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Abstract. Picosecond laser-induced radiative emission from
flames injected with aromatic substances has been measured
spectrally and temporally resolved. The measurements were
performed in various seeded regions and for different stoi-
chiometric ratios of the surrounding gas. The wavelength of
the excitation radiation was 266 nm.

Changes in the lifetime and the spectral composition of
the emission were observed with changes in the equivalence
ratio and the position in the flame. Considerable agreement
with previously reported cell measurements was obtained for
those regions close to the injection zone. Temperatures were
determined from spectrally and temporally resolved measure-
ments. The comparison with elastic scattering gave reason-
able results at low seeding rates for naphthalene, and is hoped
to be improved even further in future experiments by increas-
ing the time resolution and the signal-to-noise ratio of the
measurements. Downstream and towards the surrounding gas,
the lifetimes increased and the spectral profiles shifted and
broadened towards the red. This effect increased when the
equivalence ratio for the surrounding gas decreased and the
oxygen concentration increased.

The study was also directed towards characterizing fea-
tures in the emission that could be indicative of a transition
from the seeded aromatic substance to the formation of soot.
An indicator for molecular or particle growth was the com-
position of the spectral emission in terms of UV, blue and
green—yellow bands and the ratio between elastic-scattering
signal and total emission signal. Spatially resolved meas-
urements across the seeding region using a gated intensified
CCD camera allowed a closer study of the molecular-growth
region from the parent aromatic substance seeded to the soot
formed. The fluorescence properties of dimers and their cy-
clodehydrogenated compounds and polymers containing aryl
units are also discussed.
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Polycyclic aromatic hydrocarbons (PAH) have been the sub-
ject of study for many years and several researchers have
studied their presence in flames. Reviews and discussions re-
garding the presence and formation of PAH and soot in differ-
ent types of combustion can be found in, for example, [1, 2]
and references therein. Aromatic substances are considered to
be important precursors to soot. Regulations regarding emis-
sions of PAH and particulates from combustion are expected
to become more severe in the near future, considering the
health aspects associated with these substances. To meet the
new regulations the control of the combustion processes to
produce less soot and PAH, particularly in urban areas, will
be essential. In order to control the combustion process in this
respect, one has to probe the early stages of combustion to
reduce the rates of aromatic molecular growth and soot for-
mation. The earliest stages in this growth process should then
be given by the presence of lighter PAH. Studies have been
done on the chemistry involved in the combustion of gas-
phase aromatic fuels, mostly by means of chemical probing.
Benzene [3-6], phenol [7] and naphthalene [8] are examples
of such fuels being used in experiments. Benzene combus-
tion has been studied at different pressure conditions [3-6].
Naphthalene flames have been studied at low pressures using
radical scavenging [9]. Bi-aryl reactions have been implicated
as important for the formation of PAH and soot in aromatic
fuel pyrolysis [10].

Laser diagnostic methods enable in situ on-line probing of
different substances during combustion. Fluorescence, elastic
scattering/extinction and laser-induced incandescence (LII)
are examples of techniques used to monitor aromatic sub-
stances, soot volume fractions and size of soot particles [11].
In gas-phase combustion these techniques are easier to use
than in the case of bi-phase or multi-phase combustion where
scattering from solid- or liquid-phase particles (droplets) may
be dominating.

A problem with in situ fluorescence for the identification
of different organic substances is the broad and structure-less
spectral profiles of polyatomic molecules that make selectiv-
ity difficult. Furthermore, a comparison with spectra obtained
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at low temperatures may be futile if the properties of the emis-
sion change, for example, with temperature. The detection
sensitivity also depends on the absorption coefficients and
quantum yields, which can be very dependent on the structure
of the molecules. In optical probing, the understanding of the
fluorescence properties of lighter PAH in flames is therefore
of great interest in the study of the early soot formation stages
under practical combustion conditions.

In a previous paper [12], which treated the fluorescence
properties of some PAH at elevated temperatures (up to
1200 K), it was found that the lifetimes and the spectral pro-
files of the fluorescence emission depend on the tempera-
ture. Consequently, the spectral and dynamic dependence on
temperature has to be considered when doing in situ meas-
urements of the fluorescence emission from aromatic sub-
stances in flames. In this paper we investigate how two of
the substances (naphthalene and pyrene) behave in flame en-
vironments characterized by higher temperatures. The sub-
stances were injected in the post-flame zone of a premixed
atmospheric-pressure CHy /air flame, which was run at differ-
ent stoichiometric ratios. The results from the time-resolved
and spectrally resolved measurements are reported and dis-
cussed. The results are compared with those from the previ-
ous paper to determine the possibility to extend the results
from the cell measurements to flame conditions. Some in-
formation about photophysical properties, stability to flame
chemistry and flame temperature was obtained. The investiga-
tion also includes spatially and spectrally resolved measure-
ments across different flame regions characterized by differ-
ent stages in the process of soot formation and a discussion
about the identification of the different pyrolysis products.

