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Abstract

Quasi-simultaneous measurements of temperature and soot volume fraction in pressurized and atmo-
spheric flames are presented. A dual-flame burner concept yielded stable laminar flames for a variety of
equivalence ratios, pressures, and fuels, and permitted the investigation of flames without the influence
of soot oxidation. A CARS-based technique (shifted vibrational CARS) for temperature measurements,
which offers high accuracy over the entire relevant temperature and soot concentration range, is described.
Comparison of temperature measurements in the nonsooting part of a laminar diffusion flame at atmo-
spheric pressure by SV-CARS and conventional N2 Q-branch CARS yielded excellent agreement. This
new technique was applied to quasi-1D laminar flames with soot concentrations up to 10 ppm and pres-
sures up to 5 bar. The temperature profiles measured in these flames were combined with soot concentra-
tion measurements using LII; calibration and correction for signal trapping yielded quantitative soot
volume fraction data. The temperature and soot concentration data were combined to generate a compre-
hensive dataset for the validation of an improved kinetic soot model for the prediction of soot formation in
premixed combustion at elevated pressure.
� 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Soot has attracted increasing interest of poli-
tics, industry, and research due to its role as an
undesirable byproduct of combustion processes
and the thereby produced exhaust gases. A com-
prehensive understanding of processes involved
in soot formation and oxidation is essential for
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the practical realization of pollutant reduction.
In this context, considerable effort is directed at
numerical modeling of soot formation. These
models must, however, be extensively validated
with experimental data. That must capture the
phenomena of interest with sufficient resolution
and must encompass a wide range of operating
conditions. Two parameters vital to soot model
validation are soot volume fraction (fv) and local
flame temperature (T). The latter is fundamental
to the processes present in soot chemistry, and is
thus particularly significant in the context of pol-
lutant formation in combustion.
ute. Published by Elsevier Inc. All rights reserved.
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Flame temperature measurements via thermo-
couples, though tempting due to their relative sim-
plicity, are limited in their accuracy by the need to
correct for heat radiation, conduction, and con-
vection. Thermocouples also influence the local
flow field [1] and can suffer from coverage by soot,
which prevents direct probe contact with the sur-
rounding gas. Several nonintrusive techniques for
temperature measurements in sooting environ-
ments have been published [2,3]. One approach
measures the line-of-sight particle emission for a
homogeneous soot distribution of equal tempera-
ture [4], which is then compared to a blackbody
light source of known temperature. This method
cannot be applied to nonsooting regions of a
flame and is restricted to homogeneous soot and
temperature distributions. Laser-based techniques
offer the advantage of high temporal and spatial
resolution without being limited to the stated
restrictions. Temperatures in sooting flames are
in principle accessible by rotational coherent
anti-Stokes Raman scattering (CARS) [2] and fil-
tered Rayleigh scattering [3]. However, the former
shows a decreased sensitivity at flame tempera-
tures, the latter is essentially dependent on know-
ledge of the local gas composition and the
pressure (p), factors which strongly influence the
relevant line-broadening and thus the measure-
ment accuracy (an in-depth discussion is found
in [5]). Vibrational N2 Q-branch CARS is an accu-
rate technique for temperature measurements in
practical combustion, but the conventional excita-
tion scheme based on a 532 nm Nd:YAG laser [6,
p. 309] fails in sooting flames because of strong
interference from laser-induced C2 Swan band
emission. Modified excitation schemes based on
the inclusion of an additional dye laser to shift
the CARS signal to less disturbed spectral regions
have recently been published [7,8].

The development of soot models is strongly
dependent on accurate temperature information
in conjunction with soot concentration data mea-
sured in flames with different fuels, equivalence ra-
tios (/), and pressures. The phenomenology of
soot formation at elevated pressure is of great
importance since virtually all practical combus-
tion devices operate at p � 1 bar. However, few
experiments focusing on soot model validation
at elevated pressures are available [9,10]. This is
in part due to stringent requirements imposed by
factors as flame instability and the thinning of
the flame reaction zone at elevated p.

