
the remaining bulk-gas soot during the final
stages of the combustion event. OH and soot
distributions were mapped out for a variety of
operating conditions, including variations in in-
jection timing, fuel load, engine speed, and di-
Iuent addition (simulated EGR). The data show
significant variations in the late-combustion
burnout of soot in the bulk gas (Le. away from
the combustion chamber walls) with changes in
operating conditions that lead to the following
conclusions.

1.

2.

3.

4.

During the late stages of combustion, the
remaining soot pockets and combustion
zones tend to follow the piston down rather
than expanding uniformly.
There is a strong correlation between in-
complete soot burnout in the bulk gas and
exhaust soot emissions. Both the late-
combustion bulk-gas and engine-out soot
levels increase with increased fuel loading,
retarded injection timing, and the addition of
N2 diluent (a surrogate for EGR). This cor-
relation suggests that incomplete burnout in
the bulk gas is a major contributor to the in-
creased soot emissions typically observed
with timing sweeps and the addition of dilu-
ent.
The simultaneous OH and soot images
show that incomplete burnout in the bulk
gases can result from two causes: 1) insuf-
ficient time to complete combustion before
exhaust valve opening; and 2) extinction of
the combustion reactions at the periphery of
remaining soot pockets. The latter is par-
ticularly prevalent with diluent addition, and
the data indicate that reduced combustion
and product-gas temperatures are the likely
cause.
The data suggest that there is also a secon-
dary source of soot emissions in this re-
search engine. It is unclear whether this oc-
curs in production-type engines, and addi-
tional research is needed to better under-
stand the other pathways to soot emissions.
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