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Abstract: In this work the formation and oxidation of
soot inside a direct injection spark ignition engine at
different injection and ignition timing was
investigated. In order to get two-dimensional data
during the expansion stroke, the RAYLIX-technique
was applied in the combustion chamber of an optical
accessible single cylinder engine. This technique is
based on the quasi-simultaneous detection of
Rayleigh-scattering, laser-induced incandescence
(LII) and extinction which enables simultaneous
measurements of temporally and spatially resolved
soot concentrations, mean particle radii and number
densities. These investigations show that in our test
engine the most important source for soot formation
during combustion are pool fires, i.e. liquid fuel
burning on the top of the piston. These pool fires
were observed under almost all experimental
conditions.
Keywords: soot, direct injection spark ignition
engine, LII, Rayleigh scattering

1. Introduction
Modern direct injection spark ignition engines,
especially when they are operated in stratified mode,
have to deal with the problem of soot emission in the
exhaust gas, because fuel rich combustion takes
place in the vicinity of the fuel injection jet, leading to
soot formation. Later, a fraction of this soot is
emitted by Diesel- as well as direct injection spark
ignition engines in terms of fine and ultra-fine
particles. Fine dust, having a particle diameter less
than 10 micrometers (PM 10) can partly penetrate
into the lung because the filtering function of the
nasal-pharyngeal space is not adequate for these
particles. Aggravated allergy symptoms, the increase
in asthmatic attacks and even cardiovascular
illnesses have been quoted as the possible
consequences of the increasing concentrations of
fine dust in the air we breathe [1-4]. Adverse health
effects are apparently not caused by the mass, but
rather primarily by the surface of the particles.
Particles that are formed from combustion processes
are apparently more relevant than, for example,
ground particles or tire wear particles.
The disadvantage of particle emission is well known
from Diesel engines. As a consequence, a variety of

technical solutions to reduce soot emissions are
developed. Measures targeting fuel additives
generally have the disadvantage that they
simultaneously increase the nitrogen oxide
emissions. External measures like exhaust gas
treatment systems e.g. particle filters, considerably
reduce particle emissions but are associated with
difficulties in their application (e.g. regeneration of
the particle filters) and generally also lead to an
increase in fuel consumption [5].
Classical methods for the detection of soot, such as
the determination of the blackening index (SZ
according to Bosch or filter smoke number FSN) or
gravimetric methods, to investigate e.g. the effects of
load change, are very difficult to use or even fail
because of the lack of temporal resolution.
Furthermore, with these methods emission
behaviour cannot be measured at the location where
particle formation takes place, i.e. directly inside the
combustion chamber. In contrast, optical techniques
are capable to take measurements in the
combustion chamber and in the exhaust system [612]. Additionally, high temporal and spatial resolution
of the phenomenon under investigation can be
achieved.
2. Experimental Setup
2.1 Engine and test bed specifications
The test engine was a single cylinder direct injection
spark ignition research engine with spray guided
combustion (Fig. 1), thus possible to operate in
stratified mode.
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RAYLIX-technique was applied (Fig. 3). In addition,
an AVL Smoke Meter 415S was used for measuring
the Filter Smoke Number (FSN) in the exhaust gas.
The measuring principle is based on the classical
filter paper method.
3. RAYLIX-technique
In the following a brief description is given how the
soot particle properties are obtained from the
measured signals. The physical background has
been described previously [13-15], therefore only a
brief outline is given here.

Figure 1: Arrangement spark plug / injector
The injector was placed in the center of the roof of
the combustion chamber. One of the two exhaust
valves was removed in order to position the spark
plug and the cylinder head was modified to ensure a
narrow arrangement of the spark plug and injector.
The injector is equipped with a twelve-hole nozzle.
The main technical data of the engine are listed in
Table 1.
Table 1: Technical data of the test engine
Swept Volume
652
Bore
100
Stroke
83
Compression ratio
11.0 :1
Valves
2 intake valves
1 exhaust valve

cm3
mm
mm
-

Optical access was achieved by a fused silica glass
ring beneath the roof of the combustion chamber as
shown in figure 2. However, the piston completely
blocks the glass ring between 30 crank angle
degrees (CAD) before and after top dead center
(TDC), respectively.

