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In this work we demonstrate that the progress of the combustion cycle in a four-cylinder
(in-line) 1.9 1 direct injection Diesel engine can be studied effectively using different laser
visualization techniques. Direct optical access to the piston bowl was facilitated by inserting
quartz windows in one of the pistons. The flow field at the time of injection was characterized
by seeding the flow and illuminating the piston bowl with a laser light sheet. Fuel spray
development, auto-ignition and flame propagation in a Diesel cycle were followed by laser
shadowgraphy and high speed cinematography while simultaneous laser induced fluorescence
(LIF) and Mie scattering images were taken to distinguish the fuel distribution in the liquid
and vapor phase. In addition, two dimensional distributions of OH and NO, formed during
n-heptane /air combustion in the same engine, were recorded in the pressure range 5 to 50
bar by LIF following narrowband excitation using tunable excimer lasers. Finally, further
work, designed to obtain quantitative images and hence data for comparison with model

calculations, is outlined.

Introduction

In spite of the high efficiency already achieved
by Diesel engine technology, there is still potential
to reduce emissions of soot, NO, and COy by im-
proving fuel consumption even further, in order to
meet increasingly stringent requirements for future
ultra-low emission vehicles (ULEV). To do this, it
is essential to improve our detailed understanding
of the processes occurring during Diesel combus-
tion, by both experimental determination of key pa-
rameters and comparison with model calculations.®
For instance, knowledge of the flow field (in par-
ticular during injection) in the combustion chamber
is critical for mixture formation in the engine. Mea-
surements of the fuel distribution in both liquid and
gas phases at various stages of the engine cycle must
be carried out in order to understand spray behav-
ior, mixture formation, self-ignition and flame prop-
agation. The distribution of key transient species such
as the OH radical, which can serve to monitor the
progress of combustion, and pollutants such as NO
should also be determined. Finally, it is essential
to obtain temperature fields and correlate these with
species distributions.

Diesel combustion is a turbulent, two-phase, dif-

fusion-controlled process which can be investigated
most effectively by recording the instantaneous
structure of flow field parameters using multidi-
mensional visualization methods with high temporal
and spatial resolution. Recent publications have de-
scribed applications of nonintrusive techniques such
as laser schlieren,® laser shadowgraphy,%4-% par-
ticle image (or tracking) velocimetry,”® 2D-LIF (laser
induced fluorescence,” " and Mie
scattering:"’g’10‘15’16 in engine combustion, using laser
light for illumination or excitation of species of in-
terest. For the 2D-LIF detection of OH,%'®1%!
0,,'* NO™ and other molecules, tunable, high
power UV-excimer lasers are available which allow
specific excitation and single-shot imaging of these
key species.

In this work we have followed the progress of
fuel injection, vaporization, autoignition and com-
bustion in a transparent DI Diesel engine by direct
visualization. Flow fields were obtained from laser
light sheet experiments. Using Diesel as fuel, spray
propagation, autoignition and combustion were vis-
ualized with high temporal resolution using laser
shadowgraphy in conjunction with high speed cin-
ematography. However, the shadowgraphy tech-
nique only provides limited information on the in-
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homogeneous mixture field. Because Diesel fuel
already contains fluorescing components, LIF in the
UV can be used to monitor the fuel distribution in
the liquid and vapor phase. By detecting fluores-
cence and (Mie) scattered light separately, liquid
droplets can be distinguished from the vapor fuel.
In the second part of this study, OH and NO,
formed during combustion of n-heptane/air mix-
tures were detected by 2D-LIF. In this case, n-
heptane was chosen as fuel since it is frequently
used for modelling purposes and because it is well-
characterized (e.g. with respect to spray behavior,
ignition mechanism).

Thus by combining a variety of laser visualization
techniques one can expect to obtain complemen-
tary information on different aspects of Diesel com-
bustion and ultimately, to build up a data basis for
development and verification of combustion models
for Diesel engines.

Experimental

Measurements were performed on a four-cylin-
der (in-line), 1.9 1 direct injection Diesel engine (Fig.
1), modified to allow direct optical access of a laser
light sheet to the piston bowl. For access of the
laser light sheet, quartz plates were inserted into
the top of one of the four pistons (Fig. 2). The com-
bustion system is characterized by a swirl inlet port
and a centrally located, five-hole injection nozzle.
Measurements on Diesel combustion were per-
formed at an engine speed at 2000 rpm, whereas
those using n-heptane as fuel were done at 1000
rpm.

Using n-heptane as fuel, the engine could be op-
erated for many minutes before the windows be-
came obscured with soot. Thus the detection sys-
tem could be adjusted during operation. On the
other hand, with Diesel as fuel, all windows were
covered with soot within a few seconds.

