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ABSTRACT
The processes of soot formation and oxidation are still not well understood in modern small size Diesel engines.
Tail-pipe emission studies are useful to reach emission standards but they do not contribute much to the
understanding of the in-cylinder soot formation and oxidation processes. In-cylinder gas sampling techniques
provide quantitative information about the soot concentration in the sampling volume. Laser-induced
Incandescence (LII) is particularly suited to measure the instantaneous spatial distribution of the soot volume
concentration. However, LII has to be calibrated. Using quantitative gravimetric sampling for calibration of LII,
the advantages of both techniques are combined. For this purpose a test engine is equipped with a gas sampling
valve.
LII measurements of the soot distribution in a realistic small size passenger car Diesel engine are performed. The
fuel injection system consists of a state-of-the-art common rail injector with a six hole nozzle. A glass piston
bowl inside an elongated piston permits optical access to the combustion chamber. The bowl shape is close to the
omega form and allows to introduce a horizontal laser light sheet through a small cylindrical area. Thus the soot
distribution inside the bowl can be measured. The soot above the piston bowl can be visualized as well. From
this a three-dimensional impression of the soot distribution can be obtained. Simultaneous detection of flame
luminosity of the soot gives further information about the location of soot outside the LII detection plane and
about temperature gradients.
The results for a low engine load case without EGR are presented. Under these conditions LII could be measured
during the full combustion process and could give essential insight into the soot production and oxidation in a
small size Diesel engine. Quantitative LII and flame luminosity images over the course of soot production and
oxidation are depicted.
Furthermore the conditions and problems of LII for quantitative in-cylinder measurements in a D.I. Diesel
engine will be discussed. The choice of excitation and detection conditions are addressed. Major difficulties arise
due to the extinction of both, the laser beam and the LII signal. To conduct successful engine measurements the
transmission of the soot cloud for the laser beam has to be high enough to ensure weak LII signal dependence on
the local laser energy. The attenuation of the signal itself by the soot between the measurement plane and the
piston bowl surface is an additional source of errors.

Figure 1: Three-dimensional impression of soot distribution in and above the bowl at 31 °CA a. TDC
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1.

INTRODUCTION

Diesel engine exhaust particles contribute substantially to ambient air pollution from particulate matter (PM).
PM can create disease reactions in the respiratory and in the cardiovascular system. The particles are structured
like follows. On the surface of a carbon core, which consists of soot and black smoke, unburned fuel and PAHs
(polycyclic aromatic hydrocarbons) are absorbed. Even though number and size of soot particles depend on the
engine, fuel and operating conditions, the mean diameter range of the agglomerated soot particles lies in the
range of 0.01-0.3 µm. These particles can readily be inhaled and partly deposited in the lung. Consequently,
there is a large interest in lowering particulate emissions of diesel engines, which is supported by increasingly
strict emission standards.
Due to modern injection strategies and combustion chamber shapes particulate emissions were strongly reduced
in the last years. Furthermore, particulate traps allowed to limit the emissions. All this progress was primarily
accomplished without detailed knowledge of the spatial and temporal processes of particulate formation and
reduction. With the means of modern laser-imaging diagnostics it is possible to investigate combustion inside an
engine without disturbing or influencing chemical reactions. Results of these investigations can contribute to a
better understanding of the pollution formation and thereby to a faster achievement of lower emissions. In
addition to this, they allow validation of numerical simulation results. Latter can help to save time and money in
order to find engine configurations with good efficiency and low emissions.
Of the numerous optical laser techniques feasible in the study of soot formation in combustion environments,
those based on optical extinction have been used more often. One of the benefits of laser extinction is the relative
simplicity of application and data evaluation. However a restriction of laser extinction is the fact that since
nonuniform concentration fields can not be resolved the results are path integrated. The only possibility to
determine spatially resolved results are tomographic inversion routines in axisymmetric and planar flame
configurations.
The lack of spatial resolution can be overcome by laser sheet imaging. In contrast to scattering, which gives a
signal strongly changing depending on the structure of the aggregates and the number of primary particles in the
aggregates, Laser Induced Incandescence (LII) showed an approximate proportionality to soot volume fraction fV
in numerical studies (Melton, 1984) and different experimental investigations (Vander Wal and Weiland, 1994).
Comparison with laser extinction results of laminar diffusion flames was encouraging (Shaddix and Smyth,
1996).
The basis of the LII method is heating of the combustion soot with a powerful pulsed laser. The soot particle
temperature increases rapidly within the laser pulse and reaches a level where vaporisation sets in (above 4000
K). During this period the temperature differences between soot particles are minimized and the collected
radiation signal becomes a measure of soot concentration. Even though the method is nonintrusive and allows insitu measurements in flames, exhausts and engines, the absorbed energy produces changes in soot morphology
and thus optical properties (Vander Wal and Jensen, 1998). It is disadvantageous that calibration with another
method is necessary for quantification. Frequently, laser extincion was employed for the calibration (Axelsson et
al., 2000; Axelsson et al., 2001; Geitlinger et al., 1998; Bryce et al., 2000; Zhao and Ladommatos, 1998).
Instead of using an optical technique, gravimetric sampling (GS) as an alternative makes the calibration
procedure independent of optical properties, like the complex refractive index. A problem, which can arise, is
that the sampled material is different from the soot probed by LII. In addition, other organic material than soot is
collected in the gravimetric filtering process.
In the current study, LII was utilized to measure the soot concentration field in an optically accessible D.I. Diesel
engine. The engine could also be equipped with a “fast-acting” gas sampling valve, which was especially
designed for sampling of hydrocarbons and soot. Calibration of the LII with GS was conducted for a low load
and low speed operating point without EGR.
The following section describes the background of LII measurements in Diesel combustion, primarily incylinder investigations. Then, the engine and the gas sampling valve as well as the operating conditions and the
optical set-up are described. Finally, the results of calibration, LII measurements, and flame luminosity are
presented and discussed.
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2.

