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Abstract

Simultaneous application of multi-channel laser-induced incandescence (LII) and shifted vibrational coherent anti-Stokes
Raman scattering (SV-CARS) to study sooting flames is demonstrated for the first time. The potential of this diagnostics
combination is evaluated on the basis of characterization of soot particles and correlation of soot presence with temperature.
For that purpose, a sooting swirl flame operated at three bars has been employed with ethylene as fuel. The novel combination
of CARS and time-resolved LII (TiRe LII) enables the estimation of particle size and correlation of this quantity with local
gas temperature; simultaneously acquired 2D LII images provide information on the soot distribution in the ambience of the
measurement volume which is used by CARS and TiRe LII. Even if the used LII model is approximative in some respect, the
detected LII decay times indicate very small particle size throughout the flame relative to an atmospheric laminar diffusion
flame which was used for comparison. In most instances, soot presence relates to local gas temperatures in a range between
1600 and 2400 K. Rare soot events at cooler temperatures occur near the nozzle exit and are attributed to transported soot.
Comparison of the peak soot temperatures during the LII process shows a significant decrease in the turbulent pressurized
flame relative to the laminar atmospheric reference flame. This is attributed to a less-efficient LII heat-up process at turbulent
pressurized conditions due to beam steering. The background blackbody temperature, which can be derived by evaluating
the signal captured in the different color channels of the LII system towards the end of the LII process, has been identified to
be mostly controlled by hotter soot filaments between the laser plane and the detector. Thus, the LII signal tail is not a good
measure of the local gas temperature in the measurement volume for this type of configuration.

1 Introduction

The climate effect of non-CO, emissions from aero-engines
is under strong debate [1]. This is accompanied by increas-
ingly stringent legislation of the respective combustion sys-
tems, which will include a threshold for particle number
in the future in addition to the traditional limits for total
particle mass [2]. Consequently, design procedures for
future combustors will have to consider soot particle num-
ber—related to size—which essentially drives combustion
simulation to account for particle size. Appropriate simula-
tion tools for turbulent pressurized combustion have only
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recently started to incorporate particle sizes or size distribu-
tions [3, 4]. Consequently, an estimate of particle sizes by
in situ soot particle measurements in semi-technical flames
is required to validate those models. Estimation of particle
size in flames frequently relies on time-resolved LII (TiRe
LII) tracking the signal decay, which can be realized as point
measurement with photomultipliers (PMTs) [35, 6] or few or
multiple exposures on 2D image intensified cameras [7-10].
Tian et al. extended the approach of shifting the camera gate
by adding a second color channel and evaluating the pyro-
metrically derived particle temperature decay instead of the
LII signal, thereby improving accuracy [11]. Only rarely,
this concept has been applied to pressurized flames, and if
s0, mainly to laminar cases [12, 13]. LII modelling specifi-
cally for pressurized cases has, for example, been detailed
in [14, 15]. Combination of particle sizing with temperature
measurements is feasible by combining 2D TiRe LII with
non-linear excitation regime two-line atomic fluorescence
(NTLAF) [16]. Here, the advantage is the derivation of
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2D maps of both quantities particle size and temperature
as demonstrated for various atmospheric turbulent flames.
However, in those cases, particle sizing relies on only few
ICCD exposures, and NTLAF has a limited range of applica-
tion for cold or oxidative conditions.

With this paper, we present a different approach by devel-
oping an optical scheme to combine CARS and LII, where
CARS provides additional information on the gas tempera-
ture in the ambience of the LII-heated soot particles. As a
test case, we chose a pressurized sooting swirl flame similar
to those that have been studied by various diagnostics in the
past, including OH, PAH and fuel tracer LIF, quantitative
LII, CARS, PIV and combination of kHz imaging diagnos-
tics [17-23].

The so-far generated dataset has been used extensively
by modelers from academia and industry in the framework
of the International Sooting Flame Workshop series [24].
With the current measurements, we provide complementary
information to support the understanding of soot formation
in that type of flames, even if the derived data show some
uncertainty due to assumptions in the used LII model and the
turbulent-stochastic nature of the studied flame and devia-
tions of the exact flame conditions. Qualitatively, estimated
particle sizes indicate presence of quite young soot in the
flame, which compares well with particle sizes derived from
detailed soot modelling following the approach published
in [4, 25-29].

