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DIESEL COMBUSTION AND EMISSIONS FORMATION
USING MULTIPLE 2-D IMAGING DIAGNOSTICS

J.E. Dec
Sandia National Laboratories

INTRODUCTION

Understanding how emissions are formed during
diesel combustion is central to developing new

engines that can comply with increasingly
stringent emission standards while maintaining
or improving performance levels. Laser-based
planar imaging diag-nostics are uniquely capable
of providing the temporally and spatially resolv-
ed information required for this understanding.

Using an optically accessible research engine,
a variety of two-dimensional (2-D) imaging
diagnostics have been applied to investigations
of direct-injection (D) diesel combustion and
emissions formation. These optical measure-
ments have included the following laser-sheet
imaging data: Mie scattering to determine
liquid-phase fuel distributions, Rayleigh scat-
tering for quantitative vapor-phase-fuel/air mix-
ture images, laser induced incandescence (LII)
for relative soot concentrations, simultaneous
LIl and Rayleigh scattering for relative soot
particle-size distributions, planar laser-induced
fluorescence (PLIF) to obtain early PAH (poly-
aromatic hydrocarbon) distributions, PLIF
images of the OH radical that show the dif-
fusion flame structure, and PLIF images of the
NO radical showing the onset of NO, produc-
tion. In addition, natural-emission chemilumi-

nescence images were obtained to investigate
autoignition.

These imaging diagnostics have been used to
map out the processes occurring in the cylinder
of an operating diesel engine from the start of
injection, through autoignition, the premixed
burn, and the first part of the mixing-controlled
burn (i.e. until the end of injection). Each
diagnostic provides important information on
the corresponding aspect of diesel combustion;
however, combining the results of the individual
measurements provides an even greater

understanding of the combustion and emissions
formation processes. This more complete un-
derstanding leads to a description or “concep-
tual model” of diesel combustion [1].

In the following sections the experimental setup
is described, and the image data showing the
most relevant results are presented. Then the
conceptual model of diesel combustion is
summarized in a series of idealized schematics
depicting the temporal and spatial evolution of
a reacting diesel fuel jet during the time period
investigated. Finally, recent PLIF images of the
NO distribution are presented and shown to
support the timing and location of NO formation
hypothesized from the conceptual model.

EXPERIMENT DESCRIPTION

A schematic of the optically accessible engine
used for the imaging measurements is shown in
Fig.1. The engine is 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 engines, with a bore of 140 mm and a
stroke of 152 mm. These dimensions are
retained in the optical-access engine, and a
production Cummins N-series cylinder head is

used so that the production engine intake port
geometry is also preserved.

The design of this engine utilizes a classic
extended piston with piston-crown window.
Additional windows located around the top of
the cylinder wall provide the orthogonal optical
access required for the two-dimensional (planar)
laser imaging diagnostics. These
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Figure 1. Schematic of the optical-access
diesel engine showing the laser sheet along
the fuel  jet axis. Images were obtained
through both the cylinder-head window (upper

image) and the piston-crown window (lower

image).

windows allow the laser sheet to enter the
cylinder along the axis of the fuel jet (see Fig.
1) or horizontally. A window in the cylinder

head replaces one of the two exhaust valves.

to obtain a view of the squish region and the
outer portion of the combustion bowl. A
complete description of the engine may be
found in Ref. [2].

The experiments were conducted at a me-
dium speed (1200 rpm) operating condition
with a motored TDC (top dead center) tem-
perature and pressure of 992° K and 5.0 MPa,
which are representative diesel-engine condi-
tions. Before conducting the experiments the
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engine was heated to 368° K (95°C) by
means of electrical heaters on the "cooling”
water and lubricating oil circulation systems.
To minimize the rate of window fouling and to
avoid overheating, the engine was fired once
every 10th or 20th engine cycle, at which
time the data were acquired. A complete dis-
cussion of the operating conditions and fuels
used for the experiments may be found in
Ref. [1].

Figure 2 presents a typical plot of the cylinder
pressure, injector needle lift, and apparent
heat release rate. As is typically found in die-
sel combustion, the apparent heat release rate
curve in Fig. 2 first goes negative just after
the start of injection as fuel vaporization cools
the in-cylinder air. Then, after a few degrees,
the combustion energy release exceeds that
required for vaporizing the fuel, and the ap-
parent heat release rises rapidly. The heat
release rate curve then goes up through a lo-
cal maximum and drops back down before
rising again more slowly through a second lo-
cal maximum. The initial sharp rise and fall is
due to the rapid combustion of fuel that has
premixed with air during the ignition delay pe-
riod, and it is commonly referred to as the
“premixed burn” or the “premixed burn
spike”. The second, broader hump in the
curve is due to the mixing-controlled combus-
tion and is commonly referred ‘to as the
“mixing-controlled burn”.

