Appl. Phys. B 88, 141-150 (2007)

Applied Physics B

DOI: 10.1007/s00340-007-2647-1

Lasers and Optics

N. CHAIL! 1 Nitric oxide concentration measurements

M in atmospheric pressure flames using

N ;AC‘;RT%NDEAUI electronic-resonance-enhanced coherent

J.P. KUEHNER® anti-Stokes Raman scattering

i;.ll:.C)IIATTA3 1 School of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, USA

J.R. GORD? 2 Department of Physics and Engineering, Washington & Lee University, Lexington, VA 24450, USA

3 Innovative Scientific Solutions, Inc., 2766 Indian Ripple Road, Dayton, OH 45440, USA
4 Air Force Research Laboratory, Propulsion Directorate, Wright-Patterson AFB, OH 45433, USA

Received: 12 December 2006/
Revised version: 28 February 2007
Published online: 17 May 2007 * © Springer-Verlag 2007

ABSTRACT We report the application of electronic-resonance-
enhanced coherent anti-Stokes Raman scattering (ERE-CARS)
for measurements of nitric oxide concentration ([NOJ]) in three
different atmospheric pressure flames. Visible pump (532 nm)
and Stokes (591 nm) beams are used to probe the Q-branch
of the Raman transition. A significant resonance enhancement
is obtained by tuning an ultraviolet probe beam (236 nm) into
resonance with specific rotational transitions in the (v =0,
v" = 1) vibrational band of the A2XT—X2IT electronic sys-
tem of NO. ERE-CARS spectra are recorded at various heights
within a hydrogen-air flame producing relatively low concentra-
tions of NO over a Hencken burner. Good agreement is obtained
between NO ERE-CARS measurements and the results of flame
computations using UNICORN, a two-dimensional flame code.
Excellent agreement between measured and calculated NO
spectra is also obtained when using a modified version of the
Sandia CARSFT code for heavily sooting acetylene-air flames
(¢ = 0.8 to ¢ = 1.6) on the same Hencken burner. Finally, NO
concentration profiles are measured using ERE-CARS in a lam-
inar, counter-flow, non-premixed hydrogen-air flame. Spectral
scans are recorded by probing the Qp (9.5), Q; (13.5) and Q
(17.5) Raman transitions. The measured shape of the [NO] pro-
file is in good agreement with that predicted using the OPPDIF
code, even without correcting for collisional effects. These com-
parisons between [NO] measurements and predictions establish
the utility of ERE-CARS for detection of NO in flames with
large temperature and concentration gradients as well as in soot-
ing environments.

PACS 07.88.+y; 42.62.Fi; 42.65.Dr

1 Introduction

Emissions of oxides of nitrogen (NO,) from inter-
nal combustion and gas turbine engines is a major environ-
mental concern, owing to the direct impact of nitrogenous
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species on the formation of photochemical smog and their role
in global warming via depletion of the ozone layer. Combus-
tion processes contribute about 95% of atmospheric NO, and
a majority of the NO, from combustion sources is emitted in
the form of nitric oxide (NO). Consequently, development of
combustors producing low NO levels is an important task fac-
ing the combustion community; moreover, such combustors
benefit from advances in fundamental knowledge regarding
formation and destruction of NO in flame environments.

Laser-induced fluorescence (LIF) is frequently used for
the measurement of minor species concentrations in flames,
owing to its sensitivity, excellent spatial resolution and ex-
perimental simplicity. Many researchers have developed LIF
strategies for quantitative detection of nitric oxide in high-
pressure flames [1-5]. However, fluorescence signals from
NO can become difficult to interpret, especially with increas-
ing pressure, owing to: (a) interferences from oxygen in fuel-
lean regions and from hydrocarbons or soot in fuel-rich re-
gions, (b) quenching of the LIF signal via collisions with O3,
CO; and H; 0, among other colliding partners, and (c) absorp-
tion of both the laser beam and the fluorescence signal by CO,,
H,O or hydrocarbons at typical UV excitation wavelengths.