2 Combustor setup

The burner has initially been designed and characterized
within the European project FIRST (Fuel Injector Research
for Sustainable Transport), and therefore is named FIRST
combustor or pressurized sooting swirl flame. As already
described in [18], it consists of three concentric nozzles.
Air at room temperature is supplied to the flame through
a central (diameter 12.3 mm) and an annular nozzle (inner
diameter 14.4 mm, outer diameter 19.8 mm). The air flows
are fed from separate plenums and pass radial swirlers con-
sisting of 8 channels (width w=4.2 mm, height #=5.4 mm,
swirl number S=0.82 and swirl angle a,, =40.5° following
the calculation in [30] for the central nozzle and 12 channels
(w=3.2mm, h=4.5 mm, $=0.79, a,,=38.6°) for the annu-
lar nozzle. Gaseous fuel (C,H,) is injected in between both
air flows through 60 straight channels (0.5 x 0.4 mm?) form-
ing a concentric ring. This fuel placement mimics the atom-
izing lip between swirled air flows as used for spray flames.
The exit planes of the fuel and air nozzles are located at
the level of the combustion chamber inlet, defined as height
h=0. This allows full optical access to the fuel injection.
The combustion chamber measures 120 mm in height and
has a square cross section of 68 X 68 mm?” with beveled edges
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(see Fig. 1). Four 3-mm-thick quartz windows
(127 x59 mm?) are mounted between four water-
cooled metal posts, yielding excellent optical access of
51.4x 120 mm? to the flame. The water-cooled top plate has
a cylindrical exhaust hole (diameter 40 mm, length 24 mm),
linked to the combustion chamber by a curved transition.
The high velocity in the exhaust tube prevents any backflow
from outside the combustion chamber. An additional hole
of 6 mm diameter positioned off-axis, serving to record the
dynamic pressure of lean, thermo-acoustically active flames
[31] via a probing pipe, had not been blocked due to an
oversight, which resulted in slightly different flame condi-
tions compared to [17-23]. Each of the corner posts has an
additional air duct of 5 mm diameter for the injection of
secondary air into the combustor at a height of 80 mm. The
four radially injected jets meet on the combustor axis and
form a stagnation point. A metal plate shields the burner
front plate from the hot combustion gases during operation.
This is required because of the lack of external cooling of
this part.

The combustor is mounted in a water-cooled steel pres-
sure housing with large optical access (60 x 120 mm?) from 4
sides. The pressure can be adjusted by partially blocking the
exhaust port with a movable piston. An air flow through the
gap between the combustion chamber and the pressure hous-
ing serves as air cooling for the windows of the combustion
chamber. The inner surface of the combustor windows does
not show severe degradation during operation, but exhibits
some soot deposition at certain operating conditions.

The combustor was designed for operation at approxi-
mately 10 kW/bar thermal power providing Re numbers
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Fig. 1 FIRST combustor to stabilize sooting pressurized swirl flames
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clearly above 10,000. The flow rates applied for the pre-
sented study are shown in Table 1, which is one of the cases
listed in [17], differing only in the open probing hole men-
tioned above. The air and fuel flows were controlled using
electronic mass flow controllers (Bronkhorst), which were
carefully calibrated in-house; the accuracy of the calibration
is estimated to be below 1% of the maximum flow rates. The
equivalence ratio ¢ and thermal power P were calculated
from the primary air flow rate Q,;. as a sum of central (Q
and ring air (Q,; ), whereas the global equivalence ratio
P g10ba and the global thermal power Py, were calculated
from the total air flow rate, Q,;.+ O,;- The amount of oxi-
dation air is given as fraction Q,;/Q,;.- Note that due to the
excess fuel, the value for P is limited by the combustion air
mass flow in most cases, whereas ¢, becomes lean after
injection of oxidation air and thus Py, depends on the fuel
mass flow. The air split ratio is defined as the ratio of central
air to the total combustion air Q,;. /Q,;.. For this ratio, a
value of 0.3 is chosen. For higher values, the sooting region
shifts towards the flame periphery, leading to increased soot
deposition on the inner surface of the combustion chamber
windows.

In the current experiments, we found CARS tempera-
tures somewhat deviating from those reported in 2014 [18]
despite a very similar visual impression of the flame, which
is attributed to the accidentally open probing hole top of the
combustor. An additional outflow relative to the reference
conditions in previous publications sensitively affects the
balance of upstream and downstream flow of the secondary
air injection in the position where those four jets meet close
to the combustor axis. The full data set derived with various
diagnostics between 2013 and 2015 [17-19] includes both
qualitative and quantitative characterizations of the sooting
processes in these flames and is therefore considered self-
consistent. However, as we varied the equivalence ratio in
steps of 0.1, which did not result in significant changes in
derived particle sizes, we consider our results as qualita-
tively reliable and representative of previously studied cases.
Given the known uncertainties of deducing particle sizes
from the LII signal decay behavior, which are detailed below,
we are nevertheless able to provide an estimate of size range
and sensitivities of this quantity to the operating conditions.
For model validation purposes, even this relatively coarse
information could prove invaluable for modelers.