Flow Field Visualization:

To observe the temporal development of the flow
field, the air flow was seeded with lycopodium spores
(mean diameter ca. 36 wm) in the intake manifold
and the area of the combustion bowl illuminated
through quartz glass windows in the cylinder wall
and the piston crown. For this purpose, light from
a 20 W cw-argon ion laser was formed into a light
sheet using a cylindrical lens. The movement (path
lines) of the spores was filmed with a high speed
camera (~4000 frames/sec) through the window in
the piston bowl bottom and a fixed 45° mirror in-
serted from the side.
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Fic. 1. 1.9 | direct injection Diesel engine: C =
cylinder head; W = quartz windows for optical ac-
cess; E = elongated piston; K = crank case.

Laser Shadowgraphy:

For these experiments, the combustion chamber
was illuminated from below with a diffuse, pulsed
(~us) laser beam via the piston crown and the plane
reflecting surfaces at the cylinder head (Fig. 3). The
camera was operated at 8000 frames/sec, giving a
temporal resolution of 125 us from frame to frame,
corresponding to 1.5° crank angle at 2000 rpm en-

Bowl windows

Side window

Intermediate housing Piston window

Fic. 2. Arrangement for optical access to the
combustion chamber.
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F1G. 3. Set-up for shadowgraphy experiments.

gine speed. The fuel sprays were observed as dark
clouds on a bright background and following igni-
tion, flame luminescence during combustion was also
recorded.

2D-LIF and Mie Scattering:

XeCl-excimer laser light at 308 nm (20 m]) was
used to excite broadband fluorescence in the fuels.
For excitation of OH and NO produced in n-hep-
tane/air combustion, excimer lasers at 248 nm (10
m]) and 193 nm (6 m]) respectively were employed
in the tunable mode. The rectangular laser beam
was shaped into a light sheet, 1 mm thick (0.5 mm
for OH measurements), 10 mm wide.

The set up for 2D-imaging is shown in Fig. 4.
LIF and Mie scattering images were recorded si-
multaneously using beam splitters to direct the light
to two separate CCD cameras. The image intensi-
fiers of the cameras could be gated by a trigger cir-
cuit. It was verified that by using gate times of 50
ns, flame emission could be completely suppressed.

T Pulse/delay
L L ™

L Excimer ——:q>11 {
laser A

B litt:
eom = e'\ Fitter 1
Gated
camera
mzm filter2
Image [%
processing
Gated
cCD
camera

FiG. 4. Set-up for LIF/Mie imaging.
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FIG. 5. Pressure history for a typical Diesel cycle
(engine speed 2000 rpm, fuel mass 8 mg injected
per cycle. TDC = top dead center; SOI = start of
injection; max. engine pressure 46.7 bar; max. pipe
pressure 250 bar.

Images could be recorded at the operating speed
of the engine using video recorders, so that essen-
tially for every cycle one pair of pictures could be
recorded.

For fluorescence imaging of NO, the D*3-XI1
transition, (0, 1)-band near 193 nm was excited. Part
of the laser energy was coupled out and passed into
a Bunsen burner flame doped with NO. The LIF
signals from the burner and from the engine were
monitored simultaneously. In this way, one could
tune the laser onto resonance with hot NO absorp-
tion lines and also discriminate against O, bands.
Rayleigh/Mie scattering was suppressed about a
factor of 10° using several filters. Similarly, the KrF-
excimer laser was tuned on to the (3, 0) band of
the OH(A23-X2IT) transition at 248 nm; the Py8)
rotational line was excited because it is nearly in-
sensitive to temperature over a wide range (1300—
3000 K). Fluorescence was detected using a Schott
filter WG280.

Results and Discussion

Figure 5 shows the in-cylinder pressure as a
function of crank angle for a typical cycle with Die-
sel fuel, for an engine speed of 2000 rpm and a fuel
mass of 8 mg injected per cycle. At this speed, 12°
crank angle correspond to 1 ms. In the first phase,
air flows through the swirl port and the inlet valve
into the cylinder and acquires a rotational moment.
After intake, the piston rises and the air is com-
pressed; the fuel is then injected under high pres-
sure into the swirl flow, beginning approximately 2°
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F1G. 6. Cycle-averaged flow field at the time of
injection (engine speed 2000 rpm, motored), plane
5 mm below the cylinder head.

before top dead center (BTDC). The onset of com-
bustion causes a pressure increase above the
compression curve that is converted into mechani-
cal work. It should be noted that the transparent
version of the DI diesel engine has a slightly lower
maximum compression pressure than the standard
engine; this leads to an increased ignition delay.