1 Experiments and results

The set-up used in the experiments is the same as the one
used in the previous paper [12], apart from the replacement of
the furnace and the cell with a McKenna burner and a seed-
ing part inside the fume box. The fourth-harmonic radia-
tion (266 nm) from the picosecond Nd:YAG laser (Quantel
YG572-C), with a pulse duration of 35 ps at the fundamental
(1.064 wm), was focused into the probe volume. The fluores-
cence emission was detected at 90° to the laser radiation. The
probe volume was imaged through UV-achromatic lenses, an
image-rotating mirror unit, different filters and a beam split-
ter onto the photocathode of a photomultiplier tube (PMT)
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(Hamamatsu H5783-4, anode-pulse rise time 0.65 ns) and the
entrance slit of a spectrograph/CCD (Jarrel-Ash/Lavision-
Flamestar II). In most cases different Schott long-pass filters
were used with the PMT. The diode-array detector coupled
to the spectrograph used in the previous experiments [12]
was replaced with a gated image-intensified CCD camera to
allow spatially resolved measurements across the seeded re-
gion. The gate of the camera had a minimum gating time
of 30 ns and a range of delays with a step of 1 ns. The rise
time of the gate was ~ 2ns. Background-compensated im-
ages with different delays and gating times were recorded and
stored on a computer during the experiments. Spectral pro-
files were obtained by summing the CCD counts row-wise,
which corresponds to a spatial integration of the fluorescence
emission, in the probed volume along the laser beam. The
relative spectral sensitivity of the CCD was calibrated using
a deuterium lamp and a tungsten lamp. In this way a dir-
ect comparison between calibrated spectra obtained from cell
measurements and the flame-seeding measurements was pos-
sible. The lifetimes were measured using the PMT coupled
to an oscilloscope (Tektronix, TDS 620, 2 Gsamples", ana-
logue bandwidth 500 MHz). In most cases the lifetimes were
obtained by the fitting techniques described in the previous
paper using a two-exponential approximation [12]. The short,
long and effective lifetimes t;, 7, and 7., respectively, were
obtained from the best fits.

The two seeding agents were chosen primarily because
they presented the longest lifetime components in the cell
measurement. Naphthalene was chosen as the first candidate
for seeding due to the low melting and boiling points and
relatively low toxicity, which made the seeding less compli-
cated to handle than for the other substances investigated in
the previous work.

1.1 The injection zone

Figure 1 shows the region where either naphthalene or
pyrene was seeded into the post-flame zone of the premixed
methane/ air flame at atmospheric pressure. The seeding re-
gion was 8 mm above the surface (bronze plug) of a McKenna
burner. The laser radiation could be focused at different
heights (k) above the seeder. The experimental set-up was
not optimized for collection efficiency of fluorescence emis-
sion. Instead particular care was focused on the flexibility
in maneuvering the burner position and the detection line

0 =0.92
Fig. 1. a The injection zone: the aromatic
substance (PAH) was carried with nitro-
gen gas (Np) into the post-reaction re-
gion of a CHy/air flame (A) above the
McKenna-type burner (1). The aromatic
gas was conducted inside a Pythago-
ras (DIN 40865) tube (2) and injected
through a slit-shaped orifice 8§ mm above

h the surface of the burner. The zone clos-
est to the injection region (B) was char-

10 mm acterized by low luminosity, whereas the

zones upstream (C) showed considerable
luminosity. By changing the height of the
burner the laser radiation (3) was focused

h 0
in different positions inside the seeded re-

b gion. b Photograph of the injection zone



from outside a fume box, for safety reasons and to dimin-
ish the time of data acquisition. For this reason and because
of the higher sensitivity, dynamic range and signal-to-noise
ratio (S/N), despite the loss in time resolution, the PMT was
preferred to the streak camera used in [12].

Table 1 gives the different chemical compositions of the
major species, and the corresponding temperature as calcu-
lated under the thin-flame approximation [13] for the different
conditions under which the burner was operated in the ex-
periments. The height above the burner (z) was 14.8 mm and
the total gas velocity changed from ~ 10 to 11 cms~! when
the stoichiometric ratio was changed from 1.01 to 0.92. The
substances which show the greatest sensitivity to the stoichio-
metric ratio are CO, H, and O,. The first two increase while
the last one decreases with the equivalence ratio. The upper
limit of these concentrations is ~ 2%. The values in the last
row are the factors dependent on the refractive index in the
expressions for the individual Rayleigh-scattering cross sec-
tions, which are used to calculate the cross sections in the
post-flame gases relative to air. The results are reported in the
last column of the table. Data for the refractive index were
obtained from Larsén [14].

In the seeding experiments, gas-phase naphthalene was
injected into the premixed flame. Figure 1b shows a pho-
tograph of the flame for @ = 0.92 when seeded with naph-
thalene at a rate corresponding to 1200 ppm at the injection.
The aromatic substance burned above the seeder as a candle-
shaped diffusion flame, which was positioned in the post-
flame region of the premixed CHy/air flame. The carrier gas
used for the naphthalene seeding was nitrogen. The meas-
urements were performed at different heights in the seed-
ing region and for different equivalence ratios of the pre-
mixed flame. Slightly rich flames (@ = 1.01) produced weak
pale orange-red elongated diffusion flames (~ 7-cm long),
whereas lean ones (@ = 0.92) resulted in luminous yellow
flames (~ 4-cm long). Decreasing the equivalence ratio fur-
ther shortened the flame (~ 2 cm at @ = 0.89), and the lu-
minosity decreased and eventually the flame disappeared. In
Fig. 1b are marked lines, which indicate different positions
(in mm) above the seeder and the extension across the flame
probed with the spectrograph/detector.

1.1.1 Concentration and laser power. The seeding rate was
controlled by changing the rate of the carrier gas and the
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temperature of the evaporation chamber. The laser pulse en-
ergy was ~ 60 uJ or 4 GW/cm? at high laser power (HP).
Measurements were sometimes performed also with low laser
power (LP), introducing a 10%-transmission filter in the laser
beam before the focus. Comparing the results from the differ-
ent cases, the sensitivity of the laser-induced emission to laser
power was investigated.