The current study addresses the aforemen-
tioned difficulties by combining well-resolved tem-
perature (by SV-CARS; discussed below) and
quantitative soot concentration measurements
(by LII) with a versatile two-flame burner which
provides stable, laminar, premixed flames for a
variety of equivalence ratios and fuels for p up
to 5 bar. These flames serve as quasi-1D model
flames to study the pure, turbulence-free chemis-
try of soot formation. The described SV-CARS
excitation/detection scheme promises even less
interference from Swan band emissions than in
[7]. The LII measurements are quantified by an
extinction measurement and include a signal trap-
ping correction, discussed in [11] and essential for
strongly sooting flames.
2. Experimental setup

2.1. Burner

Kinetic soot model validation experiments
using flames at elevated pressure pose a significant
challenge for burner design. One requirement is a
completely laminar flow resulting in a stable flame
without any flickering. In this case, a direct corre-
lation of height above burner (HAB) with the
combustion process time scale is possible. The
flame needs to be homogeneous over the probe
volume to avoid variations in the measured quan-
tity (i.e., fv or T). For a comparison with true 1D
kinetical computations, the influence from the
flame edges must be as small as possible (infinite
burner surface approximation).

The current burner design was developed from
known burner concepts ([4] and high pressure
burners in [9,10,12,13]) based on the above
requirements. Two concentric flames are sur-
rounded by an air coflow. An essential feature
of this burner is the use of a nonsooting CH4/air
ring flame that surrounds the axisymmetric soot-
ing flame to be studied. The ring flame reduces
oxidizing influences from the flame edges and pro-
vides a hot shielding film against the surrounding
cold coflowing air. The two-flame concept is also
useful for flame stabilization, as even lifted soot-
ing flames were stabilized (allowing T measure-
ments below the reaction zone). Both flames
were stabilized above water-cooled sintered
bronze plates (pore size 12 lm). Additional flow
conditioning and mixing of fuel and air was
achieved by using small glass beads below the
bronze matrices. The burner assembly was
mounted into a pressure vessel with large windows
for optical access.

Table 1 shows the settings for the flames dis-
cussed in this work. These were found by adjusting
/ for both flames and three cold exit velocities
(CH4/air, studied fuel/air, and coflowing air).
The gas flows were controlled by five mass flow
controllers calibrated in-house. For toluene
flames, the combustion air was passed through a
saturizer system with the toluene concentration
determined ex-situ after sampling part of the mix-
ture. All flow rates were chosen to minimize hori-
zontal flickering and/or vertical fluctuations in
the sooting flame and to yield a large homogeneous
area around the flame axis (perfectly flicker-free or
homogeneous flames could not be attained due to



Table 1
Flame settings for the presented 1D model flames

Fuel Inner / Inner flame d = 41.3 mm Ring flame d = 61.3 mm Coflow air d = 150 mm

Q (fuel) Q (air) Q (CH4) Q (air) Q (air) p

C2H4 2.40 1.84 12.6 7.14 41.5 460.2 5
C3H6 2.23 0.34 3.12 1.51 11.4 202 1
C7H8 1.75 0.098 2.49 4.65 29.6 275.7 3

All flow rates are in standard liters per minute. Pressure is in bars.

Fig. 1. Representative LII response as a function of the
laser fluence measured at 1 bar.
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minute fluctuations in the flow controller regulat-
ing valves; the stability of flames, particularly at
elevated pressures, is exceedingly sensitive to
these). For further flame stabilization, a grid was
positioned at HAB of 40 mm (p > 1 bar) or
45 mm (p = 1 bar). It consisted of a few coannular
metal rings, 4 mm in diameter, with enough open
space so as not to behave like a stagnation plate [9].

2.2. Measurement techniques

2.2.1. LII
As a frequently applied technique for the in-

situ nonintrusive determination of fv and particle
size, laser-induced incandescence (LII) has gained
increasing attraction over the recent years [13–16].
The technique is based on strong laser-induced
heating of soot particles, followed by equilibra-
tion over several processes such as vaporization,
heat conduction, and radiation. Under carefully
chosen conditions of excitation laser energy,
detection wavelength, and timing, the radiation
intensity is proportional to fv and can be quanti-
fied by calibration using an independent technique
such as cavity ring-down spectroscopy [17,18] or
extinction [19]. This yields a calibration constant
C, which converts the emitted LII signal to fv.