Recently, quantification of NO LIF in a heavy-duty Diesel
engine was demonstrated by correcting for attenuation of the
laser beam and of the NO fluorescence signal arising from
CO; and O, absorption [6,7]. Additional corrections were
made for nitrogen Raman scattering and for window fouling
arising from soot. A combination of one-dimensional spectral
line-imaging and spatially-resolved, two-dimensional NO-
LIF in conjunction with a new multi-spectral detection strat-
egy has also been utilized to quantify measurements in lami-
nar, premixed methane-air flames at pressures up to 60 bar [8].
In addition, a two-photon LIF technique has been developed
and applied to study in-cylinder Diesel combustion, elimi-
nating many difficulties associated with the more common
single-photon NO LIF [9].

While laser-induced fluorescence techniques are attrac-
tive, due to their simplicity and the substantial progress be-
ing made to overcome challenges in quantification of NO via
LIF, other researchers have considered diagnostic techniques
such as cavity ring-down spectroscopy, laser-induced polar-
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ization spectroscopy, and coherent anti-Stokes Raman scatter-
ing. While most practical combustion devices operate at high
pressure, the robustness and utility of such alternative tech-
niques must first be tested in atmospheric pressure flames.

Conventional coherent anti-Stokes Raman scattering
(CARS) has previously been applied to NO measurements in
the temperature range from 300 to 800 K at atmospheric pres-
sure [10]. The detection limit for NO was found to be about
2500 ppm in N, buffer gas. In a subsequent effort, CARS
was utilized to measure the reduction in NO resulting from
a microwave generated nitrogen plasma at atmospheric pres-
sure [11]. A polarization sensitive background suppression
scheme was applied to detect NO concentrations down to
afew hundred ppm.

A significant enhancement in the CARS detection limit
can be obtained by tuning one or more of the pump, Stokes
and probe beams into resonance with a suitable electronic
transition. Previously, such electronic-resonance-enhanced
(ERE) CARS has been applied successfully to selected radi-
cal species. For example, hydroxyl (OH) concentrations were
measured in a low-pressure microwave discharge as well as in
atmospheric-pressure, premixed hydrogen-air and methane-
air flames [12]. ERE-CARS detection of OH was also demon-
strated in laminar, flat flames at pressures up to 9.6 bar [13]. In
a later investigation, methylidyne (CH) concentrations were
measured in a low-pressure H, /CH,4/Ar microwave plasma
using both LIF and ERE-CARS [14].

For these previous explorations of resonance-enhanced
CARS [12-14], the pump, Stokes and probe beams were all at
ultraviolet frequencies. In contrast, an ERE-CARS technique
has recently been reported which implements an ultraviolet
probe beam in electronic resonance while using visible pump
and Stokes beams far from electronic resonance [15—18]. By
employing a room-temperature jet of 1000 ppm NO in N,
with substitution of N, buffer gas by up to 82% O, or CO,, the
NO ERE-CARS signal was shown to display little sensitiv-
ity to electronic quenching [16]. This finding is important for
many practical combustors, for which the quenching environ-
ment can undergo rapid spatial and temporal variations. The
pressure dependence of the ERE-CARS signal from 300 ppm
NO in N, has also been studied within a gas cell at pressures
up to 8 bar [17]. The NO ERE-CARS signal increased from
0.1 to 2 bar and remained approximately constant at pressures
up to 8 bar. Finally, ERE-CARS has recently been applied
to an atmospheric pressure hydrogen-air flame stabilized on
a Hencken burner. By doping known quantities of NO into the
flame, a detection limit of approximately 50 ppm was demon-
strated [18].