Visualization of the Flow Field:

A frame-by-frame analysis of a large number of
cycles of the flow field in the piston bowl was made
to obtain the cycle-averaged flow field by particle
tracking. Only the mean velocity field can be pre-
sented because of the small number of useful path
lines extractable from each picture. Results for the
plane 5 mm below the cylinder head at the time
of injection (Fig. 6) show a well-defined swirl flow.
In the middle and outer regions of the piston bowl
the velocities are in the range 9-14 m/s. At the
end of the compression phase, the swirl is influ-
enced by squish.

Visualization of Fuel Injection, Autoignition and
Combustion in Diesel Combustion:

The field of view in the piston bowl, shown in
Fig. 6, gives the orientation standard for all exper-
iments described in this work. The strength of the
interaction between the swirl flow in the combus-
tion chamber and the fuel during injection depends
on the engine speed and the injected fuel mass.
The fuel vapor is carried along by the transverse
flow, whereas the droplets at the point of mea-
surement, because of their inertia, fly nearly un-
affected to the walls. The shadowgraphy results vis-
ualize the liquid and dense vapor, integrated over
the bowl depth. Figs. 7a, b show the propagation
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a) 0.2° ATDC b) 3.2 ° ATDC

c) 7.8 ° ATDC

FiG. 7. Laser shadowgraphy results, Diesel cycle
(2000 rpm).

of the fuel sprays from the five-hole nozzle (cen-
tered in the bowl). It is seen that the single sprays
differ considerably in shape and propagate at var-
ious speeds. The wall of the combustion chamber
is reached by all sprays, though at slightly differing
times.

Autoignition and combustion were observed dur-
ing the same cycle (Figs. 7c, d), as manifested by
the bright emission of soot particles. Autoignition
occurs close to the nozzle at several positions and
at times differing by up to 0.5 ms within one cycle.
Later, as well as propagation and growing together
of the various flame areas, non-combusting regions
can be discerned. In the late combustion phase, the
compact flame areas fall into several small hot re-
gions. The last emission was observed at about 40°
ATDC. '

The fuel distribution was also followed by Mie
scattering and LIF. For the images, a scheme of
grey shades, corresponding to eight intensity re-
gions was assigned. Mie scattering images taken at
crank angles up to 15° ATDC show progressively
weaker signals as the fuel droplets evaporate. At 15°
no Mie scattering was observed, showing that evap-
oration of the fuel was complete. The LIF and Mie
images at 5° ATDC are compared in Fig. 8. The
strong signal in the lower part of the images must
be due largely to liquid fuel, since it appears in
both fluorescence and Mie images, whereas the sig-
nal just to the left must be due to fuel vapor, be-
cause it is only present in the fluorescence image.
Also, it can be seen that the vapor has been swept
around in the direction of the swirl. The reproduc-
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FiG. 8. LIF/Mie scattering images, Diesel cycle
(2000 rpm) at 5° ATDC. The white disc represents
the injection nozzle. a) single-shot; b) average of 32
images. The direction and boundaries of the light
sheet are marked and are the same for a) and b).

ibility of the images at this stage is evident from
the averaged picture. It will be noticed that some
signal is obtained beyond the width of the light sheet
that enters the chamber; this is due to a) diver-
gence of the light sheet (caused by the sandwich
window) and b) multiple scattering resulting from
the relatively strong illumination of the piston bowl.

Visualization of n-Heptane Combustion:

Reasons for using n-heptane as fuel were men-
tioned at the beginning of the paper. However, it
has to be pointed out that combustion of n-heptane
differs from that of Diesel fuel in a number of ways
which were discussed in detail elsewhere.* The ig-
nition delay can be about twice as long, allowing
time for better fuel/air mixing. As a result, flame
emission is much weaker and far less soot is formed.
At the engine speed of 1000 rpm and injected fuel
mass of 5 mg, the maximum pressure was 50 bar
and injection began at 7° BTDC.

The OH radical was detected previously in Otto
engine combustion®'*'%* and is a key indicator
for the detailed chemical kinetics of combustion.
Fluorescence of OH was first detected at 0.2° ATDC
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at pressures close to 50 bar with remarkably low
off-resonance (background) signals; good fluores-
cence intensities were obtained up to 23° ATDC.
Fig. 9 shows typical single-shot images (for two dif-
ferent cycles) at 2° ATDC, which were nearly free
of background. Using such information, the time
and location of autoignition can be determined more
exactly than from flame emission. However, for
quantitative analysis of OH images, information on
quenching of the OH(A%, v’ = J) state in the rel-
evant pressure range will be needed. At atmo-
spheric pressure, the signal is reduced by only 10%
by quenching effects,!? but at pressures in the en-
gine, much stronger effects are expected.