Figure 2: Optical accessible test engine
2.2 Soot measurement techniques
In order to get two dimensional data of in-cylinder
soot concentrations, mean particle radii and particle
number densities during the expansion stroke, the

Figure 3: Experimental setup of the RAYLIXtechnique
The RAYLIX-technique is based on the simultaneous
detection of the Rayleigh scattering, the laserinduced incandescence (LII) combined with the
determination of integral extinction of the laser light
intensity. The two laser pulses of a modified Nd:YAG
double pulse laser (PIV laser) are expanded into
light-sheets passing the object under investigation in
a temporal sequence. The temporal separation of
both beams is < 100 ns, which is more than two
orders of magnitude smaller compared to the
turbulent time scales. The first pulse possessing a
low energy density to avoid a significant heating of
the soot particles, induces the Rayleigh-scattering.
This low energy beam also serves for the estimation
of the integral extinction. The second high energy
laser beam heats up the soot particles to
temperatures near the threshold of evaporation
(≈ 4000 K). As a consequence the thermal radiation
of the particles increases far beyond the thermal
radiation encountered with flame temperatures. The
Rayleigh-scattered light and the LII-signal are
detected perpendicular to the propagation direction
of the laser light sheet by two ICCD (intensified
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charge coupled device) cameras. By calibrating the
LII-image with the integral extinction, twodimensional maps of the soot volume fractions are
obtained. The Rayleigh-images are calibrated by the
Rayleigh-signal from ambient air. The twodimensional maps of the LII- and the Rayleigh-signal
can be obtained with high spatial (< 200 µm) and
temporal (< 200 ns) resolution.
3.1 Extinction
In the Rayleigh-regime (soot particles are small
compared to the wavelength of the scattered light)
and if a log-normal size distribution of the particles is
assumed, the coefficient of scattering Kext is given by

K ext = −

⎛ m2 −1 ⎞ 3
8π 2
⎟⎟ ⋅ rm ⋅ exp(4 ,5σ 2 ) ⋅ N V
⋅ Im ⎜⎜ 2
λ
m
2
+
⎠
⎝

[1],
with the wavelength of the light λ, the complex
refractive index of the soot particles m, the mean
particle radius rm, the standard deviation of the lognormal size distribution σ and the particle number
density NV. For σ and m 0.34 [16-18] and 1.73-0.6i
[19] is assumed, respectively.
3.2 Rayleigh Scattering
Considering the assumptions described above, the
scattering efficiency QV is given by:
2

Isca

16 ⋅ π 4 m 2 − 1
~ QV = 4 ⋅ 2
⋅ rm6 ⋅ exp(18σ 2 )⋅ N V
λ
m +2

[2]
The detection system has to be calibrated with the
known scattering strength of air in order to obtain QV
from the scattering intensity Isca.
3.3 Laser Induced Incandescence (LII)
The detected LII signal shows a quantitative
correlation to the soot volume fraction fV or the soot
concentration which is soot volume fraction
multiplied by the density of soot [20-22]. To obtain
absolute values for fV the relative LII signal is
calibrated with the integral extinction [23]. The
calibration constant for the LII signal was determined
from measurements at large (> 67) CAD based on
images with small and compact soot clouds,
respectively. As a consequence of the contamination
of the glass ring during the measurements and, to a
minor extend, by fluctuations in the pulse energy of
the laser the experimental error is up to 40 %.
Unfortunately, we have to admit a statistical error of
up to 40% for this value as consequence of
contamination of the glass ring during the
measurements and, in minor amount, fluctuations in
laser energy output. Additionally, effects of
agglomeration of the primary particles are neglected
here. It was shown, that in polydisperse fractal

