ELSEVIER

Available online at www.sciencedirect.com

SCIENCE@DIRECT®

Chemical Physics Letters 375 (2003) 344-349

CHEMICAL
PHYSICS
LETTERS

www.elsevier.com/locate/cplett

Carbon dioxide UV laser-induced fluorescence in
high-pressure flames

W.G. Bessler 2, C. Schulz *>*, T. Lee °, J.B. Jeffries ®, R.K. Hanson °

& Physikalisch-Chemisches Institut, Ruprecht-Karls-Universitat Heidelberg, Im Neuenheimer Feld 253, Heidelberg, 69120, Germany
® High Temperature Gasdynamics Laboratory, Mechanical Engineering Department, Stanford University,
Stanford, CA 94305-3032, USA

Received 25 March 2003; in final form 16 May 2003
Published online 10 June 2003

Abstract

Laser-induced fluorescence (LIF) of carbon dioxide is investigated with excitation between 215 and 255 nm with
spectrally resolved detection in 5-40 bar premixed CH4/O,/Ar and CH,/air flat-flames at fuel/air ratios between 0.8 and
1.9. The LIF signal consists of a broad (200-450 nm) continuum with a faint superimposed structure, and this signal is
absent in similar H,/O,/Ar flames. There is strong evidence this signal arises from CO,, as the signal variations with
excitation wavelength, equivalence ratio and flame temperature all correlate with CO, absorption cross-sections. The
signal is linear with pressure and laser fluence within the investigated ranges.

© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Laser-based detection of combustion species
has been proven an important tool for combustion
research [1,2]. Many species require excitation at
short UV wavelengths between 190 and 320 nm.
Laser-induced fluorescence (LIF) of NO and OH
are well-known examples, but other species are
also detected in the UV; for example: optical ab-
sorption [3,4] and cavity ring-down [5] of CHs,
two-photon LIF of atoms [6], and UV-Raman
and Rayleigh scattering [7]. In many practical
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applications attenuation of laser and signal light in
this spectral range has been observed [8,9]. It was
not until recently that the absorbing species were
identified [10] as hot, vibrationally excited carbon
dioxide (CO;) and water (H,0O), based on mea-
surements in engines [11] and high-pressure flames
[12]. Quantitative temperature and wavelength-
resolved absorption cross-sections were obtained
from shock-tube experiments in a wide tempera-
ture and wavelength range [13]. The vacuum-UV
absorption features of both species show a strong
red-shift with increasing temperature. Relevant
absorption cross-sections at flame temperatures
extend to 230 nm for H,O and 300 nm for CO,.
The fate of the excited molecules has not been
previously characterized.
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The electronic structure of the CO, molecule
[14,15] indicates that UV light absorption in the
200-300 nm range leads to population of the bent
'B, state 5.74 eV above ground state energy. This
same excited state is also populated by the
CO('Z*)+ O(P) recombination reaction which
produces the so-called CO flame bands, identified
by Dixon [16], via intersystem crossing.

Photodissociation of hot H,O and CO, is well-
known after excitation at 193 nm [17,18]. First
indications show that at longer wavelengths, H,O
and CO, photodissociation also occur [19-21].
This is especially relevant for H, O, and CO two-
photon diagnostics where focused laser light in the
200-230 nm range is used and photodissociation of
the major combustion products might lead to the
production of interference quantities of the target
species.

Here we identify the laser-induced fluorescence
of CO, by systematic studies in high-pressure
methane flames at pressures up to 40 bar. To
separate the broadband CO,-LIF signal from sig-
nal contributions of other species, nitrogen-free
flames (diluted with Ar) were also studied. LIF of
hot O, was minimized by tuning the laser wave-
length to minima in the O, absorption spectrum.
Hydrogen/oxygen/argon flames were investigated
to demonstrate the absence of the broadband
emission signal we attribute to CO,. The depen-
dence of CO,-LIF on temperature and excitation
wavelength compares well with the magnitude of
the CO, absorption. Finally, the intensity of CO,
fluorescence is compared to the signal intensity of
nitric oxide LIF. Work to quantify the LIF
quantum yield is underway.

