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ABSTRACT

Soot is one of the most discussed pollutants in ground and air traffic. Moreover, its effect as
source of intense radiation is significant as soon as local rich mixtures occur, especially at in-
creased pressure. Motivation for soot research is the need to understand soot chemistry for soot
formation and oxidation in turbulent, pressurised environment in order to prevent its emission as
much as possible. A detailed understanding of the underlying processes can be gained when cor-
relating sophisticated CFD modelling with well defined but yet realistic validation experiments.
Within the EU project TLC (Towards Lean Combustion) several experimental tasks are devoted to
optimising laser-based diagnostics with ONERA and DLR contributing. One of the contained tasks
is dealing with application of laser-induced incandescence (LIl) as a tool to determine soot distribu-
tions inside the combustor quantitatively. Trends are presented showing soot distributions upon
changes of the combustor operating conditions between 4 and 23 bars at realistic geometries and
flow rates. In general, the soot concentrations were found to be relatively low. But prior to the final
steps of data reduction, interferences from unexpected effects had to be reduced: during the ex-
periments plasma formation at the combustor’s base plate, preventing the high power laser beam
from exiting the combustor, turned out to be a critical issue. In contrast to the defined LIl excitation
wavelength at 1064 nm, which can be removed by suitable filtering, the strong resulting broadband
plasma radiation was present in the images illuminating combustor walls and flanges. Due to their
different dynamics and different statistical behaviour, LIl events can be distinguished from plasma
radiation; suitable data analysis routines are presented leading to relatively undisturbed soot distri-
butions. The resulting soot average distributions are well suited to determine the positions of soot
formation and oxidation as well as quantification of soot concentrations under the highly chal-
lenging technical conditions given. Together with data from other tasks (OH and kerosene distribu-
tions), studied by ONERA, an excellent validation data set will be available for soot modellers,
while the respective industry partners receive a good impression of the low emission capability of
their combustor.

1  INTRODUCTION cess in r_nodelling soot production in practical
o ) ) aero-engine combustors depends to a large

Soot emission from industrial combustors  gxtent on the correct description of mixing as
and engines has a major detrimental impact on  gtated in [1]. In the complex flow field prevailing
air quality and human health, and is now being in such combustors, the size and location of
recognised as potential key factor in global ,e|-rich regions as sources of soot depend on
warming. Moreover, its effect as source of in-  fye| placement, vaporisation and mixing. A
tense radiation is significant as soon as local phighly sensitive indicator of those fuel-rich re-
rich mixtures occur, especially at increased gions is the spatially and temporally resolved
pressure. One of the high priorities of manu-  goot distribution. Laser-based measuring tech-
facturers in copperatlon W|_th research is to re- niques are found to be appropriate for quantifi-
duce the environmental impact of soot for-  cation and characterization of particulate emis-
mation and improve the technology of these gjons. Laser-induced incandescence (LII) in
industrial combustors._ln order to achlgve that, special is a technique that offers many advan-
a deeper understanding of the physical and tages and unique capabilities for the characteri-

chemical mechanisms governing soot formation  gation of soot distributions in combustion [7].
and oxidation in flames is necessary. The suc-
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Nomenclature Pressure [bar] T(air,in) [K] ¢ (global) ¢ (pilot)
Idle, 7% ICAO 4 470 0.2 0.2
Approach, 30% ICAO 9.5 590 0.264 0.12
Cruise-Var1 16.5 590 0.36 0.065
Cruise-Var2 16.5 670 0.36 0.065
Cruise 16.5 670 0.36 0.036
85% ICAO 20 725 0.4 0.054

Table 1: Operating conditions of the studied technical combustor; ¢(pilot) is contained in ¢(global), i.e. for

idle, main injection is not employed.