aggregates the Rayleigh-Debye-Gans (RDG) theory
provides better results, because soot particle
agglomerates do not rigorously satisfy the Rayleighlimit criteria [24-25]. However, the error is of minor
amount, especially when a moderate laser fluxes are
used [26].
3.4 Determination of Mean Particle Radii and
Particle Number Densities
Using the different nonlinear dependence of the LIIsignal (ILII ~ r3) and the Rayleigh-scattered light
(IRay ~ r6), the mean particle radii rm and the particle
number densities NV can be obtained by dividing
both signals by each other. According to Jones [27],
multiple scattering should not occur provided an
extinction less than 63%. For cases of highest soot
concentrations this limit is always reached. However,
there is experimental evidence that multiple
scattering effects can be observed even at an
extinction of 10% [28]. In conclusion we have to
admit an error based on multiple scattering in the
same order of magnitude as the error based on the
extinction measurements.
4. Experimental Results
The engine was operated at several inhomogeneous
operating conditions, which differ in the injection and
ignition timing. Additionally, one homogeneous
operating condition with increased fuel and
decreased air mass in order to achieve a relative airfuel ratio of λ = 1 was studied. Engine speed was
1500 rpm, injection pressure was 130 bar, the
injection strategies of the homogeneous and one
stratified injection mode are listed in Table 2.
Table 2: Engine operating conditions
Mode SOI
Ignition IMEP
CAD
CAD
bar
before
before
Compr
Compr
ession
ession
TDC
TDC
homo. 340
30
2.2
strat.
24
8
1.9

λ
-

FSN
-

1.0
3.9

0.07
0.55

Figure 4 shows images obtained from a high speed
camera while engine was operated in homogeneous
mode. The left side shows the position of the injector
(multi-hole nozzle) as well as the individual jets of
the fuel spray after start of injection. The position of
the piston is also indicated. As can be clearly seen
on the right side of the figure, the fuel spray, injected
during inlet stroke, wets the piston (left side of figure)
and is still present when combustion starts, leading
to pool fires (right side of figure). To quantify the
effects of pool fires on soot formation, results
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obtained by the RALIX-technique will be presented
and discussed in the following.

Figure 4: Images from high-speed film
As can be seen in Table 2 the FSN in stratified mode
is much higher than in the homogeneous mode
although the global λ-value is significantly lower. To
get a deeper insight into this expected behavior, the
RAYLIX results for these two operating points will be
now discussed in detail. Figure 5 shows the soot
volume fraction (5a), the mean soot particle radii (5b)
and the soot particle number density (5c) for the
homogeneous and stratified combustion mode
during the expansion stroke at three characteristic
times. In all figures the position of the piston is
indicated by a white shaded line, while the upper
and lower edge of the glass ring is indicated by a
solid white line, respectively. Each two-dimensional
map was obtained by averaging 20 individual
images.

4.2 Stratified combustion mode
The lower two-dimensional maps of the Figures 5a
to 5c show the results during stratified engine
operation. Soot is first detected in the combustion
chamber volume at 40 CAD ATDC. In Figures 5a to
5c a representative result is shown (43 CAD ATDC).
Thereafter, soot clouds begin to shift towards the
piston surface, followed by an increasing soot
concentration and cloud volume. At about 65 CAD
ATDC, peak soot amount is reached. In general, the
highest soot concentrations are detected close to the
piston as can be seen by fV (5a). As well as in
homogeneous mode, this fraction of the soot cannot
be detected at 69 CAD or later, resulting in an
proceeding separation of soot clouds. Nevertheless,
soot can be detected at 69 to 80 CAD without an
exception in comparatively high concentrations. In
figure 5, a representative two-dimensional map at 75
CAD ATDC is presented. FSN in the exhaust was
0.55, which is quite consistent with the results
discussed above.