2. Experimental

Laminar, premixed methane/air, methane/oxy-
gen/argon and hydrogen/oxygen/argon flat-flames
at pressures from 1 to 40 bar were stabilized on a
porous, sintered stainless steel plate of 8§ mm di-
ameter. This burner was mounted in a stainless
steel housing with an inner diameter of 60 mm
with pressure stabilization 0.1 bar [22]. Optical
access to the flame was possible via four quartz
windows. Investigations were performed for fuel/

air equivalence ratios of ¢ = 0.8-1.9. The soot
limit was found between ¢ = 1.8 and 1.9 for the
CH,/O,/Ar flame at 20 bar.

A Nd:YAG-pumped (Quanta Ray GCR250)
frequency-doubled (BBO) dye laser (LAS,
LDL205) was used to produce laser light (ca., 1 mJ,
0.4 cm™! full-width at half maximum (FWHM)).
The laser was tuned to different excitation wave-
lengths. The wavelengths were selected from
O,-LIF simulations [23,24] for minimum O,-LIF
interference. The laser was scanned in a 0.5-nm
range around the simulated O, minima to get
the experimental minima. Three different laser
dyes were necessary to cover the broad excitation
wavelength range of 40 nm. Measurements were
carried out at 215.70, 220.88, and 226.07 nm
(Coumarin 120); 233.65, 235.88, and 242.15 nm
(Coumarin 102); 247.95, 251.69, and 255.88
nm (Coumarin 307). The laser beam quality chan-
ges slightly within the investigated wavelength
range. Therefore, O,-Raman signals and their
known wavelength dependence are measured in
the cold fresh gas and used as an internal reference.

The laser beam was aligned parallel to the burner
surface and passed through the center of the flame 2
mm above the burner matrix. The pulse energy was
measured with a fast photodiode (LaVision). The
beam was mildly focused with a spherical lens
(f = 700 mm), and the measurement occurs in the
beam waist. Fluorescence signals were collected
at right angles to the laser beam and focused with
a f =105 mm, fx = 4.5 achromatic UV lens (Ni-
kon) onto the horizontal entrance slit of a f = 250
mm imaging spectrometer (Chromex 250IS, 300
grooves/mm grating, blazed for 300 nm oper-
ated in first order). Narrowband dielectric mirrors
(FWHM ~15 nm) were used to suppress elastically
scattered laser light. The spectrally dispersed signal
was detected with an intensified CCD camera (La-
Vision DynaMight III). Each laser pulse yielded a
complete fluorescence spectrum maintaining one-
dimensional spatial resolution along the laser light
path. In these images the central area of the flame
where temperature and concentrations are homo-
geneous was then chosen and integrated over the
spatial axis, yielding a fluorescence spectrum.

Corrections to the signal for spectral response
of filter, spectrometer and camera were made using
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calibration measurements with a calibrated D,-
lamp (Optronics Laboratories). In order to com-
pare signal intensities for different wavelength
excitation (with slight variations in beam quality
and beam alignment), O,-Raman scattering inten-
sities at 20 bar in the cold coflow region were used
as an internal reference while accounting for the
wavelength-dependence of Raman cross-sections.
CO,-LIF signals were averaged on the spectral axis
to simulate different detection bandpass filters
(280-320 nm and 320-370 nm, respectively). In
lean flames O,-LIF contribute to the signal trans-
mitted by the shorter-wavelength bandpass.