air,c)

Table 1 Nominal flame parameters for the studied flame: Pressure, p,

An atmospheric laminar diffusion flame, originally pre-
sented in [32], was used for the development of the com-
bined diagnostics and initial tests. Settings and detailed
characterization of the so-called Giilder flame is available
in [32] and all preceding publications referring to that origi-
nal one. The flame of roughly 65 mm visible height features
soot volume fractions up to about 7-8 ppm at very stable
conditions and therefore is a good proxy for some soot lumi-
nosity, which is also present in the pressurized turbulent
flame. The location defined as reference by the LII workshop
community [33] is on centerline at 42 mm above the fuel
pipe, where the soot properties are relatively invariant with
location.

3 Optics setup
3.1 Diagnostics combination

One of the reasons that, so far, a combination of LII and
CARS has only once been demonstrated in literature for a
different purpose [34], is the challenge of merging the differ-
ent types of excitation and detection configurations for both
diagnostics. This is reflected by the following three major
challenges: (a) the configuration of the respective excitation
and detection schemes, i.e. inherently different character-
istics of geometrical setup, (b) a sufficiently small CARS
measurement volume, and (c¢) the need to shift both meas-
urement volumes synchronously relative to the fixed high-
pressure facility. Main requirements as visualized in Fig. 2
are (a) a synchronous movement of the CARS and LII exci-
tation optics, where the LIl beam must pass the large CARS
optics due to optical constraints and (b) a synchronous trans-
lation of the receiver optics for CARS and TiRe LII, both
using fiber optics, but also a set of additional optics.

In our setup, the focusing lens for CARS had been pre-
defined as this is the closest possible to the measurement
location, thus provides the shortest CARS measurement vol-
ume. When combined with a cylindrical lens (f=—20 mm,
in the IR excitation beam only), positioned in fixed dis-
tance to the spherical f=250 mm lens, this setup allows for
exciting the LII process in the same location as the CARS
measurement and additional 2D LII imaging through the
remaining optical access to the combustor. Consequently,

ratios, ¢, ¢gopy, thermal powers, P, P and fractions Q. /Qy

global»

flow rates for air through burner (central and ring), O, ., and Q. and Q,/Q,i, With Q= Qi o+ Qi

fuel, Qy,e;» Oxidation air through secondary air inlet, Q,;, equivalence

P [bar] ¢ Pprimary [kW] Qair,c [Slm] Qair,r [Slm] quel [Slm] Qoxi [Slm] Qair,c/Qair Qoxi/Qair ¢global Pglobal [kW] Case
3 12 322 140.8 328.5 39.3 187.4 0.3 0.4 0.86 38.6 1.20x

Flow rates in standard liters per minute (slm) are referenced to 1.013 bar and 273 K
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Fig.2 Setup for simultaneous LIl and CARS measurements

the LII laser sheet overlaps with the CARS measurement
volume at the focal point of the spherical lens by alignment
of both along the same axis (see Fig. 2, left). CARS and LII
excitation beam (and sheet, respectively), are combined with
a dichroic mirror at fixed distance from the CARS focusing
lens. The overlap of LII and CARS detection volumes was
determined with a beam profiler and a pin-hole target placed
inside the combustor. Typically, 1200 laser pulse pairs for
LIT and CARS have been used for the locations in the tur-
bulent flame. This number could be reduced to 100 for the
laminar case.

3.2 LIl specifics

Soot particle heat-up was done using a 10 Hz pulsed
Nd:YAG laser (Brilliant B, Quantel) at 1064 nm with a pulse
duration of 9 ns and the optics described above. LII signals
were collected normal to the excitation beam. To optimize
signal collection efficiency for TiRe LII signal, the detec-
tion path is inclined by about 11°, i.e. not clipped by the
window flange for the lowest measurement locations. Using
an aluminium mirror, it is directed towards the translation
stage occupied by the CARS receiver optics, where it is cou-
pled into an optical fiber. The used large achromatic optics
(f=160 mm, diameter =80 mm) provides roughly a 1:1
image onto the fiber entrance of 1 mm diameter. Thus, the
LII measurement volume is 1 mm large and roughly 0.2 mm
thick (thickness of the laser sheet). The pulse energy of the
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LII laser beam is typically measured before the sheet optics
due to spatial constraints; any part of the IR beam remaining
in the CARS detection pathway is separated by a dichroic
mirror and dumped.