4.1 Homogeneous combustion mode
The upper two-dimensional maps of the Figures 5a
to 5c show the results during homogeneous engine
operation, respectively. At 52 CAD ATDC from the
two-dimensional maps of fV it becomes obvious that
soot exits on top of the piston. The highest soot
amount was detected at 55 CAD ATDC. While the
piston moves downwards (65 CAD ATDC) soot
volume fraction decreases, indicating that soot
oxidation exceeds soot formation. At 69 CAD ATDC,
the piston is below the lower ring of the detection
window. As a consequence, the detection of soot at
the top of the piston - as observed at earlier CAD’s fails. Nevertheless, small discrete soot clouds were
observed in some cases, as shown in Figures 5a to
5c at 79 CAD ATDC, but total soot amount was
almost zero. From the very low number density NV
(Figure 5c) it becomes obvious that the particles
have really been oxidized. Obviously, the soot is
more or less completely oxidized in the later phase
of combustion leading to low soot emission as can
be seen from the low Filter Smoke Number
(FSN = 0.07).
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Figure 5a: Soot volume fraction (fV); homogeneous versus stratified

Figure 5b: Mean soot particle radii (rm); homogeneous versus stratified
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Figure 5c: Soot particle number density (NV); homogeneous versus stratified
From these investigations it becomes obvious that in
SI-engines with direct injection the main source of
soot emission in the homogeneous mode are pool
fires. In the stratified mode soot is firstly formed in
the combustion chamber volume due to locally fuel
rich mixture regions and later on, at the piston due to
pool fires. The higher amount of soot formed during
the stratified mode in combination with a slower
combustion (globally lean fuel mixture (λ > 1)) leads
to an incomplete oxidation of soot particles and
consequently to higher soot emission.
4.3 Constance of particle size
Figure 5b shows a relative constant particle size of
ca. 10 nm diameter. Significant variations are
observed near the piston due to reflections. In
homogeneous mode, where reflections from the far
side of the glass ring are not absorbed by soot
clouds in the combustion chamber volume, this is
even more pronounced. Furthermore, in stratified
mode a region where dirt was deposited during the
measurement shows apparently increased particle
sizes (right side at 65 CAD and 75 CAD after top
dead centre.

is not representative, if the overall soot amount is
very low, as can be seen in homogeneous mode.
Hence, measurements with an overall soot amount
above 1e-4 mm3 are accentuated. This value is
obtained by the estimation of the volume detected by
the camera. The pixel area of the two-dimensional
maps is determined from the magnification scale of
the camera (0.141 mm/pixel). This pixel area is
multiplied by the thickness of the laser light sheet
(9 mm) to obtain the volume detected by each pixel.
The sum of the soot volume fractions in the map
multiplied with this volume is the total amount of soot
detected in the combustion chamber. If a soot
amount obtained by this procedure exeeds 1e-4
mm3, it is used for further data evaluation in figure 6.

In Figure 6 the local mean particle radii are averaged
(weighted based on the local soot concentration) are
shown as function of CAD. Unfortunately, this value
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Figure 6: fV-weighted, averaged mean particle
diameter
It is obvious that the particle diameters are between
6 and 12 nm. Moreover in stratified mode particle
sizes are between 8 and 10 nm in diameter. This is
in quite good agreement with the in-cylinder snatch
sampling method, applied inside an HCCI engine
[29].

[6]

[7]

5. Conclusion
For the first time the RAYLIX-technique was applied
in a single cylinder spark ignition engine with direct
injection and spray guided combustion to analyze
soot formation and oxidation. It was observed that
the main cause of soot formation in the
homogeneous mode are pool fires. In the stratified
mode soot is both formed in the combustion
chamber volume due to local rich mixture regions
and on the piston due to pool fires. Due to a lack of
time the higher amount of soot cannot be fully
oxidized, despite overall oxygen concentration is
higher.
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8. Glossary
ATDC:
BTDC:
CAD:
FSN:
IMEP:
LII:
rpm:
SOI:
TDC:

After Top Dead Centre
Before Top Dead Centre
Crank Angle Degree
Filter Smoke Number
Indicated Mean Effective Pressure
Laser Induced Incandescence
Revolutions per Minute
Start of Injection
Top Dead Centre
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