Recently, technologies have improved rap-
idly making technical combustion processes
accessible by laser optical diagnostics. Apply-
ing laser-based methods to realistic combustors
offers the opportunity to directly visualise those
processes and use the experimental data for
validation purposes provided the boundary
conditions are well defined. Both approaches
promote the understanding of soot chemistry
under technical conditions. On the other hand,
technical combustion conditions represent a
real challenge to the application of laser diag-
nostics. Measurements have been performed
up to 23 bars and data acquisition as well as
reduction and quantification are described in
detail in the following sections. Finally, soot
distributions for standardised ICAO (Interna-
tional Civil Aviation Organization) conditions
and similar operating conditions are presented.

2 EXPERIMENTAL SETUP

21 Testrig

The test rig infrastructure at the ONERA
Palaiseau M1 test facility provides a maximum
air flow rate of 3 kg/s at up to 30 bars. Air pre-
heat is possible up to 850 K. For the described
experiments, a maximum pressure of 23 bars
with 1.6 kg/s air at 725 K preheat temperature
were applied. Fuel staging (pilot and main) was
provided by the fuel nozzle described below.
Operating conditions covered the ICAO condi-
tions idle, approach, cruise and “85% ICAQO” as
well as some others used for trend studies (Ta-
ble 1).
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2.2 Combustion Chamber

The spray flame fed by the fuel nozzle is
stabilised inside a combustion chamber having
a 105 mm x 105 mm squared cross section and
a length of 82 mm before converging to the
combustor exit. As typical for swirl stabilised
flames, the flame is relatively short due to the
intense mixing provided by the swirl and ex-
hibits an inner and an outer recirculation zone.
Large quartz windows are used, withstanding
pressures up to 30 bars and typical flame tem-
peratures. Their maintenance is provided by a
strong film cooling: 26% of the total combustor
air flushes the windows’ inner surface. Laser
sheets can be introduced through a 70 mm x
30 mm window while two windows of 70 mm x
60 mm can be used for detection. With in-
creasing heat release of the studied flames,
typically beyond 10 bars, the combustor win-
dows smoothly start to glow, but without ex-
hibiting irreversible damages or interfering with
the optical diagnostics. The required chamber
pressure is generated by a movable water-
cooled piston that is partially blocking the com-
bustor exit.

2.3 Injector

In the studied technical fuel nozzle kerosene
can be injected either axially (pilot) through an
air blast nozzle or radially through circum-
ferential fuel holes (main). Both fuel flows are
separately controlled. While the two inner
swirled air flows serve to atomise the pilot fuel
(see Fig. 1) the main fuel is multi-point-injected
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Fig. 1: Schematic of the fuel injector, including pilot
(on the axis) and main (annular) and a picture at
moderately rich conditions. Flow is from the left to
the right.

directly into the outer swirled air flow. For a

visual impression a picture at moderately
sooting conditions is implemented into the
schematic.

2.4 Laser-Induced Incandescence

The Laser Induced Incandescence tech-
nique (LIl) is based on heating of primary soot
particles from flame temperatures up to the
vaporisation temperature by a high-energy laser
pulse. The absorbed energy is partially emitted
as black body radiation with the intensity maxi-
mum shifted to the blue compared to the pure
flame emission. Above a threshold value in
laser power the LIl radiation intensity is approxi-
mately independent of the laser fluence. Since
the particle size is expected to be distinctly
smaller than the wavelength of the exciting light
(Rayleigh regime) and approximately spherical
primary particles can be assumed, the recorded
LIl signal is directly proportional to the soot vol-
ume fraction. For quantification and determina-
tion of the calibration factor an independent
measurement is necessary (typically an ex-
tinction experiment). A comprehensive discus-
sion of the method and its applications can be
found in [7] and references therein.