In the case of naphthalene seeding the lifetimes and spec-
tral profiles evaluated from measurements corresponding to
@ =1.01—-1.06, i.e. at slightly fuel-rich surrounding gas,
did not show any significant sensitivity to laser power. On
the other hand the lifetimes and spectra were sensitive to the
concentration of the seeded substance when using a Schott
WG 305 filter (cut-on at 350 nm). In the lower-concentration
region the lifetimes were 7 =0.30+0.10ns, 7, =2.4+
0.2ns and 7. = 0.451+0.10ns. At high seeding rates the
lifetimes obtained with WG 305 and GG 435 were two to
three times longer and did not differ significantly from each
other.

Figure 2 shows some spectral profiles measured for the
flame at z = 14 mm (2 = 6.3 mm) for @ = 1.01 and HP in the
region closest to the injection for different naphthalene seed-
ing rates. The intensity of the emission in the visible spec-
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Fig.2. The spectral profiles, obtained for different seeding rates of naph-
thalene at 7 = 6.3 mm and for @ = 1.01, are compared with the spectral
profile obtained from the cell measurements at 1205 K and a concentration
of ~ 1300 ppm

Table 1. The major species in the post-flame region of a premixed CHy/air flame. Concentrations, temperature and the real part of the complex refractive
index are given. The concentrations of the major species and the temperatures are obtained from Balthasar and Mauss [13]. The refractive indexes are either
interpolated or extrapolated to 266 nm from Larsén [14]. The height above the burner was 14.8 mm. The last row gives values proportional to the scattering
cross sections for the different species at 298 K and 1 atm. The last column gives the amount of light scattered elastically by the flame gases relative to that
expected from air at the same temperature, n is the real part of the complex refractive index

Equivalence H, (023 H,O CO, CO N, Temp Sum Cross section
ratio (K) concs relative to air
0.92 (flame) 3.87x 107  1.55x1072 1.76x 107!  877x1072 136x107*  7.20x 107! 1701 1.00 1.10
1.00 (flame) 7.03x107°  1.70x 1073 1.88x 107!  926x1072 1.98x1073  7.14x 107! 1713 0.998 1.11
1.01 (flame) 1.03x 107  844x107* 189x107! 922x1072 3.18x1073  7.12x 107! 1712 0.996 1.11
1.10 (flame) 1.62%x 1072 337x107% 187x107! 8.07x1072 2.07x1072  6.95x 107! 1661 1.00 1.09
(n—1)x10° 152.71 294.53* 278.68* 484.23 371.78 318.93

(n? " D¥/(n%+2)%  1.0364 3.8550 3.4514 10.420 6.1425 4.5196

x 10

* Extrapolated from Larsén [14]
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tral region (380-550nm) increased with the concentration.
A spectrum from the high-temperature cell measurements is
included for comparison. The peak observed at 532 nm is the
contribution from the second-order interference from elasti-
cally scattered radiation at 266 nm. The true intensity at the
second-order interference should be 1.7 times less than that
of the corresponding 532-nm radiation. The relatively strong
elastic-scattering signal obtained for the cell is dominated by
scattering from the walls of the cell.

The differences in results between flame and cell meas-
urements were stronger for pyrene than for naphthalene.
Figure 3 shows the comparison between spectral profiles ob-
tained from flame seeding and cell measurements for pyrene.
The flame measurements were done for A = 6 mm, @ = 1.02
and a pulse energy of ~ 60 wJ, i.e. HP. The gate duration
on the CCD was 300ns compared to 50ns for the case
of the naphthalene measurements. The emission in the UV
(~330-390nm) was stronger for the flame than for the
cell measurements. Also, the emission (elastic scattering ex-
cluded) in the region 420—600 nm was stronger in the flame
and the emission in the region 450—600 nm increased further
with the concentration of the seeded pyrene. The concentra-
tion of pyrene was estimated to be ~ 1000 ppm.

Figure 4 gives the spectral profiles resulting at different
delays on the gate of the CCD for naphthalene, Fig. 4a, and
pyrene, Fig. 4b, seeded at a high rate. The measurements were
done for @ = 1.03 and 1.02, respectively, and corresponding
gate durations of 50 and 300 ns. High laser power was used
and the flame was probed at 7 = 6 mm. In the measurements,
a delay of 20 ns on the gate would correspond approximately
to the time of arrival of the laser pulse into the probed vol-
ume. Ten nanoseconds later the emission in the previously
mentioned visible spectral regions becomes dominating. Con-
sequently the lobe of the profile on the long-wavelength side
observed at short delays for naphthalene seeding presents
a more long-lived emission than at the shorter wavelengths,
in accordance with the results from previously reported cell
measurements [12]. Typical lifetimes measured with a Schott
WG 305 filter were 71 =0.55+£0.10ns, 70 =3.34+0.3ns
and t.f = 0.8 £ 0.1 ns for pyrene. In the visible, using a GG
435 filter, the lifetimes were 7y =0.904+0.10ns, 1, =4.3+
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Fig. 3. Comparison between spectral profiles obtained from flame seeding
and cell measurements of pyrene. For the flame measurements the condi-
tions were @ = 1.02, high laser power and 7 = 6.0 mm
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Fig.4a,b. Spectral emission from naphthalene (a) and pyrene (b) at dif-
ferent delays on the gate: the conditions were a @ = 1.03, high laser
power, & = 6.3 mm, gate duration 50 ns, and b @ = 1.02, high laser power,
h = 6.0 mm, gate duration 300 ns

0.1 ns and 7 = 1.4540.10 ns. This value for 7, was slightly
shorter than found for the corresponding naphthalene seeding
reported above (5.4 ns). In the case of pyrene, measurements
were also made using a Schott OG 590 filter, which resulted
in increased lifetimes of 1y = 1.10+=0.10ns, 7, =7.7+£0.6 ns
and tesr = 1.50+0.10 ns. These long lifetimes belonged to an
emission which was hardly captured with the spectrograph
and could have been due to PAH formed at high seeding rates
with pyrene.