Several different lasers, laser-sheet configura-
tions, and camera setups were used for the
various imaging data presented in this article.
The laser sheets were typically about 25 mm
wide and 250 to 300 mm thick at the probe
volume. As shown in Fig.3, the laser sheet
entered the combustion chamber through one
of the windows at the top of the ¢ylinder wall
which was in line with one of the fuel jets.
The laser sheets were oriented either horizon-
tally or along the fuel jet axis, and images
were acquired through both the piston-crown
and cylinder-head windows with either one or
two gated, intensified CCD video cameras.
Various lens and filter combinations were
used as appropriate. For some experiments,
the piston bowl! rim was cut out in line with
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Figure 2. Apparent heat release rate, cylinder pressure, and injector needle lift for the low fuel loading (¢=0.25) at
the base operating condition (TDC temperature = 992 K, TDC density = 16.6 kg/m®). The engine speed is
1200 rpm, and the data are ensemble-averaged over 20 cycles.
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Figure 3. Geometry and optical configuration of the combustion chamber with cut outs in the rim for laser access. The
schematic at the left shows a side view of the combustion chamber and the two laser-sheet orientations. At the right is a top
view of the piston and typical fields of view for images obtained through both piston-crown and the cylinder-head windows.

The piston is shown at the TDC position.
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Figure 7. PAHSs form throughout the cross-section of

. s ) the downstream portion of the fuel jet immediately
fuel vaporizes within a characteristic length (~25 mm :
for the base operating condition) from the injector. fo:lowmg fSuel tgefak;iown atthe start of apparent heat
See Ref. [3]. release. See Ref. [1].

Figure 4. Liquid-phase fuel images show that all the

Ecjuivaiénce Ratio

Figure 5. Quantitative vapor fuel images show that . ) ‘
downstream of the maximum liquid penetration, the_ Figure 8. LIl soot images show that soot forms

fuel and air are mixed to and equivalence ratio of 2 throughout the cross-seqtiop of the fugl jet beginning
to 4. This relatively uniform mixture is separated just downstream of the liquid-fuel region. See Refs.
from the surrounding air by a sharp transition as [1,5].

shown in the plot at the left. See Ref. [4].

Figure 9. OH radical imagés show that the diffusion

Figure 6. Chemiluminescence imaging shows auto- flame forms at the jet periphery subsequent to an
ignition occurring across the downstream portion of initial fuel-rich premixed combustion period. See
the fuel jet. See Ref. [5]. Ref. [6]. -
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the laser sheet to permit the laser sheet to
enter the combustion chamber near TDC.

The intake-air temperature and pressure were
adjusted to maintain the same TDC conditions
despite the reduction in compression ratio re-
sulting from the cutouts.

LASER SHEET IMAGING DATA

As mentioned above, the conceptual model of
diesel combustion presented in the next sec-
tion has been derived by combining the re-
sults from a variety of 2-D imaging diagnos-
tics. Because the imaging data have been
‘described in detail elsewhere, only a summary
will be presented here. Figures 4 - 9 show
typical images of most of the data types
along with a brief descriptions of the most
significant findings. Additional information
may be found in the references given the fig-
ure captions.

7° ASI "9° ASI

11° Asl

Although Figs. 4 - 9 show images at only a
single instant during the combustion event,
temporal sequences of images were actually
acquired with each of the diagnostics. An
example of this is given in Fig. 10. This fig-
ure shows a temporal sequence of soot im-
ages from 7° to 17° after the start of injec-
tion (ASI) for three different imaging diagnos-
tics, as noted at the left. These images show
how the soot volume fraction and particle-size
distribution develop within the reacting fuel
jet in a diesel engine [1,71.

CONCEPTUAL MODEL OF DI DIESEL COM-
BUSTION

This section presents a series of schematics
that combine the information from the indi-
vidual imaging measurements into a compre-
hensive picture of DI diesel combustion.
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Figure 10. A temporal sequence ‘of natural soot luminosity, laser-induced incandescence (LII), and elasticsscatter images.
The crank angle degree ASI is given at the top of each set. The average equivalence ratio is 0.43, and the engine speed is

1200 rpm.
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Figure 11. A temporal sequence of schematics showing how DI diesel combustion evolves from the start of injec-
tion up through the early part of the mixing-controlled burn. The temporal and spatial scales depict combustion for
the base operating condition (a typical diesel engine condition) with an injection duration extending beyond the se-
quence shown. The crank angle degree ASI (after the start of injection) is given at the side of each schematic
(1° =139 ps).
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These composite schematics represent idea-
lized cross-sectional slices through the mid-
plane of the jet, and they show conceptually
how DI diesel combustion occurs in the ab-
sence of wall interactions and swirl. These
schematic images depict the typical operating
condition described above. For production
engines the amount of turbocharger boost, in-
tercooling, and injector characteristics can-
vary greatly, affecting both the temporal and
spatial scaling (see for example Refs. [3, 8]).