For LII excitation, we used a Nd:YAG laser at
1064 nm. A set of sheet forming optics (f =
�80 mm cylindrical lens, f = 1000 mm spherical
lens, rectangular aperture) produced a homoge-
neous sheet of approximately 30 mm in height
and 170 lm in width, top-hat, and Gaussian in
the vertical and transverse directions, respectively.
A polarizer and a half wave plate were used to
keep the laser sheet energy close to 35 mJ
(0.68 J/cm2) behind the flame; this value was cho-
sen from a measurement of the LII signal response
(Fig. 1), to ensure the signal was independent of
laser energy fluctuations (shot-to-shot fluctuations
and local inhomogeneities from beam steering or
attenuation). The signal was detected perpendicu-
lar to the sheet with an intensified CCD camera
through a 450 ± 10 nm interference filter.

To measure extinction, the laser was operated
at 532 nm at low energies to avoid processes other
than extinction in the flame. Both beams for LII
measurements and calibration by extinction used
the same optical pathway; small changes in the
lens positions were necessary to account for the
change of focal length with wavelength. A quartz
plate reflected about 4% of the incident extinction
sheet energy into a quartz cell filled with laser dye.
The rest of the sheet was partially absorbed by the
flame and directed into a second dye cell. The
fluorescence from the cells could be imaged by
the camera by adding a mirror in front of the cam-
era, a 700 nm interference filter rejected stray
light. For both measurements, 100 single shot
images were averaged.

It should be noted that for strongly sooting
flames the energy losses (irrespective of process)
in the LII and extinction laser sheets, determined
by measuring the sheet energy with and without
the flame, were observed to be different. The
extinction (low energy) measurements indicate up
to 80% absorption, while the LII sheet energy is
attenuated by at most 30%. This clearly indicates
that the LII process is not perfectly nonintrusive;
in particular, the high LII laser fluences are known
to result in increased soot sublimation, which can
introduce additional error into the measurements.
However, since LII signal generation starts simul-
taneously with particle vaporization, the initial
(peak) signal is most representative of the true soot
volume fraction and less sensitive to high laser flu-
ences [14]. This ‘‘prompt detection’’ approach was
therefore used in the current study with a 40 ns
gate beginning with the laser pulse.

A critical issue in strongly sooting flames is
that the detected LII signal is significantly lower
than the emitted LII signal (required to calculate
fv via C) due to signal trapping along the path
to the detector. While the difference can exceed
50%, the associated error in soot level on the bur-
ner axis did not exceed 15% because of a cancella-
tion of effects: while the detected signal is reduced,
the calibration procedure results in a larger C.



Fig. 3. Calibration of the LII signal (profile of / = 2.15
flame shown) with extinction measurements, showing a
plateau region for C between HAB = 11 and 28 mm for
different 5 bar propene/air flames.
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In axisymmetric flames, this effect can be cor-
rected, modeling relevant physical processes more
realistically and addressing a known error source.
We followed the approach described in [11] that is
based on the reconstruction of one complete emit-
ted LII profile at a given HAB. The extinction
measurement is described by:

Iext
I0;ext

¼ exp
�kCL
kext

X
n

S 0
n

( )
; ð1Þ

where I0, ext and Iext are the incident and attenu-
ated extinction laser intensities at wavelength kext,
respectively, k is a function of the complex refrac-
tive index [11], and S0

n is the emitted LII intensity
at detector pixel n. The extinction in a carefully
chosen height (assumed to be equal to absorption)
and the detected LII signal Sn (instead of S0

n) yield
an initial guess for C and thus fv. Based on that,
the signal trapping is computed to deduce S0

n from
Sn according to

S0
n ¼ Sn exp C

kdet
kdet

X1

m¼n

S0
mLn;m

( )
; ð2Þ

where kdet is the corresponding dimensionless
extinction constant for the detection wavelength
kdet and Ln,m is the absorption path of the LII sig-
nal through a shell of soot (see Fig. 2). Eq. (2) is
iterated adjusting C until the extinction (from
soot) based on S 0

n matches the measured value.
The final value of C gives the true correlation of
emitted LII signal to fv. This constant applies
for all other HAB, and the signal trapping for
the signal emitted on the flame axis can easily be
obtained from the height resolved extinction pro-
file using the axisymmetry of the flame where the
extinction beam and the emitted LII signal have to
pass the same soot distribution (see Fig. 2):

Iext ¼ I0;ext exp �
Xrn
r0

fvðrÞ
k
kext

Dr

( )