1.1.2 Temperature. In the previous cell measurements for
temperatures up to 1200 K [12], the spectral and temporal
properties of the fluorescence were found to be sensitive to
temperature. The results from the cell measurements were
used as a starting point for the flame-seeding experiments,
i.e. to study the fluorescence properties at even higher tem-
peratures. Naphthalene and pyrene were chosen and the
comparison was limited to the seeding region closest to the



injection under oxygen-free conditions. In this probed region,
the composition was dominated by nitrogen buffer and the
parent aromatic substance. Higher up in the seeding region,
pyrolysis and the diffusion between the seeded gas and the
surrounding gas increased. The comparison was assumed to
be less appropriate in particular for @ < 1, when the oxy-
gen concentration in the surrounding gas was considerable
(see Table 1).

The spectral and temporal properties of naphthalene flu-
orescence in the cell measurements showed a monotonic de-
pendence on temperature, indicating that temperatures can,
in principle, be determined from fluorescence measurements.
Apart from the effects of dual fluorescence, the same thing
can be said for pyrene. Temperatures evaluated from dif-
ferent fluorescence measurements can be compared among
themselves and with other independent temperature measure-
ments to determine how well the properties of the fluores-
cence emission at flame temperatures agrees with the predic-
tions based on the high-temperature cell measurements. The
results are reported in Table 2. The fluorescence-based meas-
urements relied on extrapolation of the behavior against tem-
perature that was observed for the cell measurements in the
high-temperature region, up to temperatures around 1200 K.
The errors given in the evaluated temperatures correspond
to the estimated precision considering the precision (+10)
of the data obtained in the calibration measurements [12]
used for the extrapolation and the precision of the data for
the flame.

An independent measurement of the temperature of the
non-seeded flame 15 mm above the plug of the burner (h =
7mm) was done. The temperature was determined from
measurements based on Rayleigh-scattered light (see, for ex-
ample, [11]). The scattered light was measured with the PMT
in combination with an interference filter (265 nm, 10-nm
bandwidth). The temperature evaluated was 15904+ 30K for
@ = 1.0, taking into account effects from differences in
Rayleigh cross sections and laser extinction between flame
gases and air.

The temperature in the seeded flame was determined from
the spectral properties of the fluorescence in the early seeding
region. However, the evaluation was based on three differ-
ent points of the spectral profiles: the leading (LES0) and
falling edges (FE50) (50% of maximum) as well as the
maximum positions. The evaluations were based on equa-
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tions of temperature against spectral positions that were ob-
tained from the inversion of a second-order polynomial fit
to the data from the cell measurements. From the corres-
ponding spectral positions evaluated from the flame-seeding
measurements (first 10 ns of the fluorescence emission), tem-
peratures were determined by taking into account differ-
ences in the spectral sensitivity of the two different de-
tectors used in the different experiments. The results from
the maximum and the falling edge of naphthalene are af-
fected by the emission from the pyrolysis products and are
therefore deteriorated, but have been reported in Table 2
to give an indication of the deviation from the evaluation
based on the leading edge. The results for pyrene have not
been reported since none of the evaluations gave reasonable
results.

The temperatures were also obtained from the lifetimes
using the negative-exponential dependence of lifetimes on
temperature obtained from the cell measurements. The tem-
peratures in Table 2 are the highest temperatures obtained
from the measurements. Evaluations were also based on the
effective lifetimes which, however, were not supposed to be
strictly negative-exponential in the dependence with tempera-
ture. Since long-pass filters were used in these measurements,
and the lifetimes generally increased with concentration and
emission wavelength, the temperatures obtained were ex-
pected to be lower than the true temperatures. From the pre-
vious paper [12] the precision and accuracy due to the eval-
uation of the short lifetimes (200—-400 ps) were estimated to
be +30%. Further sensitivity analysis showed that at a S/N
of 50 the increase in 7; was 10%-20%, which corresponds
to a systematic error in the evaluation of the temperature of
20-40 K downwards. In any case, for naphthalene, the agree-
ment between the results from LES0 and the lifetime-based
results was within the precision of the evaluation. However,
the long lifetimes in the naphthalene-seeding experiments,
due to contributions from the longer-lived emission from py-
rolysis products, yielded lower temperatures (~ 100 K) than
the corresponding short ones. The correspondence between
short and long lifetimes for pyrene was better; in fact no
significant differences were found in the temperatures eval-
uated. On the other hand, large differences in temperatures
were obtained both between the spectrally based evaluations
themselves and the spectrally based ones compared with the
temporally based results. In any case it should be noted

Table 2. Temperatures evaluated from the spec-
trally and temporally resolved measurements,

Temperature (K)

measured scattering and calculations on the Evaluation Naphthalene Pyrene Non-seeded
flame gases. The first and next three rows show
the results from spectrally and temporally re- LES0 1400+ 100 * _
solved measurements respectively. A Schott WG Max 1300+ 110 * —_
305 filter was used for the temporally resolved FE50 1700 4+ 220 * —
measurements, the results of which are shown 7 14504702 138070 13704 60¢ —
for the highest temperatures obtained. The last o 1330+702 1300+ 60b 1380+ 50¢ _
two rows show the results from elastic-scattering . 1390450% 1350 +40° 1350 4 40°¢ _
measurements and kinetic calculations. The tem- Eelrr L . d
. astic scattering - - 1590£30

perature dependences used were obtained from Calculations . _ 1680+ 30¢
the cell measurements [12] using different filters
in front of the PMT a CVI 350,

b CVI 325,

¢ Schott WG 305.