LASER INDUCED INCANDESCENCE APPLIED TO DIESEL COMBUSTION

An overview of Laser Induced Incandescence utilized for in-cylinder soot measurements in Diesel engines is
included in the review by Zhao and Ladommatos (1998). Dec et al. (1991) were one of the first, who employed
LII for two-dimensional visualization of the soot distribution inside the combustion chamber of a D.I. Diesel
engine. The measurements were done in an optically accessible heavy-duty DI diesel engine. The injector and
the piston crown were modified, so that the laser could reach the imaged fuel region with little attenuation.
Based on several studies with different optical laser diagnostics early and late stages of diesel jet combustion in a
quiescent atmosphere have been described (Dec and Espey, 1995; Dec, 1997; Dec and Kelly-Zion, 2000). In
these studies, low sooting fuels were chosen in order to minimize laser attenuation in the LII measurements. No
attempt of calibration of the LII images was made.
Pinson et al. (1993) explored the soot characteristics in a D.I. Diesel engine by LII and Light Scattering.
Calibration of LII and Light Scattering was obtained by comparison with well-established data from a laminar
diffusion flame. The engine utilized an inverted geometry. The injector was located in the piston and the bowl
was integrated in the cylinder head. LII and Light Scattering images in three different measurement planes from
2 °CA to 50 °CA ATDC in 2 °CA steps were acquired. From this, the soot volume fraction, particle size and
number density were determined.
Using a diffusion flame as calibration source, Wiltafski et al. (1996) performed quantitative LII measurements of
a combusting Diesel jet. Conditions similar to those within a diesel engine were obtained in a pressure chamber.
Elevated pressures and temperatures of a Diesel engine were achieved by premixed combustion of hydrogen.
EGR could be simulated by reduction of the partial pressure of oxygen in the pre-combustion gases (H2, O2 and
N2). Temporal sequences of quantitative LII images without and with 25% EGR were shown in the results. The
measured values of soot volume fraction agreed reasonably well with the measurements of Pinson et al. (1993).
Inakagi et al. (1999) used LII not only for visualization of soot concentration, but also for determination of the
particle size utilizing the ratio of LII signals at two different wavelengths. A scheme for the correction of the
influence of laser attenuation on the local LII signal intensity was also derived. The single cylinder Diesel engine
allowed measurements from the bottom to the top of the combustion chamber. Therefore, a correction of the
attenuated LII signals in the higher layers could be performed measuring LII in different layers. Without
absorption correction for the LII signal the soot concentrations showed errors of up to 100%.
A simplified engine design composed of a combustion chamber with a single-nozzle injector providing a good
optical access was established by Bruneaux et al. (1999). Different techniques were employed to investigate the
spray and combustion processes. LII was used to visualize the soot concentration distribution of the burning
Diesel jet. The influence of different injection pressures, fuel injection timings and EGR was investigated. No
efforts were made to calibrate the results. Simulated EGR with nitrogen produced lower local instantaneous soot
concentrations in the engine than without EGR. This outcome is consistent with results of Wiltafski et al. (1996)
for the early combustion times.
Instead of applying LII for visualization of the soot distribution during combustion, it can be used for exhaust
particulate matter measurements. Hofeldt (1993) was the first who present the theoretical basis of LII as a
technique for real-time soot concentration measurements in engine exhaust. Numerical calculations showed the
capability of LII to measure soot masses in engine exhausts. However, the technique probes only dry carbon
mass concentrations. Comparison of LII with gravimetrically sampled soot mass concentrations in diesel engine
exhausts demonstrated good agreement (Case and Hofeldt, 1996).
An other research group (Snelling et al., 1999; Snelling et al., 2000) conducted exhaust measurements in a
specially designed sampling cell, which was inserted between a dilution tunnel and a mass filter for gravimetric
sampling. The exhaust passed the dilution tunnel first, then the sampling cell, where the LII signal was acquired,
and finally the filter, in which the particulate matter was captured. The results showed high repeatability of the
LII measurements, in contrast to the standard gravimetric filter technique. The correlation between LII and filter
mass measurements over a range of operation conditions was good.