The exit side of the used 1000 um-diameter fiber is con-
nected to a detection unit similar to that described in [5]. The
optical mount system for the detection optics features a filter
wheel for variable signal attenuation with a set of carefully
selected, spectrally relatively flat neutral density filters, two
dichroic beam splitters at 605 and 740 nm (Semrock, FF605-
Di02 and FF740-Di01, respectively) and three gated PMTs
(Hamamatsu, H11526-20 NF) equipped with specific band
pass filters (Semrock, FF01-500/24, FF02-684/24 and FFO1-
800/12, respectively). The optical detection path including
achromatic lens, fiber, filter combinations and detectors is
characterized with a suitable light source coupled to an inte-
grating sphere placed close to the pressure housing. The
spectral arrangement of filters is shown in Fig. 3, the PMT
sensor at 684 nm has not been used for derivation of the
particle temperature during the LII process. This is because
we realized that this PMT had a sufficiently different tem-
poral response compared to the other two PMTs (identical
type, different year of production), which caused physically
unreasonable temperatures especially in the beginning of the
decay curve where steep temporal gradients prevail. It has
been shown for phosphor thermometry that different PMTs
or even using a different oscilloscope channel can result in
different decay times [35]. Because the decay rates in the
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Fig.3 Spectrum of the calibration lamp and used filter intervals

investigated flames were rather short, it was not possible
to exclude the beginning of the curve, which was mostly
affected by the mentioned effect. Therefore, we used only
those two of the PMTs, which exhibit very similar temporal
response. The LII signal is recorded by an oscilloscope (Agi-
lent Technologies DSO7034B, 350 MHz) and transferred to
a PC for further treatment. Using gated PMTs, saturation of
the PMTs due to flame luminosity between LII laser pulses
can be avoided. The PMT gate was on for 1.3 ps and the LII
pulse is located 380 ns after gate opening. The CARS laser
pulse is timed 1 ps after the LII pulse, just after the PMT
gate is off again.

Simultaneously, the 2D prompt LII signal is recorded
with a gate of 20 ns on the opposite side of the combus-
tor with an image intensified dual frame CCD camera
(Dicam Pro, PCO) equipped with a 105-mm f/2.5 camera
lens (Nikon) and an appropriate band pass filter (LOT,
450FS40-50). This primarily serves monitoring the highly
intermittent soot presence in the measurement volume of the
time-resolved LII signal and identify correct operation of the
system. Beyond that it allows for additional verification of
the measurement position of the point diagnostics (TiRe LII
and CARS) relative to the extension of a soot cloud. Quanti-
tative 2D monitoring of the soot volume fraction, however,
is not accessible by this setup since the short focal lengths
excitation optics prevents a sufficiently homogeneous sheet
thickness along the path through the combustor. That was
not the goal of the experimental setup since this information
had already been measured previously [17].

3.3 CARS-specifics

The CARS excitation scheme, specifically developed for
sooting flames has been presented in [36] and used fol-
lowing several updates of components since [18, 37, 38].

According to [36], soot presence does not impact the derived
temperatures with the employed excitation scheme. A fre-
quency doubled Nd: YAG laser (Spectra Physics G290) with
a repetition rate of 10 Hz (A=532 nm, pulse duration ~ 8 ns)
was used to pump two dye lasers (Sirah Double Dye Pre-
cisonScan): a narrowband dye laser was tuned to produce
591 nm (orange color), which provided the pump and probe
beams (50% split). On the other hand, the broadband dye
laser (Stokes beam) was set to peak around 685 nm (red
color) with a bandwidth of about 10 nm. This choice of spe-
cific wavelengths shifts the CARS signal to 519 nm, hence
avoiding signal interference due to laser-induced C, emis-
sions, a problem often encountered in sooting flames [36].
To obtain high-intensity CARS signal while maintaining
high spatial resolution, a folded BOXCARS configuration
[39] was used to achieve the necessary phase matching
required for generating coherent CARS signal beam. Out-
side the CARS laser container the three laser beams (pump,
Stokes and probe) were relayed by a series of high-reflec-
tivity mirrors to the measurement position, focused by the
above-mentioned f=250-mm lens. Spatial resolution was
determined to be < 0.1 mm in diameter (using the beam pro-
filing camera) and about 1.5 mm (L95%) in the laser beam
propagating direction using the non-resonant CARS signal
from a thin quartz plate placed at the measurement position.
At the crossing point of the three laser beams, the 519 nm
CARS anti-Stokes signal beam was generated, which trave-
led coherently in the same direction as the other laser beams.
The currently used receiver optics consists of a collimation
lens (f=350 mm) and a set of dichroic mirrors to spectrally
separate the signal beam from the excitation lasers in the
visible and infrared. Signal detection followed spectral dis-
persion in a spectrometer (Horiba, THR1000, 1200 lines/
mm) using a 16-bit ICCD (Lavision, Nanostar).