2.5 Optical setup

The optical setup was distributed over two
rooms due to safety issues and is illustrated in
Fig. 2. The Lll-exciting Nd:YAG laser (Quantel,
Brilliant) and diagnostics control were placed in
a separate control room while the sheet forming
optics as well as the detection devices were
positioned close to the combustor. The 10 Hz
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laser output at 1064 nm was guided to an axis
parallel, and approximately 0.5 m above the
burner axis with several mirrors. A folded 2 lens
optics (foy = -80 mm, fs;n = 1000 mm) followed
by an aperture distributed the laser pulse
energy of 40 mJ to a sheet 34 mm high and
250 ym wide. A final mirror deflected the sheet
down into the combustor while the residual
transmittance through this mirror was used to
monitor the laser sheet quality on a beam
profiler. Due to the buoyant hot environmental
air especially above the combustor, the laser
sheet suffered some beam steering induced by
thermal gradients. Yet, the sheet quality
remained good enough for LIl excitation. A
comparison of undisturbed and steered sheet
(prior to entering the combustor) is displayed in
Fig. 3. The laser fluence of 0.47 J/cm? varies by
approximately +/-25% and was chosen to be
above the plateau value of the LIl response
curve in the whole profile. Perpendicular to the
excitation in a plane through the burner axis,

one ICCD (Lavision, Flamestar2) was
employed to detect chemiluminescence of
thermally excited OH radicals with an

appropriate spectral filter around 315 nm and
20 ys gate duration monitoring the reaction
zone.

Through the opposite window, a second
ICCD (PCO, Dicam Pro) recorded soot
luminosity and LIl at 450 nm with 60 ns gates
each. The camera’s double frame option allows
determining the flame background 500 ns
before the laser pulse, i.e. at exactly the same
flame conditions. In spite of being weak in
intensity, the first frame contains valuable
information about the line-of-sight soot
distribution of the flame. Due to the combustor
window dimensions, not the complete flame is

combustor

laser

Fig. 2: Optical setup. Laser and combustor are sepa-
rated by a safety wall.
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Fig. 3: Beam profile monitored before the laser sheet
entering the combustor: before combustor operation
(left) and during operation (right).

imaged onto the ICCD cameras. Nevertheless,
the full injector outlet plus some additional
millimetres are visible on the images, covering
a large and important region of the flame. At
every operating condition a sequence of 300
single laser shots is recorded with both
cameras simultaneously.

In a second measurement, the Ilaser
excitation plane was rotated by 90° now being
parallel to the burner front panel. In this case a
perpendicular detection is impossible. Thus, the
camera was oriented relative to the excitation
plane by a certain angle while the resulting
distortion was corrected for in the data analysis.
For this approach only planes close to the
injector were accessible.

2.6 Quantification of Laser-Induced Incan-
descence Images

The highly turbulent flame with its expectedly
low soot content of high temporal and spatial
fluctuations prohibited an in-situ online cali-
bration with a simultaneous extinction experi-
ment. A suitable stable calibration flame could
not be introduced in the position of the
measurement due to spatial constraints as for
example described in [4,6,9,10]. Alternatively, a
calibration experiment was performed ex-situ in
the laboratory applying the same LIl excitation
and detection system in the same geometry
with similar thick combustion chamber windows
to a stationary calibration flame, similar to [8].
An additional extinction experiment at 1064 nm
was used to provide absolute soot concen-
trations over the extinction pathway that were
correlated with a respective LIl image. For ab-
sorption, a wavelength of 1064 nm was chosen
rather than a shorter wavelength [4,8] since
here the contribution of PAH to the total ab-
sorption can be neglected [3].

2.7 Detection interferences

Spray scattering interferences of the ex-
citing laser into the LIl detection window were
not to be expected [2,9] due to the difference in

% single
e filtered
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&4 sequence - rms

. finally
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filtered

Fig. 4: Procedure of correcting time-averaged LII
images for scattered plasma light; details are ex-
plained in the text.