3.

EXPERIMANTAL SET-UP

3.1 Engine and Gas Sampling Valve
The engine is based on a four cylinder production engine (Figure 2). Optical access is offered to the fourth
cylinder by three windows and a glass piston bowl. The injector is positioned vertically and has a six hole
nozzle. The combustion bowl is concentric with the cylinder axis.
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The cylinder head is disconnected from the crank case by a
spacer with four posts in order to allow the engine to be
equipped with an elongated piston. A mirror, which permits
visualization of combustion, can be placed below the quartz
piston bowl from outside in the slotted extended piston. The
geometry of the glass piston bowl is close to a realistic ωbowl. Optical distortions of the bowl pip are reduced by a
spherical surface. The cylinder liner can be lowered so that
the piston bowl can be cleaned. The liner as well as the side
windows are clamped, to allow fast dismantling of the
window and lowering of the liner. The glass piston bowl is
positioned in the lower part of the piston crown and fixed
with a “cap nut”.

Figure 2: Transparent Diesel engine
Table 1: Engine geometry and features
Bore

79.5 [mm]

Stroke

95.5 [mm]

Displacement

0.474 [dm3]

Compression ratio

16.5

Swirl ratio

1.75

Fuel

Standard Diesel (CZ 54)

Fuel injection equipment

Bosch Common Rail, 6
holes, hydro-eroded,
HD 350 cm3/30s

Through the glass bowl window the complete bowl
volume and some part of the squish zone are visible.
Only the outermost region of the squish zone can not
be seen. The piston bowl has cylindrically grinded area,
which is 3 mm high. The “cap nut” has two opposite
slits on the height of the cylindrical area, through
which a laser beam or horizontal sheet can enter and
leave the bowl volume. Thus, laser measurements
inside the bowl are possible. The engine characteristics
can be found in Table 1.

Figure 3 shows the flat seat gas sampling valve, which
is hydraulically actuated. This “fast-acting” gas
sampling valve is especially designed for the sampling
of gaseous components and soot. The shortest opening duration is approximately 1.0 ms. Due to the relatively
long sampling time temporal concentration gradients are smoothed and the position of maxima can be shifted.
The collected sample is directly diluted by Nitrogen at the valve tip, whereby post reactions can be avoided. The
valve tip has a diameter of 6 mm. The needle lift can be continuously adjusted between 0 and 0.5 mm. The walls
of the valve are heated to about 350 °C. This prevents HC-adsorption and soot deposition on the walls of the
probe tubes. In order to get a measurable amount of soot for gravimetric investigations onto the filter, hundreds
of probes are taken at the same crank angle in consecutive cycles.