Overlap of the CARS focus and the LII sheet was vali-
dated with a beam profiler (WinCam D) outside the pres-
sure housing in a location representative of the measurement
location inside the combustor. Furthermore, a target consist-
ing of a pinhole and a thin quartz plate was used to check
the overlap of all laser beams. Temporally, both diagnostics
have been delayed to each other to avoid interferences. The
CARS laser pulses were fired 1 ps after the LII pulse. This
ensures that the LII process is completely finished before
the CARS process related to high laser power density (and
consequently changes of the soot) starts. Given the known
flow velocities [20] it can be estimated that this short delay
does not yield an exchange of the mapped fluid elements
between the laser pulses. Heat-up of the direct ambience
of soot particles due to heat dissipation of the absorbed LII
laser energy is neglected when interpreting the CARS tem-
peratures. Such effect is expected not to exceed about 50 K
for our studied conditions, in magnitude depending on the
used LII fluence and soot concentrations [34].
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4 Data evaluation
4.1 TiRe LIl data evaluation

The measured instantaneous LII decay traces were first
filtered to include only those pulses with sufficient sig-
nal level. Data evaluation was done using LIISim for the
time-resolved LII signal [40]. Temperature traces were
then calculated for each laser pulse. The background tem-
perature was determined by averaging 200 ns of the tem-
perature trace before the LII laser pulse. The parameter
implementation for fitting the LII signal followed that by
Kock, detailed in [33, 41], i.e. heat transfer model and
material constants were used as reviewed in Appendix
B of [40]. Variation of the gas composition only showed
minor effect on the derived particle size. Therefore 100%
nitrogen was used as the gas mixture, as nitrogen is the
main component of the gas mixture. Temperature traces
were fitted 20 ns after the peak to exclude the region were
vaporization of the particles may take place. Decay rates
were determined using the same fitting window by fitting
a mono-exponential decay trace to the data.

The parameterization in LIISim does not account for
polydispersity of the primary particle distribution (which is
unknown anyways). Following respective statements in the
excellent review on LII [42], based on detailed evaluation in
[43], the LII decay behavior sensitively depends on a realistic
description of polydispersity. Given the very short derived sig-
nal decay, however, we expect aggregation to be minor, thus
leaving the polydispersity of primary particles as more sig-
nificant factor. Additional uncertainty evolves from the insuf-
ficiently known soot properties under the studied conditions.
Soot maturity, which is known to affect the optical properties
of soot relevant for the LII process, can be traced in laminar
flames [44], even if pressurized [45], under consideration of
the involved uncertainties in the respective parameters (soot
heat capacity, density, thermal accommodation coefficient,

to name few). However, that is not yet possible for turbulent
cases. Therefore, the derived particle sizes can only provide a
rough indication, hence are not to be mistaken as exact values.

4.2 CARS data evaluation

For CARS data analysis the in-house code CARSpy [46]
was used. Prior to fitting the experimentally obtained
spectra, the pixel axis was converted to wavelength (spec-
tral) axis. For this, emission from a mercury-argon lamp
(Avaspec) was coupled into the spectrometer using the
same fiber optic used for CARS signal. In the spectral
range of 520 +5 nm, four strong argon atomic lines from
the Ar-I system (516.2285 nm, 518.7746 nm, 522.1271 nm,
525.2788 nm) were used to determine the pixel-to-wave-
length conversion. This calibration not only allows associ-
ating the CARS spectra with absolute wavelengths but also
sets the correct dispersion of the spectral system, both of
which are necessary for the spectral fitting. In addition, a
tungsten lamp was used to create a flat background profile
to correct for any wavelength-dependent quantum yield
(signal intensity) of the spectrometer as well as the camera.

Each set of typically 1200 recorded CARS spectra was
accompanied by a background spectrum that was acquired
right after the CARS spectra and by blocking the laser
beams. Pure Argon flow was used prior to the flame meas-
urements to obtain the spectral profile of the broadband
Stokes beam, which directly affects the profile of the CARS
signal. In the end, each CARS spectrum prior to a fitting
procedure was (1) subtracted by the background noise, (2)
corrected for non-uniformities in the Stokes profile and (3)
converted to a wavelength (wavenumber) axis.