� exp �
Xrn
r0

fvðrÞ
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kext

Dr
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Ssig ¼ S0;sig exp �
Xrn
r0

fvðrÞ
kdet
kdet

Dr

( )
: ð3Þ
Fig. 2. Signal trapping correction for LII data analysis.
We used the complex refractive index of 1.60–
0.59i [20] for both the extinction wavelength
(532 nm) and the LII signal wavelength
(450 nm). Combination of Eq. (3) thus yields

Ssig

S0;sig

¼ Iext
I0;ext

� � kext
2�kdet

: ð4Þ

In contrast to other published data, where the
integral extinction over the whole flame is mea-
sured [21], our setup allows us to choose the best
calibration height for each measurement. The
importance of this feature is illustrated in Fig. 3,
which shows the typical variation of the ‘‘con-
stant’’ C with HAB. At low HAB, extinction by
soot is low. Thus, absorption by other species
(e.g., PAHs) might influence the extinction mea-
surement in a non-negligible way [22]. Further-
more, soot properties in the region of initial soot
production are the least representative of the
whole flame and not well known. At high HAB,
soot particles start aging and form agglomerates,
which again changes the optical properties. For
data analysis, we used the region in between these
extremes, i.e., close to the end of the soot volume
fraction rise, where C remains constant and
absorption is dominated by soot. Uncertainties
in this and other LII parameters lead to an esti-
mated fv uncertainty of 30%.

2.2.2. SV-CARS
The CARS technique is based on measuring

the temperature-dependent Boltzmann distribu-
tion of energy levels of a tracer species in the
flame, and is a well-established and highly accu-
rate tool for the determination of temperatures
in various surroundings. The conventional setup
of a N2 vibrational CARS system uses the
532 nm output of a Nd:YAG laser for the pump
wavelength. In sooting flames, the CARS laser
beams excite laser-induced fluorescence from C2

molecules, naturally present in flames but also
produced by the interaction of the lasers with soot
particles. This emission, shown in Fig. 4, occurs at
the same k as the N2 CARS signal and can over-



Fig. 4. C2 Swan band in the relevant spectral range (bottom), together with typical spectra from conventional CARS
(upper right) and SV-CARS (upper left), indicating full avoidance of interferences at 519 nm.

Fig. 5. Experimental setup, including the folded-BOXCARS phase-matching scheme, used for SV-CARS. The mirror in
front of the LII camera is used to image the dye cells and is removed for the LII imaging.
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whelm it. In lightly sooting flames, it is possible to
analyze the CARS spectrum only in the undis-
turbed spectral regions (hot band), as done in
[23]. This approach, however, reduces the mea-
surement�s accuracy and is not applicable for tem-
peratures below 1300 K where the hot band in the
Q-branch spectrum is too weak. Thus, conven-
tional N2 vibrational CARS in sooting flames is
limited to the hot regime and to soot concentra-
tions well below 0.1 ppm.

Our approach is to use a narrowband dye laser
for the pump beams instead of the 532 nm
Nd:YAG output, thus shifting the CARS signal
out of the Swan bands (shifted vibrational
CARS). In our experiment, the 532 nm output
of a Nd:YAG laser was used to pump a narrow-
band dye laser (591 nm) which provided two
pump beams and a home-built broadband dye la-
ser (685 nm) that provided the Stokes beam. In
contrast to earlier publications [7] or a dual-pump
CARS approach [8], the CARS signal is now
shifted to 519 nm instead of approximately
490 nm. As seen in Fig. 4, this region is completely
undisturbed by C2 emissions. This approach fur-
thermore significantly reduces the overall laser-
stimulated C2 emission, since a Stokes beam at
685 nm can only excite the poorly populated
v P 3 vibrational states of C2 resonantly.