d The elastic-scattering measurements were done for non-seeded flame gases at z=15 mm for & =1.0.
¢ The kinetic calculations [13] did not consider cooling from seeder and the injected gases.
* Errors were considered too large to give significant results.
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that the results on pyrene obtained from the cell measure-
ments rely on less data and data with lower S/N than for
the case of naphthalene. The changes of the spectrum for
pyrene did not follow the same behavior as that of naph-
thalene. For instance the appearance of the so-called dual
fluorescence [15, 16] in the UV-spectral region with tempera-
ture also makes the second-order polynomial fit probably less
suitable.

The accuracy of the fluorescence-based method was not
compared to vibrational coherent anti-Stokes Raman scatter-
ing (CARS), which is known to have an accuracy of a few
percent, or thermocouple measurements. The implementation
of CARS would have required additional laser equipment and
could have affected the compatibility of the two different
measurements for the configuration of the set-up used. Ther-
mocouple measurements were not performed, since the injec-
tion zone was very narrow and the metallic surface could have
interfered with the pyrolysis present close to the injection.

1.2 Different seeding regions

Different parts of the aromatic diffusion flame were studied
keeping the laser beam at a certain height above the burner
and changing the stoichiometric ratio of the surrounding gas
and consequently shrinking or stretching the aromatic flame.
Another way was to change the vertical position of the laser
focus across the flame and thereby study the evolution down-
stream. The influence of laser power on the emission was also
investigated in the different regions.

1.2.1 Different stoichiometric ratios. More developed regions
of the pyrolysis and soot formation entered the probe volume
as the equivalence ratio was decreased, due to the shrinking
of the aromatic flame. The lifetimes measured with the PMT
and a WG 305 filter at HP increased when equivalence ratio
decreased.

Figure 5a gives spectral profiles obtained for 27 = 5.1 mm
for naphthalene seeding at different stoichiometric ratios of
the premixed gas. In the spectral profiles, the counts at the
positions of the ends of the wings of the elastic scattering
were used to linearly interpolate the inelastic emission in
the scattering region. After this procedure the difference be-
tween total counts and interpolated counts was defined as
the elastic scattering and was removed from the spectrum.
Based on the spectral structures for the monomer and the py-
rolysis products, the inelastic emission was integrated over
three wavelength regions, 300-400 (UV), 400-500 (blue—
green) and 500-600 nm (green—yellow). For simplicity we
will name them by the respective colors at the upper limit,
violet (V), green (G) and yellow (Y). The relative contribu-
tion of inelastic emission to the different regions as well as the
contribution from elastic scattering to the total emission was
calculated. The normalized spectral numbers (NSNtg) of the
total emission (TE) obtained in this way are given in Fig. 5b.
The corresponding normalized spectral numbers NSNig of
the inelastic emission (IE), i.e. excluding elastic scattering,
are given in Fig. Sc. Different types of spectra (I-IV) can be
defined based on different combinations of these numbers, the
limits of which are given by the vertical lines in the same
figure. Types I and II refer to spectra dominated by V and
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Fig.5. a Spectral emission for different equivalence ratios at 4 = 5.1 mm
and for naphthalene seeding and high laser power presented on a logarith-
mic intensity scale. The NSNtg representing intensity of the emission in the
different spectral regions are given in b when elastic scattering is included
in the emission. The dotted vertical lines mark out the region where a rapid
increase is observed in the intensity of the elastic scattering. In ¢ are given
the corresponding NSNig, where the contribution from elastically scattered
light has been excluded. The regions I-IV indicate the different types of
spectra that appear in the measurements and that are later used to char-
acterize the aromatic flame. The concentrations of these substances in the
surrounding gas, which were most sensitive to changes in the equivalence
ratio [13], are given in d



G in that order and G and V respectively. Type III corres-
ponds to spectra dominated by G and Y in that order, and
it appears slightly before the intensity of the elastic scatter-
ing starts to increase considerably. The NSNig for (V, G, Y)
is here in a narrow region (0.02) around (0.21, 0.42, 0.36)
when a rapid increase in the scattering is observed. Finally for
type IV the emission is dominated by Y and G in that order.
Usually the scattering is strong or dominating in such regions.
Figure 5d gives the concentrations of the species in the sur-
rounding gas (from Table 1) that are most sensitive to @.