In this paper, we present NO measurements via ERE-
CARS for three different flame environments, as shown in
Fig. 1. Our goal was to assess further the applicability of ERE-
CARS for detection of NO in flames with low NO concen-
trations, with sooting interferences, and with steep tempera-
ture and concentration gradients. First, a hydrogen-air flame
was stabilized using a Hencken burner and ERE-CARS meas-
urements of NO were obtained at various heights above the
burner surface. The measured NO profile was compared with
calculations using a detailed reactive flow code. In a second
set of experiments, heavily sooting acetylene-air flames were
stabilized using the same Hencken burner and spectral scans

¢ Non-premixed hydrogen-air flame within a counter-flow burner

FIGURE 1 Three different types of flames investigated in this study

were recorded at various equivalence ratios to demonstrate
detection of NO, despite interferences typically precluding
LIF measurements. A third set of measurements was per-
formed in a counter-flow flame. The counter-flow configura-
tion produces flat flames having a one-dimensional structure,
which permits direct modeling of interactions between fluid
mixing and chemical kinetics, thus promoting reliable cal-
culations of flame structure and pollutant formation. Before
applying ERE-CARS to NO measurements in high-pressure
gas turbine combustors, we must unravel several diagnostic
issues in atmospheric pressure, laboratory-scale counter-flow
flames, which provide not only a challenging measurement
environment but also a good diagnostic test from the perspec-
tive of chemical kinetics. Therefore, a laminar, non-premixed,
hydrogen-air flame at a global strain rate of 20 s~ was stabi-
lized using a counter-flow burner. In particular, this flame ex-
hibits steep spatial gradients in both temperature and species
concentrations. NO concentration profiles were measured in
this flame using three different Raman transitions. Measured
NO profiles were then compared with concentration profiles
computed using an opposed-flow flame code.
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2 Experiment

A two-dimensional, non-premixed, near-adiabatic
Hencken burner (Research Technologies Model RD15X15)
was used to stabilize the atmospheric-pressure hydrogen-air
and acetylene-air flames. An oxidizer mixture of 79% N, and
21% O, was employed instead of commercial air. Mass flow
controllers (Models MKS 1559A and M100B) were used to
regulate gas flow into the burner. The burner surface is fabri-
cated from a 36.5-mm square hastalloy honeycomb through
which the oxidizer flows. The honeycomb structure supports
stainless steel fuel tubes in every fourth honeycomb cell. Fuel
and oxidizer remain separated before exiting at the burner sur-
face. The burner is designed so as to ensure rapid mixing of
fuel and oxidizer immediately above the burner. A co-flow of
nitrogen gas was used in the region surrounding the 36.5-mm
square honeycomb to shroud the flame. A more detailed de-
scription of the Hencken burner is given elsewhere [19]. The
burner is mounted on a translation stage that permits ho-
rizontal and lateral positioning so as to adjust the ERE-CARS
probe volume within the flame. A linear dial gauge was used
to measure vertical movement of the burner so that spec-
tra could be recorded at known heights above the burner
surface.

The counter-flow burner consists of two 1.9-cm diam-
eter nozzles made of hastalloy C-276 designed to carry either
the fuel or oxidizer mixture. The nozzles are water-cooled
to prevent overheating and the water temperature is main-
tained around 30 °C so as to avoid condensation on nozzle
surfaces. An annular region surrounding the main reactant
tube provides a nitrogen shroud which surrounds the nearly
one-dimensional, non-premixed flame stabilized between the
opposed nozzles. The separation distance between the fuel
and oxidizer nozzles was fixed at 2 cm and the velocity of
the reactants at the nozzle exits was maintained at 20 cm/s,
thus producing a global strain rate of 20 s~!, where the global
strain rate is defined as the sum of reactant velocities at the
nozzle exits divided by the nozzle separation distance. The
counter-flow burner facility is described in more detail in
a previous publication [20].

An energy-level diagram describing the ERE-CARS pro-
cess for nitric oxide is shown in Fig.2. The pump (w)
and Stokes (w») lasers are visible beams with frequencies
far detuned from the A2X+—X2IT electronic system of the
NO molecule. In contrast, the probe beam frequency (ws)
is at or near electronic resonance. The CARS signal (w4) is
generated using a three-dimensional phase-matching geom-
etry. Figure 3 shows a schematic diagram of the experimen-
tal system. The second harmonic output (~ 532 nm) of an
injection-seeded, Q-switched Nd:YAG laser was used as the
pump beam. This second harmonic output was also used to
pump a narrow-band dye laser to produce tunable radiation
in the vicinity of 704 nm. The output of the dye laser was
frequency-mixed with the third harmonic output (~ 355 nm)
of the injection-seeded YAG laser to generate the probe beam
(~ 236 nm). The second harmonic output of a separate un-
seeded, Q-switched Nd: YAG laser was used to pump another
narrow-band dye laser to produce tunable radiation in the
vicinity of 591 nm, which acts as the Stokes beam. The full-
width at half-maximum (FWHM) linewidth of the pump beam