Figure 5 shows the entire experimental
arrangement, including the SV-CARS system
and the associated beam overlap scheme. The
CARS beams were overlapped in their focus in
folded BOXCARS geometry using a f = 500 mm
lens; the resulting probe volume was approxi-
mately 4 mm long and 0.2 mm in diameter. This
arrangement is advantageous due to its excellent
spatial resolution (0.2 mm) normal to the burner
surface, necessary for resolving steep flame tem-
perature gradients, in particular in flames at ele-
vated pressure; the larger (4 mm) dimension is
not a problem since all flames were homogeneous
over at least twice that width. All beams were
equipped with polarizers and half wave plates
for attenuation and for choice of proper beam
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polarization to meet the phase-matching condi-
tion; an additional analyzer was implemented for
background suppression in the case of pressurized
flames (polarization CARS [6, p. 345]). The SV-
CARS spectra were detected with a double spec-
trometer and an intensified CCD camera. At each
flame position, 600 single pulse spectra were aver-
aged. For normalization of the spectra, the spec-
tral distribution of the broadband dye laser was
measured from the nonresonant CARS signal ex-
cited in argon (average of 300 single spectra). The
transfer function of the detection system was de-
duced from a N2 spectrum at a known tempera-
ture (average of 300 single spectra). The spectra
were analyzed for temperature by contour fitting
calculated spectra to the measured ones [1].

The SV-CARS technique has an estimated er-
ror of 3% [24, p. 86] over the full temperature
range, caused, e.g., by fit accuracy and uncertainty
in chemical composition. Unlike methods related
to blackbody radiators to determine the tempera-
ture, SV-CARS can deliver temperatures in all re-
gions of a sooting flame, especially in the
nonsooting flame front with steep gradients. The
small probe volume gives an advantage over
line-of-sight techniques that must assume (or
prove) the homogeneity of the flame over the en-
tire optical path. Furthermore, the technique al-
lows single pulse measurements, resulting in
Fig. 6. Temperatures measured by conventional CARS
and SV-CARS, showing good agreement in the non-
sooting parts of the flame and demonstrating the ability
of SV-CARS to measure temperatures reliably in the
sooting regions. The CARS spectrum for the point
labeled with * is shown in Fig. 4 upper right. Soot
distribution is from [26].

Fig. 7. T and fv profiles in a strongly sooting C2H4/air model fl
(B).
additional information on local fluctuations via
temporally resolved temperature measurements.

A typical ‘‘quasi-simultaneous’’ measure-
ment sequence consisted of SV-CARS mea-
surements, followed by LII and extinction
measurements within a few minutes. This
approach was applicable since the flames were
temporally stable.
3. Results and discussion

To validate the SV-CARS approach against
conventional N2Q-branch CARS, a standard Gül-
der-flame burner for laminar diffusion flames [25]
was used. Ethene and air were passed through
coannular tubes of 12.5 and 88 mm in diameter
at flow rates of 162 sml/min and 50 sl/min, respec-
tively. A bed of glass beads provided flow condi-
tioning for both flows. Under these conditions,
the flame exhibited a visible length of 61 mm. Wil-
tafsky et al. [26] have shown flame reproducibility
and applicability of this flame for calibration pur-
poses. With a maximum soot volume fraction of
approximately 12 ppm, this flame represents an
ideal object for the validation of the modified
CARS excitation scheme. As seen in Fig. 6, mea-
surements show excellent agreement of SV-CARS
with conventional CARSwithin the nonsooting re-
gions; in addition, accurate temperatures in the
sooting parts of the flame are now accessible. For
example, the data point labeled with an asterisk
in Fig. 6 was deduced from the conventional CARS
spectrum shown in Fig. 4 (upper right) and was the
last point accessible by conventional CARS; even
there, the temperature fit clearly suffers from inter-
ferences, preventing an accurate data analysis.
Remaining discrepancies at the flame edge showing
a large temperature gradient are due to minor spa-
tial day-to-day flame variations.

Representative results of the techniques when
applied to pressurized flames are shown in Fig. 7,
which presents data for the C2H4/air flame
(p = 5 bar, / = 2.40). The shown LII uncertainty
mainly arises from uncertainty in soot properties,
the signal trapping procedure, and variations of
the laser power through the flame. The maximum
ame at 5 bar, / = 2.40 (A), CARS fit for HAB = 12 mm



Fig. 8. T and fv profiles in an atmospheric C3H6/air model flame at / = 2.23, together with results from kinetic soot
model calculations [27] (dashed line, A) and temperature histogram at HAB = 12 mm (within temperature rise, B).