Figure 3: Gas sampling valve

3.2 Operating Conditions
The engine conditions at the investigated operation point in this work are summarized in Table 2. These
characteristic values are the result of thermodynamic tuning of the transparent diesel engine following the 4cylinder real engine, the basis of the optical engine. The target of the optimization of the optical engine was to
achieve the same power output with identical timing and level of cylinder pressure. In addition, the engine
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emissions should be similar. Thus, it can be assumed that the thermodynamic conditions during combustion of
the transparent and real engines are alike. Therefore the measurements give results, which derive from operating
conditions representative for conventional engines.
Table 2: Conditions for the investigated operating point
Engine speed

1610 rpm

Indicated mean
effective pressure
Manifold pressure

3,0 bar
1,40 bar

Manifold temperature

40 °C

EGR

--

Rail pressure

800 bar

Pre injection

Main injection

Start

131,6 °CA a. BDC

Duration

1,85 °CA

Volume

∼1,6 mm3

Start

181,1 °CA a. BDC

Duration

3,7 °CA

Volume

∼8 mm3

The good agreement between real 4 cylinder engine and transparent single cylinder engine can be seen in Figure
4, where pressure traces are compared. In order to achieve similar pressure traces the manifold temperature and
pressure had to be increased for the optical engine. Also, the amount of injected fuel had to be slightly higher
than in the real engine.
As can be seen in Figure 4, there is a difference between measurements with optical components and the gas
sampling valve. The engine could not be operated with the glass parts for the gas sampling, since sampling times
of about 3 to 5 minutes were necessary to get high enough soot loads on the sampling filter. The glass parts are
not constructed for such long operation times. Thus, the quartz windows and the glass piston bowl were replaced
with metal substitutes. An aluminium bowl identical in shape was placed in the piston crown instead of the glass
bowl. The resulting compression ratio was slightly higher than with the glass bowl. This was compensated by a
lower manifold pressure, so that time and height of maximum pressure were identical (see Figure 4).

Figure 4: Pressure traces for multi-cylinder and transparent engine
A critical point in optical Diesel engine measurements is window blinding, mainly by soot deposition. Hence, the
optical LII measurements are temporally limited to a certain number of consecutive fuel injections. On the other
hand, the engine needs a number of fired cycles to reach a nearly steady state. For the optical measurements a
compromise between these two factors was found. Before each measurement the engine was heated to its
operation temperature by a water circuit. Afterwards, all parameters like manifold temperature and pressure and
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fuel injection timing were adjusted. The number of cycles with injection was set to 40 and 20 consecutive optical
measurements were performed from the 21st to the 40th engine cycle. In this range the indicated mean effective
pressure (imep) and the ignition delay almost reached their constant operating levels (see Figure 5). In addition,
the piston window fouling was still small enough to measure the soot distribution by LII.

Figure 5: Start-up performance of the optical measurements (indicated mean effective pressure (imep) and
ignition delay)

3.3 LII set-up
Figure 6 illustrates the optical layout. A pulsed frequency-doubled Nd:YAG laser at 532 nm is used as the
excitation source. The laser beam with a gaussian profile is formed into a horizontal sheet with a width of 40 mm
and a thickness of about 0.3 mm by cylindrical lenses. To generate this small thickness a lens with a long focal
length (f = 1000 mm) was used. The focus was adjusted in the middle to the combustion chamber. For
compensation of the curvatures of the windows and the piston bowl another lens is inserted into the optical path.
Finally, the light sheet has a width of about 20 mm inside the cylinder. The exact width of the sheet changes
when measurements in or above the bowl are performed. The laser sheet behind the engine is weakly focused on
an energy detector. The detector is mainly used for the adjustment of the laser energy before every measurement.
Secondly, it allows to judge, wether the laser transmission is high enough during measurements to ensure an
illumination of the soot in the measurement volume with a laser fluence above the threshold.