excitation and detection wavelengths. Another
interference turned out to be more severe. Op-
posite of the combustor window used to intro-
duce the laser sheet an instrumentation flange
was mounted. Sufficiently close to the laser
focus, white plasma was generated on the
metal surface that was scattered into the LIl
camera by combustion chamber and window
flange surfaces. Due to its broadband charac-
ter, a spectral discrimination was not success-
ful. Instead, a suitable filtering mechanism was
implemented into the data analysis procedure,
removing large parts of this interference. The
filtering routine is based on the completely dif-
ferent behaviour of scattered plasma light and
LIl events: while the plasma is generated more
or less in the same position every laser shot,
only depending on the sheet quality transmitted
through the highly turbulent flow, the typically
stronger LIl events change position and inten-
sity. As a result, plasma scattering remains ne-
gligible in the single shot images that are domi-
nated by LIl events, if any. In case of too high
scattering levels, the filtering routine fails. For
the formation of time-averaged images, two dif-
ferent masks were applied: The sequence
average only accounts for those events from
the single shot images having sufficiently
enough signal and spatial dimension (mask LII).
That excludes areas of low, homogeneously
distributed scattering as well as background

LIl

Fig. 5: Correlation of laser-induced and passive
diagnostics at cruise condition: LIl (centre), OH
chemiluminescence (left), soot emission (right) all
show asymmetrical flame behaviour.
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APPR. CRUISE || 8

Fig. 6: Spatially resolved, time-averaged soot distri-
butions for defined ICAO conditions.

noise. High dynamics of the LIl events are ex-
pressed in the rms image of a sequence of 300
single laser pulses. Here, plasma scattering is
characterised by moderate values, in contrast
to LIl events. The rms image is used as a
second filter to the sequence averages, re-
moving intensity from positions where too low
intensity fluctuations occur (mask rms). The
complete procedure is illustrated in Fig. 4.

3 RESULTS

In all following representations, flames burn
from left to right. Fig. 5 illustrates the advantage
of laser excited emission diagnostics as the
central image, laser-induced incandescence,
represents the time-averaged soot distribution
in the plane of laser excitation. In contrast to the
line-of-sight diagnostics, namely OH chemilu-
minescence and soot emission, it can be quan-
tified as displayed below. Both line-of-sight
images at this operating condition (cruise) show
a certain asymmetry of the flame, as frequently
detected in swirl flames that are sensitive to
various influence parameters of a combustor,
for example buoyancy. While the OH* image
shows a more diffuse species distribution, the
soot emission is rather localised and fits well to
the spatially resolved LIl distribution. Concen-
trations of both species drop to very low values
within the monitored area, even faster in the
case of soot, that is oxidised to values below
the sensitivity of the detection device. The short
flame length monitored by both species cor-
relates well to the visual impression and
expectations for a swirl flame.

In the next Fig. 6 the time-averaged soot
distribution from cruise conditions (Fig.5) is
complemented by three other ICAO standard
conditions: idle, approach and “85% ICAQ”. The
soot distribution is not in all cases comparably
asymmetric as at cruise conditions.

For the idle representation it must be
noticed that strong combustor window pollution
occurred during the measurements, mainly due
to the low air temperature and smaller mass
flows inducing worse mixing. The introduced
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Fig. 7: Comparison of subsequent single shot soot
distributions (colour bar for quantification on the left)
and time averaged soot distribution (colour bar on
the right) for combustor condition Var2.

contour line represents the limit of soot
luminosity dropping to zero; in the central part
of the combustor window soot on the inner
window surface prevented signal transmission,
similarly visible in the OH* image as detected
through the opposite combustor window and
visually from the control room. This effect was
not observed for the other displayed flames. All
conditions presented in this figure exhibit very
low and similar averaged soot concentrations at
ppb level. Downstream soot concentrations
drop below the sensitivity level of the detection
system or disappear out of the optically
accessible regions; the corresponding images
excited in a second laser sheet position are not
shown as signal is negligible. With one respect,
the idle condition differs from the others: the
detected soot distribution is located relatively
close to the combustor axis due to the full fuel
injection through the pilot. The other operating
conditions are characterised by decreasing pilot
injection to zero resulting in soot formation at
larger radial position.