Fig. 9. T and fv profiles in a strongly sooting toluene/air
model flame at 3 bar, / = 1.75.
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T and fv values are 1740 K and 10.2 ppm, respec-
tively; the latter value is similar to that in the
aforementioned Gülder flame. The temperature
at the lowest HAB accessible by SV-CARS
(0.3 mm) is already near maximum. Detectable
soot production starts approximately at the tem-
perature maximum, i.e., close to the reaction
zone. Figure 7B illustrates the fitting of the mea-
sured SV-CARS spectra for this flame at
HAB = 12 mm, and demonstrates that, despite
soot concentrations close to 8 ppm, interferences
from C2 Swan bands were not detected—again
indicating the advantage of SV-CARS. Further
data for other flame conditions are available on
request.

The usefulness of these measurements in
resolving both temperature and soot rise is illus-
trated in Fig. 8, which presents data for the C3H6

flame (p = 1 bar, / = 2.23). Atmospheric flames
studied were frequently lifted above the burner,
enabling measurements of temperature in the
unreacted gases (a vital parameter for soot mod-
els). Again, soot formation starts close to the po-
sition of maximum temperature (1660 K). In this
case, however, the temperature rises more slowly
(roughly 1200 K over 6 mm). The often-used
assumption of a local temperature step [28] is
thus not justified here. Fig. 8 shows results that
confirm this gradual temperature rise is in fact
real and not the result of averaging over a thin,
vertically fluctuating reaction zone. A histogram
of T values at a point in the temperature rise
would in this case exhibit a dual-mode behavior,
showing alternately hot and cold temperatures.
In contrast, the shown distribution is clearly sin-
gle-mode. This slow temperature rise accurately
resolved by SV-CARS must be accounted for
by soot models.

Our earlier temperature measurements in soot-
ing high pressure flames with conventional CARS
[12] were limited to the regions below soot forma-
tion, but the implications of extrapolating these T
values to the sooting regions are obvious [24, p.
64]. Similar to the earlier measurements, the pres-
ent experiments show a significant temperature
decay after the start of soot production, mainly
caused by radiative losses. By using the tempera-
tures derived from SV-CARS, modelers can ac-
count for these inherent losses that otherwise
cannot be easily included in the model.

Figure 8 includes results of a kinetic soot mod-
el computation that used the measured T and fv
data as validation. This detailed model contains
a relatively large gas phase reaction mechanism
(520 reactions and 93 species) coupled with a
mechanistic model for particle inception, coagula-
tion, surface growth, and oxidation; details are
provided in [27,29]. The model is seen to predict
the position of soot rise and overall profile shape
well; the measured and calculated fv values agree
remarkably well considering the state of the art
of numerical soot models.

The profiles of the toluene/air flame (Fig. 9)
show a slower temperature rise compared to the
ethene flame. Here, T rises over 3 mm indicating
a more complex fuel fragmentation chemistry.
For the production of soot precursors and later
soot particles, in this case the experimentally
determined temperatures are even more impor-
tant. As in the other presented flames, soot pro-
duction starts close to the reaction zone. Even at
a low / of 1.75, the plateau soot level is quite high
indicating the large soot formation potential of
aromatic species. Since aromatics contribute sig-
nificantly to liquid fuels, this dataset is relevant
especially for kinetic studies with respect to fuels
used in technical combustion.
4. Conclusions

Nonintrusive, well-resolved quasi-simulta-
neous temperature and soot volume fraction mea-
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surements were successfully performed in pre-
mixed laminar flames at atmospheric and elevated
pressures, with various fuels and equivalence ra-
tios. The experiments were performed in the con-
text of providing quantitative validation data for
numerical soot formation models. Our coflame-
burner design yielded stable, homogeneous lami-
nar flames suitable for validation experiments. A
new technique, SV-CARS, was successfully vali-
dated and applied to measure temperature in both
sooting and nonsooting parts of the flame. These
data were supplemented with accurate soot vol-
ume fraction data provided by LII measurements,
which included careful calibration by extinction
and correction for signal trapping within the
flame. The data were shown to be useful to vali-
date a kinetic soot model for one test case, yield-
ing quite a good agreement between measured
and calculated soot levels.