In addition, the pump laser profile as well as the slit func-
tion of the spectrometer necessary for carrying out the spec-
tral fitting was derived based on room air spectra as seen in
Fig. 4.
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Fig.4 Synthetic CARS spectrum: a theoretical spectrum b influence from laser profile ¢ influence from slit function, at 1 bar and 2000 K in air
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Fig.5 Fluence curves recorded for the Giilder flame and FIRST case (a) and distribution of peak temperatures (b) at the pulse energy indicated

by a dashed line in the left plot

Experimental spectra were then fitted iteratively against
theoretical ones using a least-square fitting routine. The
fitting parameters included temperature (7) and the ratio
between N, number density and the non-resonant back-
ground (which depends on the local gas composition and
is usually unknown). Systematic errors may arise due to the
treatment of the non-resonant background. Nevertheless, it
has been shown in literature that such fitting could still pro-
vide fairly reliable temperature measurements [39]. Given
the non-premixed nature in many measurement locations,
alternative methods such as calculating theoretical non-res-
onant background by assuming local equilibrium may result
in significant errors in premixing zones of the flame.

5 Results and discussion

For time-resolved LII, the chosen laser fluence in the meas-
urement location is recommended to be below the LII
threshold regime to avoid non-negligible surface sublima-
tion. Therefore, we have recorded fluence curves for the lam-
inar diffusion flame as well as for the turbulent pressurized
target case. Since an access to inside the combustor could
not be realized, the pulse energy before the experiment is
plotted instead of the conventionally recommended exact
fluence at the measurement location. The resulting curves
are shown in Fig. Sa.

For the laminar flame, the expected peak temperature
plateau is reached at about 4000 K. In the turbulent test
case, a similar levelling-off trend is identified in the same
fluence range. However, the peak temperature values were
measured to be significantly lower. This drop of peak tem-
perature under turbulent, pressurized conditions is attributed
to a deterioration of the LII sheet quality in the measure-
ment location due to beam steering, in addition to the more

pronounced conductive heat transfer. Fluctuating deteriora-
tion of the beam quality in the measurement location trans-
lates into a fluctuation of local laser fluence (i.e. x-axis, hot
spots versus beam divergence) and a subsequent impact on
peak temperatures on an instantaneous basis (i.e. y-axis),
while the plot represents the resulting averages. The respec-
tive distributions of peak temperature for a pulse energy of
roughly 15 mJ are shown in Fig. 5b, which indicates a sig-
nificant widening of the distribution and decrease of tem-
perature values for the turbulent case. The rate of valid LII
laser pulses depended on soot presence, which was 100%
out of 100 individual laser pulses for the laminar flame, and
significantly lower for the turbulent flame due to soot inter-
mittency, i.e. roughly 18% of the used 1200 pulse pairs for
the given location. For other locations in the flames, and
during different runs with the same conditions, we unfortu-
nately have exported individual temperatures and therefrom
deduced the standard deviation only for one location and
value of laser energy; for the other energies, only the aver-
age was evaluated on-the-fly and recorded, thus a standard
deviation is not available for those for further comparison.
When using appropriate fluence values, we achieve tem-
perature decay curves as exemplarily shown in Fig. 6. It is
evident that the temperature decay is significantly shorter
for the pressurized case compared to the atmospheric one,
which is partly due to the increased heat conduction with the
pressure scaled by a factor of three, but more so by the sig-
nificantly different particle sizes, which are very tiny for the
turbulent pressurized flame. Our reference size for the well-
characterized Giilder flame (standard location on-axis at
42 mm above the pipe exit) we derive roughly 18 nm particle
size, which is lower than the value of 28.3 nm determined by
TEM in [47]. This value served to refine the parameters used
in F. Liu’s model, as referenced in [40]. It is known that the
parameterization by Kock yields somewhat smaller primary

@ Springer



76 Page8of13

K. P. Geigle et al.

3500 T T 5000
Gulder 1 =585ns
3000 1 |aminar
1 bar
2500 + 4000
<. 2000 <
] S =
1500 7 3000
1000 A
5001 "
-1 2000
0 7 FIRST combustor, 3 bar

-250 0 250 500 750 1000
t [ns]

Fig.6 Comparison of individual temperature decay curves for the
turbulent pressurized case relative to the laminar atmospheric flame

particle sizes compared to that by Liu (see application cases
in [40]), therefore we evaluate the derived size range for our
reference flame measurement as acceptable for the purpose
of this study, i.e. derivation of relative information between
the cases.