1.2.2 Laser power. For soot-containing yellow and luminous
flames, for example for @ = 0.93 and @ = 0.92, the life-
times at HP were considerably longer than for LP. Fig-
ure 6a and 6b show spectra obtained for the sooty region
for different delays on the gate for the HP and LP con-
ditions when @ = 0.92 for naphthalene seeding. A Schott
WG 305 was used to suppress the signal from elastic scat-
tering. There are considerable differences in the temporal
evolution of the emission between the low-power and high-
power cases. In the LP case, Fig. 6b, the spectral compo-
sition changes very rapidly at the beginning, in contrast to
the HP case, Fig. 6a. Investigating the emission in differ-
ent time windows, one observes a transition of spectra from
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Fig. 6a,b. Spectral emission for @ =0.92 at 7.2 mm above the injector
measured for naphthalene seeding using a Schott WG 305 long-pass filter
in front of the entrance slit of the spectrograph and for different delays:
a pulse energy, ~ 60 uJ, and b ~ 6 uJ
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type III to type IV in the LP regime with increasing de-
lay (going from the first ~ 5 to the next 10 ns of the emis-
sion). In the HP regime the spectra are always of type IV.
Low laser power yields shorter lifetimes than for high laser
power, as is shown in Fig. 7a for the case when a WG 305
was used in front of the PMT. One should, however, notice
that the spectral measurements revealed a long-lived emis-
sion at wavelengths longer than 450 nm for the LP case also
and that it was on the time scale of microseconds or longer.
The lifetimes for LP measured with the PMT were in the
range 71 = 0.4-1.61ns, 7o = 5.5-8 ns and 7 = 0.9-2.3 ns.
At HP the profiles were in many cases better-described by
a three-exponential fit. The lifetimes were then 71 = 1.7+
0.3ns, 7, =16+3ns, 13 = 120+2ns and T = 34+ 1 ns.
In Fig. 7b the short lifetime at HP increases considerably
with the emission wavelength. The lifetimes reported were
obtained from the decay with a two-exponential fit without
using the convolution/deconvolution scheme described in the
previous paper [12]. The short-lifetime components obtained
in this way are longer, but have been chosen to facilitate
the comparison with the results from measurements at longer
wavelengths where evaluations on the decay gave higher sta-
bility in the evaluations, in particular when an RG 715 (cut-on
at 715 nm) filter was used. Three-exponential fits resulted in
lifetimes between 3 and 6 ns. If one calculates an effective
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Fig. 7a,b. Lifetimes measured for @ =0.92 at 7.2 mm above the injector for
naphthalene seeding: a a Schott WG 305 long-pass filter was used in front
of the PMT and different pulse energies were used, ~ 60 uJ and ~ 6 pJ.
b Lifetimes measured with different long-pass filters at 60 pJ
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lifetime from the two fastest decays obtained from the three-
exponential fit one obtains a value close to 8 ns; thus not far
from the short lifetime obtained with the two-exponential fit
of the decay. Changing the Schott filters from WG 305 to
OG 590, 1; increased from a couple of nanoseconds to above
30ns. No short lifetime was revealed using an even higher
cut-on wavelength-filter (Schott RG 715). Although the dif-
ferent choices of the resolution of the oscilloscope affected
the early part of the decay differently, the observed differ-
ences in the lifetimes were too large to be explained from
such an influence. The long lifetime was also observed to in-
crease. It increased from 120 ns using WG 305 to 200 ns with
RG 715. The fast-decaying emission observed at LP could be
due to fluorescence, since it is supposed to be much faster
than LII. Although LII is not supposed to present a strict one-
exponential decay [17], lifetimes of the order of 100 ns nor-
mally have been measured with ns-laser-based systems [18].
The lifetime is known to increase with the size of the primary
particle. At the laser fluences used (< 80 mJ/ cmz) LII should
increase rapidly with laser power, see, for example, [19] and
references therein. That may explain why no fluorescence
was observed at high laser power because it became much
weaker with respect to LII.

1.2.3 Different heights. In order to study the possible transi-
tion stages between parent naphthalene and soot, the laser-
induced emission was detected spectrally and spatially re-
solved along the laser beam across the seeding region for the
flame pictured in Fig. 1b. The evolution of the aromatic sub-
stance seeded, towards the formation to soot, can be seen by
comparing the results for the spatial distribution of the meas-
ured spectral properties reported in Fig. 8. The different zones
characterized according to the properties of the emission as
defined above in Sect. 1.2.1 can be considered to represent
different stages in the process towards the formation of soot.
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Fig.8. The spectral map of an aromatic flame obtained for naphthalene
seeding for high laser power. The same flame is seen in Fig. 1b. The spectral
identification of the different flame zones (I-IV) is based on the definition
given in Fig. 5c. Zones I, II, III and IV are characterized by different stages
in the pyrolysis and soot formation

2 Discussion
2.1 Temperature

As has been demonstrated by Ni and Melton [20] the fluo-
rescence lifetimes of naphthalene can be used to measure the
temperature (up to 720 K) in seeded nitrogen gas flows. The
results presented in the previous paper [12] show that other
aromatic substances or PAH may also be used for tempera-
ture determination up to ~ 1200 K. Results presented in this
paper indicate that it could be measured in seeded flames in
regions absent of oxygen and with a low degree of pyrolysis.
However, the major decay components have lifetimes con-
siderably below 1 ns; therefore streak cameras with sufficient
S/N in the detection should be used. The errors given in the
evaluated temperatures correspond to the estimated precision
considering the precision (+10) of the data obtained in the
calibration measurements [12] used for the extrapolation and
of the precision of the data measured for the flame.

The temperatures evaluated from the short lifetimes agree
well between naphthalene and pyrene. The agreement be-
tween evaluations based on lifetimes and the leading edge of
the spectrum was within the precision of the evaluation, apart
from the case of pyrene due to the appearance of dual fluo-
rescence. The contribution from the longer-lived red-shifted
fluorescence from pyrolysis products partially explains why
the flame temperatures evaluated from the lifetimes measured
with the broadband filters are expected to be lower than the
true temperatures. Due to the same contributions, the eval-
uation based on FES0 resulted in higher temperatures. For
pyrene seeding the lifetimes of this emission were slightly
shorter than for naphthalene seeding and they were closer
to the values obtained for the corresponding monomer (con-
sidering the results from the cell measurements [12]). This
property may explain the better agreement between tempera-
tures that were evaluated from the short and long lifetimes.