Figure 6: Schematic of optical set-up
A mirror, placed into the elongated slotted piston, directs the LII signal and the natural thermal radiation signal
of the non laser heated soot onto an intensified CCD camera. Optics with appropriate filters are placed in front of
the camera. The imaging optics consists of two optical paths. One is used for LII and the second for visualization
of the soot radiation, which is integrated over the chamber. The LII-signal is isolated from the other soot
radiation by means of a band pass filter, which transmits only light between 380 and 450 nm wavelength. In this
6

wavelength interval, contributions from flame luminosity to the LII signal are relatively small and the LII signal
is still high enough to be detected. A second filter set of two long pass filters (Schott RG 695 and RG 715) is
utilized to detect the radiation of the non laser heated soot. Since the flame radiation is captured simultaneously
to the laser pulse the LII signal contributes to the flame radiation signal. A correction of flame radiation by
subtraction of the LII signal was done by data processing. Flame luminosity images with and without laser
irradiation were taken in order to determine a scale factor, with which the LII images were multiplied before
subtraction.
The laser fluence is set to approximately 1.0 J/cm2 in all measurements. This is well above the threshold value
for a gaussian beam, above which an almost constant LII signal level can be obtained. The combination of the
chosen wavelength band and laser fluence avoids interferences coming from C2-radicals and polycyclic aromatic
hydrocarbons (PAH). The resolution of the CCD chip was reduced by 4x4 binning, resulting in a shorter read out
time and a picture of consecutive engine cycles. Thus, the resolution of the LII and flame luminosity images was
0.85 x 0.85 mm2 per pixel.

3.4 Calibration via Gravimetric Sampling
Figure 7, a schematic sketch of the side and top view of the piston bowl, shows the position of the laser light
sheet inside the piston bowl, the location of the sampling valve and the positions of the fuel jets. As can be seen,
the sampling volume lies between two fuel jets. The influence of the valve on spray development and the early
combustion process is minimized by doing this. Furthermore, HC contamination of the sampled soot probe can
be overcome. The swirl is directed clockwise, as can be seen in the top view in Figure 7.
After the measurements the filter with the soot load was
weighed and the soot mass was determined. With the
known mass of soot and the measured sampling volume
flow the soot mass per volume air under standard
conditions was calculated.
Soon after self-ignition of the fuel mixture the soot
concentration gradients are very high. Thus, a later crank
angle position for calibration was chosen, where a more
homogeneous soot field was existent and the laser sheet
could be adjusted above the piston bowl close to the valve
tip.
Since the flow rate of the nitrogen-diluted sampled gas
mixture was measured with gas meters under standard
conditions, the sampling volume under in-cylinder
conditions had to be calculated from the measured
cylinder pressure and the corresponding temperature.

Figure 7: Sampling valve volume and light sheet
position, a) side view, b) top view

With the assumed sampling position and the calculated sampling volume an area was selected in the LII images
which corresponded approximately to the gas sampling volume position. Soot volume fractions in the LII images
are calculated from the soot mass per volume air under in-cylinder conditions, measured by gravimetric
sampling, using a soot density of 1.8 g/cm3.

4.

RESULTS

First, the determination of the calibration constant C is discussed. C is defined as the proportionality constant,
which relates soot volume fraction values to the counts in the LII images. Two crank angle positions from the
taken LII images, 24 °CA and 31 °CA a. TDC, are considered as calibration points. 24 °CA a. TDC is the earliest
time, for which the laser light sheet can be adjusted above the piston crown. Figure 8 shows three contour plots,
each representing an image obtained by averaging 20 single-shot LII images. In Figure 8a, the LII signal
distribution at 24 °CA a. TDC is shown and in Figure 8b and 8c two different LII images taken at 31 °CA a.
TDC are depicted. Very similar levels and structures of signal intensity of the measurements at 31 °CA a. TDC
confirm the reproducibility of the LII measurements.
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The width of the light sheet as well as the bowl contour are outlined in Figure 8, too. A small cross indicates the
center of the bowl. Further, a small gray spot marks the chosen calibration volume. The exension of the small
cross on gray spot indicates a horizontal shift of the sampling position. Small side views of the piston bowl with
approximate positions of the sampling valve and the laser light sheet are pictured below the contour plots. The
bar diagrams in Figure 8 show the calculated calibration constant C for varying assumed sampling positions
(numbered from 1 to 5). The numbers correspond to different assumed positions of the sampling volume (gray
spot), which is represented by the filled spot superposed by a cross at the bottom of Figure 8.
Calibration constants were calculated by comparison of the LII measurement at 24 °CA a. TDC with the
gravimetrically sampled soot mass at 25 °CA a. TDC, and of the LII signal at 31 °CA a. TDC with the
gravimetric results at 30 °CA a. TDC respectively. The small offset of 1 °CA between sampling and LII is
believed to introduce a smaller error than other sources, as will be discussed below. Furthermore, due to the
much longer measurement time of the sampling process (approximately 10 °CA at the prevalent number of
revolutions) temporal gradients are smoothed.
As can be seen from the bar diagram at 24 °CA a. TDC, the calibration constant for this crank angle ranges from
0.005 to 0.015 ppm/count depending on the chosen position when averaging the signal counts. Although local
gradients are smaller than those at earlier times during the cycle, they still exist. This can be seen from the count
levels in the contour plots, too.