An impression of a subseries of LII recordings in a
representative location of the turbulent pressurized flame
(r=0 mm, ~=18 mm) is shown in Fig. 7. Plot (a) of this
figure shows a time trace of LII intensity for this position
recorded by the ICCD and the PMT system, respectively.
The time trace visualizes the intermittency of soot presence
in the PMT detection volume of roughly 1 mm in diam-
eter. LII signal in 2D representation and LII signal decay
curve, already calibrated to temperature, are shown in panels
(b) to (f). The location of the PMT measurement volume
is labelled in the 2D plots. Different peak temperature is
indicative of different energy transfer from the laser pulses
to the soot particles in the measurement volume as detailed
in Fig. 5b, due to beam steering or excitation with the wings
of the laser sheet only. Panels (g) to (j) visualize individual
situations where either no soot is present at all in the whole
image, no soot filament is appearing more or less close to the
PMT detection volume, or soot concentration in this volume
is just insufficient to generate signal appropriate for calibra-
tion and detailed evaluation (j). For this last plot, Fig. 7a, j
shows some non-background intensity which is, however,
not producing enough signal to derive a particle size. It is
evident that the decay time of all decay curves is quite simi-
lar as is the background temperature level.

The corresponding CARS spectra for some examples in
Fig. 7 are shown in the following Fig. 8. Subplots (a) and (b)
show an excellent fit quality in the higher and lower temper-
ature range. The CARS fit in (c) is acceptable, however, due
to insufficient soot signal for this instant (Fig. 7e), the data
is not useful for the combined statistics. Figure 8d shows
insufficient CARS fit quality (based on y? values of the fit,

@ Springer

not shown in the plots) and is therefore discarded from the
further analysis.

A typical instantaneous LII-derived temperature profile
decay in the turbulent pressurized flame is shown in Fig. 9a.
The trace covers the complete PMT gate. The temperature
decay is significantly shorter than for the atmospheric Giil-
der flame (see Fig. 5). Unlike for the Giilder case, where
the signal is long enough to select a suitable time window
before background levels are reached, the fitting routine in
LIIsim has to include the apparent temperature background
to converge, which results in the solid red temperature trace.
The apparent background, labelled with a blue dashed line
however, is generated by naturally incandescing soot fila-
ments at the measurement location (ideally) or between
there and the detector, i.e. by any hot soot cloud in the LII
detection cone shown in Fig. 2. Consequently, the derived
LII background temperature for those short decay times is
typically hotter than the instantaneously measured CARS
temperature, on average shown in Fig. 9b. This effect is not
to be mixed up with local heating of the ambience of soot
particles due to absorption of laser energy during the LII
process [34, 48, 49] for following reasons: (a) the analyzed
LII temperature traces have roughly the same level behind
compared to before the LII event, and (b) the soot concen-
trations are insufficient for significant local heating (up to
400 K for soot concentrations 30—40 times higher than in
the present case [49]. Almost all instantaneously derived LII
background temperatures show values in the narrow range
of 2050 to 2250 K while the respective CARS temperatures
cover a much wider range between 800 and 2300 K in the
same locations (not shown).

To compensate for this within LIIsim without going
through the exercise of creating an own fitting routine (only
based on the first 100 ns and the final CARS temperature
value) and adding an LII module to derive particle size, we
have vertically shifted the individual temperature profiles
such that the background temperature matches that of the
corresponding CARS laser pulse. As a result of this practice,
particle sizes increased by up to 12% when decreasing the
temperature background level by 800 K to match the CARS
temperature, which is considered non-negligible, yet without
changing the derived sizes dramatically (Fig. 10a). To check
the influence of this procedure, we also modified the spread
of the individual temperature profiles according to Fig. 10b.
That variation only showed negligible impact on the result-
ing particle size.

For further evaluation, only those TiRe LII pulses were
considered for which a corresponding CARS spectrum of
sufficient quality was available, i.e. the correction procedure
for background temperature further reduced the statistics of
soot particle sizes per location. This adds to the effect of
soot intermittency which also reduces statistics from the
initially acquired 1200 laser pulses per location. Major
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Fig.7 Local LII intensities in a measurement location at r=0 mm
and 2#=18 mm in a selected subsequence (a) and pairs of 2D LII
images and local temperature decay curves, translated from the LII

reason for insufficient CARS spectrum quality is the loss of
overlap of the three CARS laser beams due to occasionally
occurring pronounced thermal gradients in the flame, which
then results in beam steering. The finally used number of
laser pulses for derivation of primary particle size in vari-
ous locations of the flame is shown on the left sub-panel of

decay (b) to (f). Panels (g) to (j) show examples for the frequent situ-
ation of insufficient LII signal in the PMT detection volume