Similarities in the evaluated temperatures suggest that
the high-temperature trend of the fluorescence, observed for
naphthalene and pyrene in the cell measurements, is main-
tained in the flame investigated. The discrepancy in tempera-
tures between fluorescence measurements, elastic scattering
and calculations can be explained. The scattering measure-
ments were done without any seeding and therefore a higher
temperature was measured. The calculations, which did not
include the heat sink caused by the burner surface, resulted in
higher temperatures.

The precision and the accuracy in the evaluated tempera-
tures are supposed to improve with increasing precision and
accuracy in the calibration. The lifetimes used for the eval-
uation should be measured with properly chosen band-pass
filters to minimize the interference from pyrolysis products,
which are formed downstream in the early seeding region.

2.2 Fluorescence properties and pyrolysis products

Pyrolysis of naphthalene and pyrene is known to produce sub-
stances such as binaphthyls, perylene, benzofluoranthenes,
ternaphthyl and terylene [21,22], and bipyrenyl and diben-
zopyrenes [21,23]. In accordance with results from naph-
thalene measurements at high temperature [24], binaphthyls
dominated in the depositions of the cell outlet.



Unfortunately, very little is known about the fluorescence
properties of the pyrolysis products in the gas phase and at
high temperature. Measurements on pure substances have,
to our knowledge, not been reported under these conditions.
There are results for liquid solutions at room temperature or
the low-temperature solid phase for some of the species, see,
for example, [21,22,25-27].

The efficiency with which different substances can be de-
tected is important for the analysis of the fluorescence. The
efficiencies during the entire duration of emission and in the
earliest part of the decay can be defined as ¢ x  and &/t
respectively. ¢, n and 7( are the molar extinction coefficient,
the fluorescence quantum yield and the natural lifetime [25].
Using reference data from liquid room-temperature solutions,
one should consider spectral red shifts and shortening of fluo-
rescence lifetimes following an increase of temperature in the
gas phase [12] and also changes due to transition from liquid
to gaseous solution. However, perylene fluorescence has been
found to be rather temperature-insensitive [28].

Mono-ring aromatic species should have their peak fluo-
rescence at lower wavelengths than naphthalene. In our meas-
urements no clear evidence of an increase in the UV emission
with the seeding rate was found.

In the early pyrolysis region (I and II), dimers should
fluoresce to the red of the monomers. However, a compari-
son between reference data from liquid solution, the results
from the cell and flame-seeding measurements and reports on
perylene [28] from the gas phase (between 495 and 633 K) in-
dicate that the red-shifted emission assigned to early stage py-
rolysis agrees best with cyclodehydrogenated forms. Strong
red shifts with increasing temperature are needed to attribute
the red-shifted emission seen in the early pyrolysis region to
the dimers. In previous studies [12,28] strong red shifts led
to a strong decrease in the fluorescence quantum yield and
despite the higher concentrations with respect to the cyclode-
hydrogenated forms [9, 10,22, 24] during pyrolysis, emission
from dimers should be weak. Furthermore, the stability of en-
ergy levels should decrease more rapidly with temperature
for dimeric than complete aromatic structures. The efficiency
for perylene detection relative to naphthalene should be 200
or 300 times larger depending on whether the comparison
is based on the long or effective lifetime of naphthalene.
With high collection efficiency in the set-up one should rea-
sonably reach detection levels of sub-ppm for perylene in
flames.

Fluorescence quantum yields of the other cyclodehydro-
genated substances related to binaphthyl (benzofluoranthene)
and bipyrenyl (dibenzo-peropyrene) have not been reported
yet. Regarding the spectral properties of the emission, the
agreement with the red-shifted emission is good, assuming
a sensitivity to temperature similar to that of perylene.

Fluorescence from ionized species produced by two-
photon ionization should not be easily revealed [12]. C;
fluorescence from UV laser-induced fragmentation [29] was
not evidenced. Excimers should hardly be present. At flame
temperatures the vibrational energy contained in the bonds re-
sponsible for the excimer formation is much larger than the
binding energies given in [30,31]. In addition, the time be-
tween two consecutive collisions between monomers should
be orders of magnitude longer than the electronic lifetimes
measured in the experiments. Steric conditions should also
have inhibiting effects.
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2.3 The characterization of different-size groups

For naphthalene seeding, naphthalene monomers dominate in
the injection zone and the dimers and the corresponding cy-
clodehydrogenated products are progressively formed down-
stream in regions I and II. These regions are characterized by
molecules containing two to five aromatic rings. In principle
one can regard the position downstream from the injection
in the early seeding region as a time coordinate with a time
scale of the order of 10 ms/mm. This means that much of the
early pyrolysis products (4—5 aromatic ring units) are formed
in the time period between 10 and 60 ms after the injection of
naphthalene into the flame.

In region III the emission characteristic of naphtha-
lene has disappeared and the emission shows a consider-
able contribution from emission in the region between 500
and 600 nm. Terylene, an eight-ring aromatic molecule, is
a molecule that can contribute to the emission. In this region
there are zones where particle inception has not yet started,
e.g. see the curve for @ = 0.96 in Fig. 5a, where the emission
is primarily from molecules and the contribution from elastic
scattering has only increased slightly.

In zone IV the contribution from elastic scattering is
strong and soot particles are being formed or start to agglom-
erate. At low laser power, the emission during the first 5 ns
was between 370 and 600 nm, and after the next 5 ns above
400 nm, consistent with emission from five-ring structures.
However, according to Sarofim et al. [10] only a relatively
small number of four- to six-ring compounds persist at high
temperatures.