Figure 8: Dependence of the Calibration Constant C on crank angle and local position of calibration volume in
the light sheet. The contour plots represent intensity levels of arbitrary values in the LII images

At 31 °CA a. TDC C is a lot smaller. The calibration constant equals values between 0.001 and 0.003 ppm/count.
Those are a factor of 5 smaller on the average than at 24 °CA. Presumable reasons for the lower values of C are
the larger vertical distance of the laser light sheet from the sampling valve tip due to the later sampling time and,
as discussed in the following, the uncertainties in the gravimetrically sampled soot mass per volume air. The
different light sheet positions are visible in the sketches of the bowl below the contour plots in Figure 8.
Assuming that the soot volume concentration diminishes with increasing combustion chamber height the
resulting calibration constant would be smaller for a lower position of the light sheet. This would partly explain
the discrepancy between the calibration at 24 and 31 °CA.
Figure 9a shows the soot mass per volume air under standard conditions, as measured by gravimetric sampling
from 20 to 60 °CA a. TDC. From 25 to 30 °CA the measured soot mass drops by a factor of more than five and
increases again for 40 °CA a. TDC. From this unsteady development, it is probable that the value for 30 °CA is
not reliable. Assuming a monotonous decreasing tendency, which reaches a constant level at 40 °CA a. TDC, a
8

soot mass is drawn into Figure 9a for 30 °CA. The diagram of Figure 8b is recalculated with this soot mass
value and depicted in Figure 9b. Comparison of the values of this diagram with those of the diagram for 24 °CA
a. TDC (Figure 8a) demonstrate a closer match.
Moreover, the blinding of the glass bowl by deposition of soot may introduce additional errors into the
calibration. A possibility to correct for this error to a certain degree, would be to measure the transmission of the
glass bowl once after each injection. Thus, during data reduction a correction for the inhomogeneous fouling
could be made for every single-shot image.

Figure 9: a) Soot mass per volume air under standard conditions measured by gravimetric sampling in the
oxidation dominated phase of combustion (measured and assumed soot mass values at 30 °CA
indicate possible measurement errors). b) Values of the Calibration Constant at 31 °CA a. TDC with
assumed soot mass, see a)

Since the calibration by gravimetric sampling at 24 °CA seems to be more reliable, the calibration constant C is
taken as the average of the values depicted in Figure 8a (diagram).
Some exemplary single-shot images at 12 °CA a. TDC are shown in Figure 10. A schematic in the lower left
corner further explains the images shown. The positions of the inlet and exhaust valves are marked. The outlines
of the valves are drawn as they are seen through the curved bowl window. The distortion caused by the glass
piston bowl is evident. The laser enters the combustion chamber from the right. The color bar in the lower part of
the figure relates soot volume fraction values in ppm to false colors. The area outside the light sheet is
highlighted gray in the single-shot images. The number in the left corner of each image indicates the cycle
number, counted beginning with the first injection.