Figure 11 givés a temporal sequence of
schematics showing the development of a
diesel fuel jet from the start of injection,
through the premixed burn, and into the first
part of the mixing-controlled burn. Initially,
_liquid fuel penetrates across the chamber, en-
trains hot in-cylinder air, and begins to vapor-
ize. By 3.0° ASI, the tip of the fuel jet has
penetrated about 25 mm from the injector,
and sufficient air entrainment has occurred so
that all the fuel is vaporized beyond this char-
acteristic length (Fig. 4). The vapor-fuel/air
mixture then penetrates on across the cham-
ber, and a head vortex eventually develops as
is typical of penetrating gas-phase jets. By
4.5° ASI, the leading portion of the jet con-
tains a “relatively uniform” fuel/air mixture
with equivalence ratios ranging from about 2
to 4 (Fig. 5).

The exact point of autoignition is not well de-
fined either temporally or spatially. Some
weak chemiluminescence occurs over the
downstream portion of all the jets as early as
3.5° ASI. (This is indicated by the black ar-
rows in Fig. 11.) As the jet penetrates, the
chemiluminescence region grows and the sig-
nal becomes brighter. By 4.5° ASI, which
coincides with the start of the rapid rise in the
apparent heat release rate (see Fig. 2), most
of the chemiluminescence is coming from the
large region of vapor-fuel/air mixture in the
leading portion of the jet (Fig. 6). Then,
within 70 ps (5.0° ASI) the’ planar images
show "that the fuel breaks down across the
cross section of the vapor-fuel/air mixture at
the front of the jet, and PAHs (poly-aromatic
hydrocarbons) form throughout this region
(Fig. 7). These planar imaging measurement
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Figure 12. A schematic showing the concep-
tual model of DI diesel combustion derived
from laser-sheet imaging for a typical time
during the first part of the mixing controlled
burn (i.e. prior to the end of injection). The
color coding is the same as that given in Fig.
11.

indicate that the majority of the premixed
burn occurs volumetrically in the fuel-rich
(equivalence ratio 2 - 4) mixture in the leading
portion of the jet. )

At 6.0° ASI, small soot particles appear
throughout large portions of the cross-section
of the downstream region of the fuel jet at lo-
cations that vary from cycle to cycle. These
small soot particles are arising from the fuel-
rich premixed burn. By 6.5° ASI, soot is
found throughout the cross-section  of the
downstream region of the jet.

Also at 6.5° ASI, a diffusion flame forms at
the jet periphery between the products of the
fuel-rich premixed burn (which contain a sig-
nificant quantity of unconsumed fuel) and the
surrounding air. This thin diffusion flame (see
Fig. 9) completely encircles the downstream
portion of the jet (as indicated in the sche-
matic) just prior to the midpoint of the pre-
mixed burn spike in the apparent heat release
rate. In addition, the soot particles become
larger in a thin layer around the jet periphery
(not shown in the schematic), due to some
effect of the diffusion flame. However, it is
important to note that there is no indication of
a corresponding increase in soot concentra-
tion (volume fraction) at the jet periphery with
the formation of the diffusion flame.
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Figure 13 A schematlc of the conceptual
model from Fig. 12 with additional features
(fuel-rich premixed flame, initial soot forma-
tion, soot oxidation, and NO formation zones)
that are indicated by the data but have not
yet been verified. The color coding is the
same as Figs. 11 and 12 except for the addi-
tional colors given in the legend at the bot-
tom.

Through the remainder of the premixed burn,
the jet continues to grow and penetrate
across the chamber, and the soot concentra-
tion continues to increase. By the end of the
premixed burn (9.0° ASI) small soot particles
are present throughout the jet cross section
beginning approximately 27 mm from the in-
jector. Soot particle size and concentration
both increase moving down the jet with the
largest soot partlcles and highest concentra-
tions appearing in the head vortex.