The presence of soot is easily identified by the appear-
ance of strong elastic scattering of the laser radiation and
the presence of LII at fluences above some given thresh-
old. The threshold for LII interference in PAH fluorescence
measurements in sooty environment has been considered
to be ~5MW/cm? for a 10-ns pulsed laser operating in
the visible or UV [32]. This corresponds to a fluence of
50 mJ/cm?. In our measurements strong LII was character-
ized by long lifetimes that increased to values between 100
and 200ns and it was observed without any trace of fluo-
rescence at a fluence of ~ 80 mJ/cm?. At ~ 8 mJ/cm? flu-
orescence was assumed to be the relatively fast decaying
emission (T & 7-8 ns) measured with the PMT. The spec-
trally resolved measurements showed in both cases an addi-
tional long-lived emission that was strongly red-shifted. Life-
times of the order of tens of microseconds or longer were
probably too long to be detected in the time window used
with the PMT. The nature of this emission is not yet un-
derstood, but one possibility could be phosphorescence from
PAH.

2.4 Future studies

The fluorescence properties of many substances remain to
be investigated, e.g. benzoic structures, phenanthrene, ace-
naphthene, dimers, polymers, larger PAH such as perylene
and other cyclodehydrogenated compounds, which are ex-
pected to have high fluorescence quantum yields and rela-
tively short lifetimes at flame temperatures. The tempera-
ture dependence of the spectrally resolved absorption of the
different substances is also of importance and should be
investigated.
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Structures containing both aromatic and aliphatic units
have been suggested to appear in some combustion situa-
tions [33,34]. Polymeric structures or chainlike structures,
which present high fluorescence quantum yields and short
fluorescence lifetimes in room-temperature liquid solutions,
would be interesting to investigate at high temperatures to
see if these properties are maintained. These substances
could be among the ones most easily detected in combus-
tion situations, although one has to consider the possibility
of strong internal quenching for polymeric structures at high
temperature.

Alternative methods to improve the signal yield for meas-
urements in flames should be investigated. Delayed fluores-
cence was obtained by Borisevich [35] in low-pressure vapor
by inverse singlet—triplet transfer induced by CO; laser radia-
tion after UV excitation. Although this technique is supposed
to work at a few Torr of pressure and the signal decreases with
an increase in pressure it should still be interesting to inves-
tigate the possibilities to apply it in combustion situations at
higher temperatures and higher pressures. Pump—probe tech-
niques using short laser pulses in the picosecond or femtosec-
ond regime are some methods also worth investigating.

3 Conclusions

In the measurements described naphthalene or pyrene was
seeded about 5 to 7 mm above the reaction zone of a pre-
mixed methane/air flame at atmospheric pressure. The aro-
matic flame burning in the post-flame region of the premixed
flame was controlled by changing the stoichiometric ratio of
the premixed gas. The soot-formation process in the aromatic
flame was sensitive to the composition of the post-flame gas
where the presence of CO, H, and O, changed between
roughly 0 and 2%. The greatest effect was presumably caused
by O;. The aromatic flame shortened and became more lumi-
nous as the stoichiometric ratio decreased until the flame van-
ished. The temperatures under the different conditions were
estimated to vary between 1300 and 1700 K throughout dif-
ferent regions in the aromatic flame.

Fluorescence from naphthalene-seeded flames in the early
seeding region follows the behavior with temperatures de-
scribed by the high-temperature cell measurements well. The
agreement between temperature indications based on the
leading edge of the spectral profiles and lifetimes of the
fluorescence was within the precision of the evaluation. So
also was the agreement for lifetime-based evaluations be-
tween naphthalene and pyrene seeding. However, contribu-
tions from pyrolysis products should be reduced as much as
possible using narrow band-pass filters. The accuracy of the
method should be tested with, for example, vibrational coher-
ent anti-Stokes Raman scattering on N,. Temperatures with
an accuracy of a few per cent should be obtained when nitro-
gen is used as a carrier gas for the seeding.

A streak camera with sufficiently high signal-to-noise
ratio in the detection has to be used to resolve the fast dynam-
ics, which would allow a more accurate study and identifica-
tion in the early seeding region when using naphthalene and
pyrene. There is also the interest to use other PAH as seeding
agents in order to study the process of soot formation.

Results show the possibility to identify different regions
of the aromatic flame by spectral mapping and thereby catch

different stages in the soot formation from the parent sub-
stance to soot. It should be possible to select different size
groups through a combination of temporal and spectral selec-
tion of the emission with excitation at 266 nm. An improved
selectivity should be obtained by changing the wavelength of
the excitation as well. The results from 266-nm excitation on
naphthalene-seeded flames indicate sub-nanosecond temporal
selection in the UV spectral region for aromatic substances
with up to 3—4 condensed rings and species twice that large
in the time scale around 1 ns and in the visible spectral region
below 600 nm. It is more difficult at this stage to determine in
what region larger aromatic molecular structures in the flame
should be selected in terms of wavelengths and time inter-
vals. There is also the remaining question of how important
phosphorescence is for the detection.

The laser fluences used when LII was dominating and
for the case when short-lived emission from possible PAH
was observed were ~ 80 mJ/cm? and 8 mJ /cm?, respectively.
Typical values of the long-lifetime components measured
with the photomultiplier tube were 100—200 ns and 5-8 ns
in respective cases. Spectrally resolved measurements also
showed a strongly red-shifted very long-lived emission with
lifetimes superior to microseconds of undetermined nature,
maybe phosphorescence.
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