Fig. 11a. Given the pronounced soot intermittency which is
based on turbulence and time and composition histories of
fluid elements, values of about 250 out of 1200 laser pulses
can be considered quite high. In contrast, values below 100
are indicative of quite low statistics of the derived parti-
cle size. The resulting mean particle sizes are shown in the
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Fig. 11 Number of CARS-corrected LII pulses per location and derived averaged primary particle sizes (a), and instantaneous correlation of

CARS temperature with particle size (b)

right sub-panel of the same plot. Values are generally in the
range of about 5 nm, i.e. far below the 25-30 nm reported
for mature soot particles from laminar atmospheric flames
with long residence times [47] or even after aircraft engines
[50]. Our interpretation at current status is that the residence
time in the characterized relatively weakly sooting flame
are insufficient to form much larger particles. A correlation
of particle sizes with local gas temperatures is shown in
Fig. 11b. For three of the evaluated locations shown, no
trend is visible, and the scatter of data points is grouped
around 5 nm particle size in a temperature range between
1600 and 2400 K. At a height of 5 mm above, the injector
exit of the combustor several events show larger particle
sizes at low temperatures. This location is situated below the
stagnation point of the flow, i.e. in the cold inflow where the
conditions are unfavorable for soot formation. Soot identified
in this location is certainly transported there from down-
stream regions where formation can occur. This is generally
plausible as transport through the low velocity inner recir-
culation zone into the inflow region increases the residence
times of those fluid elements. However, soot growth is then
quenched once the soot filaments enter those cold regions.
It should be noted that large uncertainty of derived particle
sizes and low statistics prevent identification of other clear
trends with location.

Factors affecting the accuracy of determined particle sizes
are lack of inclusion of particle polydispersity (unknown
anyways), uncertainties of other soot properties on an instan-
taneous basis (characteristics of mapped soot vary from laser
pulse to laser pulse), and signal noise, in addition to uncer-
tainties induced by the fitting procedure of noisy, quickly
decaying temperature traces. While local soot properties as

polydispersity or aggregation are inaccessible without avail-
ability of sampling, other properties depend on maturity,
which is so far unmeasurable, specifically on an instantane-
ous level. More sophisticated signal analysis would allow
for some improvement of the derived accuracy. However,
we consider this outside the scope of the project where the
general feasibility was focus of the research. Certainly, the
collected data can be valuable to support soot modelling
as good estimation of otherwise inaccessible information,
and also serve as a basis to further optimize the diagnostics
combination.

6 Conclusions

In this paper, we demonstrate a new diagnostics combina-
tion to non-intrusively determine in-flame particle sizes for
a laminar and a turbulent pressurized case. The approach
consists of combining time-resolved laser-induced incandes-
cence (TiRe LII) and shifted vibrational coherent anti-Stokes
Raman scattering (SV-CARS) and enables instantaneous
evaluation of the primary particle size in a probe volume of
roughly 1 mm in the length and few hundred micrometers in
the width. CARS is employed to introduce the best available
gas temperature into the evaluation of LII decay curves. An
additional ICCD camera serves to monitor soot presence in
the measurement volume. A first iteration using non-gated
photomultiplier tubes failed due to too high flame luminos-
ity. After implementation of gated devices, the signal quality
was significantly improved. For given laser fluence used for
LII excitation, the achieved peak temperatures of the LII
process are significantly lower for the pressurized turbulent
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flame which is attributed to increased heat conduction, and
values show pronounced fluctuations, which is due to beam
quality deterioration in the measurement volume (beam
steering). Unlike in other configurations, the tail of the LII
signal decay curve cannot be used to deduce the local gas
temperature. Here, we have found clear evidence that this
part of the signal curve is dominated by hot soot streaks
present between the location of the laser excitation and the
detection optics.

Determined particle sizes in the swirled pressurized soot-
ing flame at 3 bar are consistently very small and in the
range of 5 nm; the decay of particle temperature is signifi-
cantly faster than for the laminar atmospheric flame used for
reference. In the pressurized flame, only a small variation
of primary particle size is identified, which is also relatively
insensitive to moderate variations in equivalence ratio or
omission of the secondary air injection. For one location
indicative of cold inflow conditions where soot presence is
a result of transport phenomena, soot particles are somewhat
larger (exceeding 10 nm). Unfortunately, the measurements
suffer from relatively poor statistics due to soot intermit-
tency, which is the result of a compromise between operation
times, and soot load affecting clearness of the combustor
windows. Potentials for narrowing down current uncertain-
ties exist, but are out of the scope of the current paper, which
serves to demonstrate the principal approach.
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