Figure 10:

Single-shot LII images at 12 °CA a. TDC. Cycle numbers are indicatedint the upper left corner of
the images
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At this stage of combustion small soot “pockets” appear. Due to the swirl and piston movement these pockets
move in and out of the probe volume. This is one reason why the location and extent of soot is fluctuating
strongly from cycle to cycle. All images show higher soot concentrations in the border area of the bowl, where
local soot volume fractions above 4 ppm can be found. The soot concentrations in the center of the light sheet are
much smaller.
Figure 11 presents a sequence of cycle-averaged images of flame luminosity (upper row) and LII signal (lower
two rows). The composition of the LII images is identical to the single-shot images (see above). In contrast to the
LII images the images of flame radiation have little spatial resolution in the vertical direction, since the signal is
integrated over the line of sight. However, the soot luminosity gives additional information about the location of
”hot” soot, particularly outside the light sheet.

Figure 11:

Temporal sequence of average images of flame luminosity and LII over the course of the
combustion phase. The vertical position of the light sheet in the LII images inside the piston bowl is
fix relative to the bowl

It can be observed at 8 °CA a. TDC that the first flame luminosity appears at the wall of the piston bowl, in the
upper part of the bowl volume. The location of the soot radiation corresponds to the positions, where the
combusting jets hit the wall and spread out along the bowl wall. The high signal at the left side of the wall is
probably caused by the superimposed LII signal, which could not sufficiently be corrected by data processing.
The same problem exists 4 °CA later on the right side of the combustion chamber. At 10 °CA a. TDC the soot
has dispersed almost all over the outer bowl volume. Above the squish zone, flame radiation coming from the
burning pre-injected fuel is visible. The radiation signal becomes strongest at 12 °CA a. TDC. An unsymmetry
regarding the different valves can be perceived. Higher signals can be found below the inlet valves. At later
crank angles, the soot shows up closer to the center of the bowl, where at the same time the luminosity is
diminishing. For a better visualization of the two-dimensional luminosity signal for the two last detection times
the images are scaled with a factor three higher than the other images.
The second row in Figure 11 depicts the soot inside the piston bowl. The distribution measured by LII at 8 °CA
a. TDC shows only a small amount of soot at the left bowl wall. Two crank angle positions later (10 °CA a.
TDC), the first soot can be seen on the entrance side of the laser. On the left side of the light sheet the soot
volume fraction is increased. At 12 °CA a. TDC the soot on both sides of the measuring volume approaches the
bowl center. The soot volume fraction values on the right side are higher than on the left side according to the
observations of unsymmetry in flame luminosity for the same crank angle. The highest soot concentrations are
found for 16 °CA a. TDC. Due to the averaging process the soot volume fractions are lower than in the singleshot images of Figure 10. The soot is located closer to the center of the bowl. At 23 °CA a. TDC the soot level
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has not decreased. The soot forms a half-ring in the center of the bowl with the higher volume fractions in the
upper part of the probe volume. 2 °CA later, oxidation processes have reduced the soot in the combustion
chamber. In addition, the soot volume fraction decreases due to the enlarged chamber volume. The latest
possible measurement inside the piston bowl is possible at approximately 31 °CA a. TDC. The three millimeter
high bowl window moves to the outside of the side window area after this crank angle position. At this crank
angle the highest soot volume fractions can be found in the center of the bowl. The measurements above the
piston at 31 °CA a. TDC show a distribution similar to the one inside the bowl, whereas at 24 °CA a. TDC the
locations of higher soot volume fractions do not correspond with the soot distributions at 23 or 25 °CA inside the
bowl. High soot concentrations are visible on the left side above the bowl rim. The flame luminosity image at
12 °CA a. TDC shows signals in the squish zone at the same location. Thus, it has to be assumed that the soot
detected by LII is formed from the pre-injected fuel.

Figure 12:

Mean soot volume fraction averaged over the light sheet during the course of combustion

In Figure 12 the mean soot volume fractions averaged over the light sheet are depicted. The bars indicate the
cyclic fluctuations of the soot volume fraction given as standard deviations. Very high deviations are observed at
23 °CA. One reason for this might be cyclic variations during the onset of stronger oxidation processes. Volume
fractions above the piston bowl agree with the measurements in the bowl. A three-dimensional impression of the
soot distribution at 31 °CA a. TDC is produced by combining the LII images in and above the piston bowl (see
Figure 1). As could already be concluded from the LII images in Figure 11, the soot apparently extends over the
complete height of the piston bowl. Volume fractions below a certain threshold are not visualized in Figure 1.

5.