Another indication of weakly sooting con-
ditions is visible in Fig. 7 showing a good in-
jector performance with respect to soot for-
mation. This figure shows several subsequent
single shot images (quantified colour bar on the
left) compared to the averaged image on the
right (with a separate colour bar). The single
shot images are characterised by relatively
small, mostly pointwise soot events of tempo-
rally and spatially highly statistical behaviour.
Several single shots of a sequence do not show

590 K

- 670K
0.065/0.36

. 670K
" 0.065/0.36

0.036/0.36| g

Fig. 8: Influence of air inlet temperature on soot for-
mation (left to centre, Var1 and Var2) and fuel distri-
bution at constant global ¢ (centre to right); right is
cruise. Note the different colour bar relative to Fig. 7.
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any LIl signal. For strongly sooting flames, soot
events are expected to be chained, wrinkled,
linked, and finally surrounded by large homo-
geneous low concentration soot fields. The
statistical behaviour finds its expression in the
peak values up to 0.3 ppm, a still relative low
value, while the average of 300 images is even
below 10 ppb.

Fig. 8 shows the trend of soot formation at
different air inlet temperature for constant fuel
injection (left and centre image). While in prin-
ciple soot formation should be kinetically con-
trolled and thus augment at increased tem-
perature. This behaviour is found for pre-
vaporised kerosene combustion [5]. In contrast,
the effect is counter-balanced in kerosene
spray flames since increased temperature ac-
celerates vaporisation of the spray followed by
improved mixture and reduction of locally rich
Shifting the fuel injection from pilot towards
main at constant global equivalence ratio
(Fig. 8, centre to right, right is cruise) reduces
soot production while soot formation occurs
more lifted from the nozzle. Distribution of the
fuel through multi-holes rather than through the
central pilot optimises the mixture under these
operating conditions, thus reducing local fuel-
rich spots and soot formation.

Regarding the planes parallel to the burner
front panel (Fig. 9) indicates a circular, donut
shaped soot field on average, increasing in
diameter with distance from the burner as
expected from the perpendicular view (Fig. 6).
The horizontal shadows are due to starting
cracks on the pressure windows or local
window pollution preventing the laser from
entering the combustor. Again, certain
asymmetries of intensity are visible following
the argumentation presented above. However,
as already demonstrated above, soot con-
centrations increase with distance from the
injector. Close to the burner axis and in the
corner recirculation zones no soot is detected.
The remaining fine-structure in these sequence-

Fig. 9: Soot concentrations in planes parallel to the
burner front plate for idle and approach, at 4 mm
(first and third plot) and 13 mm distance (second
and fourth plot), respectively.
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averaged images is correlated to the still
insufficient number of single shot images
acquired per sequence. Yet it is a good com-
promise between statistic evidence and
duration of the measurements. Note that larger
structured signatures with more stable lo-
cations, as for example OH PLIF, can easily
provide significantly smoother images. In
general, those images provide a good
complement of the planes including the com-
bustor axis.

4 SUMMARY

Laser-induced incandescence has suc-
cessfully been applied to a spray combustor at
technical conditions, covering some of the
ICAO operating points and variations of the
main operating parameters. Maximum operat-
ing pressure during the tests was 23 bars while
this paper describes results between 4 and
20 bars. Interferences from scattered plasma
light induced by the laser focus on the
combustion chamber surface were removed
from the images during data analysis. Averaged
LIl images are compared to pure emission
images monitoring OH* and soot emission. For
quantification of LIl a stable premixed flame at
ambient pressure was employed and LIl
correlated with a line-of-sight extinction experi-
ment at 1064 nm while using the same optical
setup as in the technical experiment. This
approach is known to bias soot volume
fractions determined for high pressures towards
too small values but appeared to be the only
feasible. Nevertheless, soot concentrations
determined under the defined technical
conditions remained clearly below 1 ppm peak
in single shot images and even one order of
magnitude lower in averages over 300 single
shots using the described calibration. Thus, the
used spray injector showed a very good
performance with respect to soot emissions
even when keeping in mind the given
uncertainties at high pressure. Consideration of
the measured soot structures confirms this
statement additionally. Together with OH and
kerosene PLIF experiments performed by
another team [11] a comprehensive data set at
highly technical conditions is established that
can be used for validation of simulation tools.
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