3. Results

In high-pressure flames, pressure-induced line
broadening makes it difficult to completely avoid
the excitation of strongly fluorescing species like
NO and hot O, by tuning the laser wavelength off-
resonance. Therefore, comparison measurements
were made by eliminating nitrogen using oxygen
diluted in argon (20/80 volume ratio; note this
dilution retains a similar heat capacity to undi-
luted methane/air flames and thus temperatures
similar to the flames studied in [25]). In these
flames, the excitation wavelengths were selected to
minimize oxygen excitation. Even so, O,-LIF
dominates the emission spectrum in lean and
stoichiometric flames at high pressure (Fig. 1,
¢ = 0.8). Underlying the oxygen spectrum is a
broad-band background that can be observed
without O,-LIF contribution in the fuel rich
(¢ = 1.1 and 1.4) flames. This signal is attributed
to CO,-LIF. In the very rich flame (¢ = 1.8) ad-
ditional strong signal from soot precursors (poly-
cyclic aromatic hydrocarbons, PAH) is observed
which has a qualitatively different spectral shape.
The PAH-LIF spectra have a maximum at longer
wavelength relative to the broadband CO,-LIF
emission spectrum. When carbon-containing fuel
is replaced by hydrogen, the broadband signal
disappears completely (lower diagram in Fig. 1).

To assure the assignment of the broadband
fluorescence as CO,-LIF, the signal dependence on
CO, concentration, temperature, and excitation
wavelength is investigated and compared to the
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Fig. 1. Upper diagram: Emission spectra with 235.88-nm ex-
citation in the 20-bar CH4/O,/Ar-flame with ¢ = 0.8, 1.1, 1.4
and 1.8. The strong signal at 236 nm is elastically scattered
laser light; the line spectrum at ¢ = 0.8 is the vibrational
progression of O, B-X transitions. Lower diagram: Emission
spectra with 235.88-nm excitation in CH4/O,/Ar (upper trace)
and H,/O,/Ar (lower trace) flame. 20 bar, ¢ = 1.1. Note the
peak near 260 nm in the H,/O,/Ar flame corresponds to Ra-
man scattering from H,O. The signal is accumulated over 1000
laser pulses.

variation expected from the recently determined
CO, absorption cross-sections [13].

The CO,-fluorescence signal is strongly depen-
dent on excitation wavelength (Fig. 2). This is in
qualitative agreement with the wavelength depen-
dence of the CO, absorption cross-section. We
make the zeroth-order assumption that the fluo-
rescence quantum yield is independent of temper-
ature and that the CO,-LIF signal is proportional
to the absorption cross-sections. The wavelength-
dependence of the absorption cross-section yields
estimates for the temperature based on the data in
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Fig. 2. Wavelength-dependent CO,-LIF intensities at 20 bar,
fuel/air equivalence ratio ¢ = 1.1 for 280-320 nm and 320-370
nm bandpass (disks and rectangles resp.). The fit assumes
wavelength-independent fluorescence quantum yields and esti-
mates the gas temperature based on the temperature-dependent
CO, absorption cross-section (4480 and 4320 K, resp.).

[13]. The inferred temperature is well above 4000
K. This indicates that the assumption of wave-
length-independent fluorescence quantum yield is
not valid. Experiments to measure the local tem-
perature are underway, and this data will enable
determination of the wavelength-dependence of
the quantum yield.

The equivalence ratio determines both local
temperature and CO, number density. Both
quantities can be calculated for the post-flame re-
gion of the premixed flame based on the assump-
tion of chemical equilibrium and adiabatic flame
temperatures [26]. The results are shown in Fig. 3.
Combining these results with the strongly tem-
perature and wavelength-dependent CO, absorp-
tion cross-section allows calculation of the local
CO, absorbance. With the zeroth-order assump-
tion that the CO, fluorescence yield is independent
of temperature and gas composition and that
adiabatic equilibrium calculations describe the lo-
cal flame conditions accurately, the measured flu-
orescence should be directly proportional to CO,
absorbance. A more detailed analysis of these as-
sumptions based on flame temperature measure-
ments is under way and will be presented in a
forthcoming publication.
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Fig. 3. Adiabatic flame temperatures (triangles), calculated
CO, number densities (squares) and resulting CO, absorbance
(disks) number densities in dependence on equivalence ratio in
the CH4/O,/Ar flame.