DISCUSSION OF MEASUREMENT ERRORS

Soot volume fraction measurements by Laser Induced Incandescence inside the combustion chamber are
complicated due to several factors. The attenuation of the laser beam by soot has to be low enough to ensure that
the laser fluence does not fall below the threshold value, below which the LII signal is strongly dependent on
laser intensity. This was controlled by detection of the transmitted laser energy during the presented
investigation. Since there is generally no possible way to avoid laser extinction, it limits the applicability of LII
measurements to environments or conditions, which have a relatively low soot production. In the explained
experiments the highest measured attenuation was about 40%, which is still low enough in combination with the
adjusted laser fluence (about 1 J/cm2) to assume only a minor change in the LII signal over the range of local
laser intensity.
A second source of error is the detection of the natural flame radiation in the LII images. This could be solved by
detecting the flame luminosity without the laser pulse by employing a double frame ICCD camera, with a short
enough temporal interval between the images. In this way the influence of flame luminosity on the LII signal
could be corrected. The maximal luminosity signal outside the laser sheet was as high as 15% of the largest LII
signal at 12 °CA a. TDC. The flame luminosity peaked at this crank angle position.
An additional complication arises from the inhomogeneous window fouling and the absorption of the LII signal
by soot between the bowl bottom and the measurement plane. Both sources of error can hardly be avoided, but
they can be corrected for with additional experimental effort. In principle, a possible way to correct for the
attenuation due to the soot between the laser sheet and the bowl surface, is to measure the soot distributions in
between. However, in turbulent combustion systems it would be necessary to do the measurements
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simultaneously. This becomes feasible with high effort, if the combustion system permits optical access and the
laser/detection set-up allows several rapid measurements (Hult et al., 2000; Kaminski et al., 2000). However,
due to the piston bowl mount for this research such an approach is not possible for the presented configuration.
The chosen calibration with gravimetric sampling avoids assumption of many optical parameters. In addition,
calibration within the same combustion environment is possible, so that window fouling has less influence on the
calibration. An attempt was made to calibrate the LII measurements by laser extinction employing a He/Ne laser.
It failed due to strong beam steering during the measurements.

6.

SUMMARY AND CONCLUSIONS

LII measurements of the soot distribution in a realistic small size passenger car Diesel engine were performed.
The engine was equipped with a gas sampling valve, in order for the gravimetric sampling results to be used to
calibrate the LII signal. The optical piston bowl shape is close to the realistic omega form and allows to
introduce a horizontal laser light sheet through a small cylindrical area. Thus, the soot distribution inside the
bowl could be measured. The soot above the piston bowl could be measured as well. From this a threedimensional impression of the soot distribution is obtained. Simultaneous detection of flame luminosity produces
further information about the location of soot outside the LII detection plane and about temperature gradients.
The calibration results clarify the difficulties and uncertainties in employing gravimetric sampling as a
calibration method. The results of a low engine load case without EGR were presented. Under these conditions
LII could be measured over the full combustion process and gave insight into the soot production and oxidation
in a small size Diesel engine. Quantitative LII and flame luminosity images over the course of soot production
and oxidation were depicted. The temporal development of the soot volume fractions averaged over the light
sheet was presented. Soot formation and oxidation dominated phases could be identified.
Figure 11 shows that most of the soot, which is detected at the latest possible measurement crank angle (31 °CA
a. TDC), is located close to the axis of the bowl. This is an important result, because it shows probably most of
the soot, which is finally exhausted during the expansion stroke. Measurements in and above the piston bowl
indicate that this is indeed a soot cloud, which extends over a large volume quite close to the bowl axis. One
might ask why this soot cloud is not consumed by oxidation processes. The combination of LII and flame
luminosity images in Figure 11 indicates that there is a temperature gradient in the cylinder at 31 °CA a. TDC:
hot soot shows up at the outer rim in the luminosity image. In contrast the LII images demonstrate that most of
the soot mass is located in the inner core, which must be relatively cold because of the low flame luminosity in
this area. This indicates that low temperature in the inner core is probably at least one reason for the remaining
soot cloud. Low temperatures in the inner core would not be surprising, because combustion takes place
basically at the outer rim and the fluid motion is dominated by the swirl.
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