As the combustion transitions to being purely
mixing-controlled, the overall appearance of
the jet shows only moderate changes, as seen
in the ‘10° ASI schematic of Fig. 11. In fact,
the jet appearance remains approximately the
same up through the end of fuel injection, ex-
cept that it grows larger and the soot concen-
trations increase. Figure 12 presents a typical
schematic of the conceptual model during the
mixing-controlled burn, prior to the end of fuel
injection. No attempt has been made to ex-
tend the model beyond the end of fuel. injec-
tlon, because data are insufficient. Tempo-
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" . been added.

rally, the schematic in Fig. 12 follows the last
one in the sequence in Fig. 11; however, the
size is only “representative,” since a real jet
grows across the time period represented. In
addition, the jet boundaries in Fig. 12 have
been drawn with a ragged appearance to

suggest the turbulent nature of a real diesel
jet. '

The -schematics in Figs. 11 and 12 show only
the features of the reacting diesel fuel jet that

have been verified by experiment. Figure 13

- is a reproduction of Fig. 12 to which addi-

tional expected (hypothesized) features have
These additional features in-
clude: 1) a fuel-rich premixed reaction zone
that leads to the onset of small soot particles
throughout the jet cross section at about 27
mm from the injector; 2) a soot oxidation
zone at the diffusion flame; and 3) an NO
formation zone on the lean side of the diffu-
sion flame. A complete discussion of this
conceptual model of DI diesel combustion and
the reasons for these additional expected fea-
tures may be found in Ref. 1.

NO IMAGING DATA

Subsequent to developing the conceptual
model of DI diesel combustion presented in
Figs. 11 - 13, PLIF images have been ob-
tained of the NO molecule distribution in the
reacting diesel fuel jet. Figure 14 presents a
temporal sequence of NO PLIF images (right)
along with elastic-scatter images (left) during
the early stages of DI diesel combustion. The
elastic-scatter images provide a reference to
determine how the combustion is proceeding.
The images were obtained through the cylin-
der-head window using a horizontal laser
sheet as shown in Fig. 3. Because of the
limited field of view, only the leading portion
of the fuel jet can be seen at the left in the
images.

In the elastic-scatter images the bright region
across the center and at the right of the field
of view is Rayleigh scattering from the in-
cylinder air. In the first two elastic-scatter
images, the tip of the fuel jet is entering the
field of view at the left and is evident as a
darker region because the premixed burn is
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Figure 14. NO PLIF (right) and elastic-scatter (left) images in the plane 10 mm below the cylinder head. The
crank angle after TDC exhaust is given at the side of each image, and the field of view is 43 by 33 mm. The num-
ber at the upper right of each image is a relative camera gain.

underway and the gases within the fuel jet
are less dense than the surrounding air. Dur-
ing this initial portion of the premixed burn
there is no signal in the corresponding NO im-
ages at the right. Then, at 353.5°, the elas-
tic scatter image shows a signal in the central
region of the jet indicating the presence of
soot particles, with a very black (low-density)
region around the jet periphery where the dif-
fusion flame has just formed. This image cor-
responds to the 6.5° ASI schematic in Fig.
11. At this crank angle, the NO image now
shows a signal in a horseshoe-shaped region
around the jet periphery. This same general
NO distribution remains through the rest of
the sequence presented. '

These NO image data strongly support the
conceptual model of diesel combustion pre-
sented above. As discussed in the descrip-
tion of the model above, the initial premixed
portion of diesel combustion -is fuel rich
(equivalence ratio of 2 - 4). This results in
combustion temperatures that are too low to
produce NO by the thermal mechanism. Also,
oxygen levels are so low that even the
“prompt” mechanism does not produce NO at
these equivalence ratios [9]. In agreement,
the images in Fig. 14 show no NO signal from
the premixed combustion area. The concep-

. tual model indicates that the only location for

significant NO production up through the end
of fuel injection is at the jet periphery on the
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lean side of the_diffusion' flame as shown in
Fig. 13. It is at this location, where tempera-
tures are high and oxygen is available, that

the images in Fig. 14 show a signal from NO .

beginning with the onset of diffusion combus-
tion.

CONCLUDING REMARKS

The results presented in this article show that
laser-sheet imaging diagnostics have added
considerably to our "knowledge of DI diesel
combustion and emissions-formation. By
combining the data from multiple diagnostics

a fairly complete picture or “conceptual
model” of diesel combustion has been devel-
oped. This model covers the diesel combus-
tion process from the start of injection
through the first part of the mixing-controlled

burn (i.e. until the end of injection). It corre-
lates all of the data of the author and co-
workers and virtually all the other data in the
literature. However, additional work is
needed to extend this conceptual model to
the late stages of diesel combustion and to
determine the effects of walls, swirl, and

changes in operating conditions on the react-

ing diesel fuel jet. :

The recent NO imaging results are in full
agreement with the conceptual model as pre-
sented, and they extend the model by verify-
ing some of the features that were previously
hypothesized. -
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