Fig. 4 shows that the CO,-LIF intensity corre-
lates well with the CO, absorbance. However,
there remains a systematic variation. For all in-
vestigated excitation wavelengths, lean flames give
stronger CO,-LIF signal than the respective rich
flames with the same CO, absorbance. Tempera-
ture measurements in the flames are under way to
eliminate the potential error from assuming adia-
batic flame temperatures. These measurements will
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Fig. 4. CO,-LIF intensity (320-370-nm bandpass) versus CO,
absorbance (calculated from CO, number density and temper-
ature-dependent absorption cross-section) for 235.88-nm exci-
tation. The symbols represent measurements at different
equivalence ratios ¢; the linear fit represents the case of in-
variant fluorescence quantum yield for all conditions.
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then allow an evaluation of the 7-variation in
fluorescence quantum yields.

For practical considerations the response of
CO, fluorescence signal on pressure and laser flu-
ence is of interest. The CO, fluorescence signal is
linear with laser pulse energy in the 20-700 pJ
range (approximately 0.7-26 MW/cm?) that was
accessible with our dye-laser system. The CO,-LIF
signal also increases linearly with pressure in the
1-40 bar range. This indicates that the fluorescence
lifetime is not limited by fluorescence quenching in
the respective pressure range. We expect that dis-
sociation and fast intersystem crossing (ISC) of the
excited CO, are the lifetime-determining processes.
This, however, means that CO, LIF might become
an important interference in high-pressure LIF
diagnostics of species that are strongly affected by
collisional quenching (like NO). LIF interference
for a species with a quenching-dominated quan-
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Fig. 5. Premixed flat methane/air flame: 60 bar, ¢ = 0.83, 300
ppm NO seed. The experimental data (upper panel) are com-
pared to simulations of NO, O,, and CO,-LIF (lower panel).
The signal is accumulated over 50 laser pulses.

tum yield by LIF from another species whose
fluorescence lifetime is limited by fast non-colli-
sional processes causes the signal-to-background
ratio to deteriorate linearly with pressure.

Fig. 5 shows an example for NO diagnostics
in a ¢ =0.83 CHy/air flame at 60 bar with NO
A-X(0,2) Oj,-bandhead excitation at 247.94 nm
[27]. The flame is doped with 300 ppm NO. The
NO and O, fluorescence lines are superimposed on
a significant broadband emission of CO,-fluores-
cence. Under these conditions, CO, becomes a
source for strong signal interference. A quantita-
tive analysis for various flame conditions is given
in [27] using spectral simulations for the NO and
O,-LIF contributions [23].

4. Summary

We investigated broadband laser-induced fluo-
rescence after excitation in the 215-255-nm range
in various flames at elevated pressures. There is
strong evidence that the broadband fluorescence
signal in the 200-450-nm range observed in rich,
stoichiometric and lean hydrocarbon flames after
laser excitation in the 225-250-nm range can be
attributed to CO,-LIF. This signal completely
disappears in carbon-free flames. The signal is
clearly distinguishable from LIF emission of
polycyclic aromatic hydrocarbons that appears in
very rich flames only. The excitation-wavelength
dependence is similar to that of the absorption
cross-section. While the temperature dependence
of LIF intensities shows only minor deviations
from the correlation with absorption cross sec-
tions, a systematic variation of the fluorescence
quantum yield seems to be present with different
excitation wavelengths.

The CO,-LIF increases linearly with pressure,
making CO, a potential source of interference in
high-pressure detection of collisionally quenched
species. In turn, CO, fluorescence might open up
new opportunities for diagnostics for isothermal
high-pressure mixing processes or for temperature
in high-pressure systems with constant CO, con-
centration.

Experiments are underway to measure the
temperature field in the flames studied here. These
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results will enable us to quantify the temperature
and wavelength-dependence of the CO, fluores-
cence quantum yield.
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