In addition to the benefit for kinetic model val-
idation, at least in temporally stable flames, the
gained accurate temperatures can be used to im-
prove the typical uncertainty of estimated ambient
temperatures for deduction of the particle size
from LII decay curves. For example, Axelsson
et al. [30] identified the ambient gas temperature
as the main error source for particle sizing by
time-resolved LII. Recent additional measure-
ments were conducted in propene and toluene
pressurized flames in our laboratory; the results
are expected to improve the versatility of the ki-
netic soot model. Applicability of SV-CARS in
turbulent environments is currently under consid-
eration; this will strongly depend on sufficient
beam overlap and will have to be proven.
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Comments
Per-Erik Bengtsson, Lund Institute of Technology,

Sweden. Results of line-broadening effects from product
gas species on N2 lines in rotational CARS thermometry
have been presented [1]. For example, inclusion of N2-
CO broadening will have a large influence on tempera-
ture (tens of K) in sooting flames. In your vibrational
CARS work in sooting flames, did you consider other
line-broadening species than CO2 and H2O? If not, can
you estimate the errors introduced by not considering
N2-CO and N2-H2 broadening, given the fact that CO
and H2 have concentrations above 15% in premixed
sooting ethylene flames?

Reference

[1] F. Vestin,M.Afzelius, C. Brackman, P.-E. Bengtsson,
Proc. Combust. Inst. 30 (2005) 1673–1680.

d

Reply.We are aware of the fact that significant major
species concentrations in sooting flames might influence
the accuracy of temperature measurements with vibra-
tional CARS. The line broadening by H2O and CO2 as
colliding species [1,2] and theoretically derived collision
broadening effects for H2 [3] are already included in
our fitting algorithm. We have not performed further
investigations in that direction, especially those dealing
with N2-CO collisions. However, we expect the influence
to be lower compared to measurements with rotational
N2 CARS. For an approximation of the induced error
based on a 10 % concentration, we replaced the origi-
nally used N2 self-broadening for N2-CO collisions by
either H2O or H2 as collision partner. The influence of
the true CO line-broadening should be found between
both of these extrema. At one selected measurement
point in both cases the resulting variation in temperature
was on the order of 10 K at flame temperatures, but still
not visible in the fit quality. This is within the general
accuracy of CARS temperature measurements.

References

[1] G. Millot, J. Chem. Phys. 93 (1990) 8001–8010.
[2] M. Fischer, E. Magens, A. Winandy, XIV European

CARS Workshop, Escorial (Spain), 1995.
[3] J. Hussong, R. Lückerath, W. Stricker, X. Bruet, P.

Joubert, J. Bonamy, D. Robert, Appl. Phys. B 73
(2001) 165–172.

d

Greg Smallwood, National Research Council Canada,

Canada. As a comment, temperature has been measured
[1] in a sooting laminar diffusion flame using vibrational
CARS, employing selective fitting regions to avoid C2

Swan band interference. The precision was ± 25–50 K
at 1700 K. It is unclear why it was necessary for the
use of shifted vibrational CARS, as it does not appear
to offer improved precision over the existing technique.

The LII technique is highly dependent upon the cal-
ibration constant. How much did this constant vary with
pressure and with fuel type? Why is there any variation
in the ‘‘constant’’? Can you be sure that the constant is
applicable at all locations in a given flame, considering
its variation in flames of different pressure and fuel
composition?

Reference

[1] Ö.L. Gülder, D.R. Snelling, R.A. Sawchuk, Proc.

Combust. Inst. 26 (1996) 2351–2357.

d

Reply. Our detected spectral features, dependent on
the experimental setup, look very much different. The
actually presented CARS spectrum excited with the
usual excitation scheme suffers from Swan band emis-
sion, not from absorption. The difference is probably
due to a different experimental setup. Neither absorption
nor emission interference is present in SV-CARS spec-
tra. In our opinion, a completely undisturbed spectrum
should result in the best available data for a precise fit
and thus the most reliable temperatures, especially over
the whole temperature range. For future single pulse
application of the technique to turbulent flames, the
advantage of a fit of the entire spectrum will be essential.

Comparison of 46 different experiments performed
over 2 years resulted in a scatter of the determined calibra-
tion constant of approx. ± 18 %, and not following a sig-
nificant trend with variation of fuel or pressure. These
variations might be due to minor changes of the optics,
e.g. soot on windows, exact position of calibration, laser
beamprofile and exact laser power.A calibration constant
determined individually for each flame is, in our opinion,
the best available value considering the current state of the
art; furthermore, its accuracy is qualitatively definitely not
worse than that of the refractive index of soot. Even if the
constant were not representative, especially for the early
regions of soot formation of a single flame, the soot profile
would not change dramatically, since in these regions of
soot formation the absolute error on the relatively low
soot concentrations would be low.
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