Nitric oxide is formed in the later stages of the
combustion process.'® 2D-LIF images of NO were
obtained which allowed the spatial and temporal
development of the NO distribution to be followed
qualitatively as a function of time. Figure 10 shows
images averaged over 30 shots, taken at approxi-
mately 5 and 10 bar respectively. Background sig-
nals were determined by tuning the excimer laser
off resonance and were subtracted. In contrast to
OH, the NO signals depend strongly on the tem-
perature since high energy levels are excited.
Quantitative evaluation of the fluorescence signals
will also require consideration of quenching of the
D23 state of NO, on which so far very little data
are available.

Conclusions

In summary, the results presented have dem-
onstrated successfully the application of light sheet
techniques in a production-like engine and provide
usefu! insight into the processes occurring during a
Diesel cycle. First, the flow field was character-
ized. Fuel spray propagation was visualized by both
shadowgraphy and simultaneous LIF and Mie scat-
tering. From the onset of flame emission in the
shadowgraphy films, the ignition delay and location
can be established, while vaporization can be ob-
served by comparing LIF/Mie images. However,
because Diesel fuel is a very complex mixture of
components, some of which fluoresce, the images
observed must be considered qualitative. Fluores-
cence quenching effects cannot be accurately as-
sessed in this situation. A more quantitative mea-
sure of the fuel distribution could be obtained using
a single-component (non-fluorescing) fuel with a
suitable fluorescent dopant. This idea was demon-
strated recently in experiments in an engine sim-
ulator where acetaldehyde was used to mark the
fuel distribution and flame front in propane/air
combustion.™® In Diesel engine combustion, detec-
tion of OH and NO was possible by 2D-LIF at
pressures up to 50 bar, though further information
(e.g. on temperature fields and quenching effects)



1610 DIAGNOSTIC METHODS
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FiG. 9. 2D-LIF of OH (on the P,(8) resonance.), (single-shot images, for two different cycles) detected
during the n-heptane cycle (1000 rpm) at 2° ATDC.

f
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Fic. 10. 2D-LIF of NO, detected during the n-heptane cycle (1000 rpm) at a) 47° ATDC, 10 bar b)
65° ATDC, 5 bar. 30 images averaged in each case.
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is needed to be able to evaluate the images for
model validation. Quenching measurements at high
pressures and temperatures are underway in our
laboratory using the ultrafast excitation/detection
techniques used by us in recent years.!® A more
robust picosecond system is planned to allow in-situ
determination, in the engine, of quenching rates
along a line.

Having obtained sufficiently quantitative results,
the next step would be to compare these data with
model calculations, also performed also within the
framework of the IDEA project.
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COMMENTS

Dr. E. Hassel, Technische Hochschule Darm-
stadt, Germany. (Similar comment submitted by
William McLean, Sandia National Laboratories,
USA.) 1. Flow field visualization. Is it correct that
the determined 2D velocity field is conditioned at
each location on the velocity component perpen-
dicular to the 2D plane?

2. Quantitative data from 2D LIF images require

to take into account attenuation and scattering of
the laser plane by droplets and soot and inhomo-
geneous illumination by the laser and dirty win-
dow. How do you propose that these problems can
be eliminated?

Author’s Reply. 1. The determined 2D flow field
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is a cycle averaged analysis of the 2D projection of
the 3D velocity vectors onto the light sheet plane.

2. The attenuation of the laser light sheet can be
taken into account by measuring the spatially re-
solved intensity distribution of the light sheet be-
fore entering and after exiting the engine. Fur-
thermore it is possible to decrease spoiling of the
windows by lubrificants significantly by using e.g.
graphite rings and therefore avoid the lubrificants
at all. The intensity distribution in the light sheet
has been measured in the engine by recording LIF
images of a suitable gaseous dopant, added to the
air intake. This showed of course a significant
broadening by light scattering at the fuel droplet,
therefore there are principal limitations to extract
quantitative data. However, the qualitative data (see
Fig. 8) give useful insights in details of the com-
bustion process. Using n-heptane as fuel, the ig-
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nition delay is longer, thus allowing more time for
measurements. And also the formation of soot is
decreased drastically.

Derek Dunn-Rankin, University of California, Ir-
vine, USA. You showed a figure comparing LIF from
the liquid fuel and fuel vapor that showed fuel va-
por swept clockwise from the liquid fuel by swirl.
Why is the same feature not visible in all fingers
of fuel spray?

Author’s Reply. The injection nozzle is tilted; thus
not all the fuel sprays reach the light sheet plane
at the same time. This can also be seen in the sha-
dowgraphy images of Fig. 7. Also by comparing
single shot and averaged images, this effect of the
swirl flow is shown to be systematic.