Excited State
A%t

Vd=0,Jd=Jb—1,Jb,Jb+1

Ground State
©1 X2

Vb=1,Jb=Ja=13.5

V,=0,J,=13.5

FIGURE 2 Energy level diagram showing the ERE-CARS process for NO.
The transitions identify the pump beam (w; = 18789.4 cm™!), Stokes beam
(w2 = 16920.5 cm™"), probe beam (w3 = 42372.8 cm™!) and CARS signal
beam (ws = 44241.7 cm™)

(532 nm) was 0.003 cm~! while the linewidths for the Stokes
(591 nm) and the probe (236 nm) beams were 0.1 cm~!. Using
a translating razor blade, we measured the diameters of the
three beams 20 mm away from the focus (CARS probe vol-
ume) to be approximately 250 pwm.

A polarization-sensitive technique was employed to sup-
press the non-resonant background signal arising from four-
wave mixing. The probe beam was vertically polarized while
the polarizations of the pump and Stokes beams were set at
an angle of 60° with respect to the vertical axis. Fine adjust-
ment of the polarizer in the detection channel, orthogonal to
the four-wave mixing signal, enables optimum suppression of
any non-resonant background [14].

For experiments performed using the Hencken burner, the
ultraviolet probe wavelength was held fixed at 236.06 nm cor-
responding to the Q; (13.5) transition in the (0,1) band of the
A% X+_X?[T electronic system of NO. Spectra were recorded
at various heights above the burner by tuning the wavelength
of the visible Stokes beam, so that UV fluorescence interfer-
ences and/or background scattering remained constant during
the spectral scan. Such scans, for which the Stokes wavelength
was varied while the UV probe wavelength was fixed, are
referred to as Stokes scans. The resulting baseline can be sub-
tracted to obtain a background-corrected ERE-CARS signal.
This background-corrected signal is then divided by the meas-
ured UV pulse energy to account for shot-to-shot variations in
the energy of the pulsed probe beam.

Three different Raman transitions were investigated for
experiments performed using the counter-flow burner. A sub-
stantial temperature gradient exists between the fuel and oxi-
dizer streams in the counter-flow configuration. In fact, NO is
formed and destroyed over temperatures ranging from 700 K
to 2500 K. For these experiments, the Q; (9.5), Q; (13.5) and
Q; (17.5) Raman transitions were selected to assess the tem-
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perature sensitivity of the measured [NO] profile. For the three
selected Raman transitions, the ultraviolet probe wavelength
was held fixed at 236.19 nm, 236.06 nm and 235.87 nm, re-
spectively, corresponding to the Q; (9.5), Q; (13.5) and Q
(17.5) transitions in the (1,0) band of the A2X+—X?IT elec-
tronic system of NO. Stokes scans were recorded every one
mm between the fuel and oxidizer nozzles for each of the three
ERE-CARS transitions.

3 Modeling

Numerical computations for the hydrogen-air
flame stabilized using the Hencken burner was performed
using the UNICORN (UNsteady Ignition and COmbustion
with ReactioNs) code [21-23]. The flame is modeled as
a combination of several diffusion flamelets, where each
flamelet is supported by fuel originating from each individ-
ual tube within the burner. The exact nature of the flamelet
(premixed, partially premixed or non-premixed) can be var-
ied, depending on experimental flow conditions. The flamelet
established over the fuel tube is modeled as an axi-symmetric
flow while the hexagonal opening around the fuel tube,
through which the oxidizer mixture flows, is modeled as a co-
annular tube. Adiabatic flow conditions are assumed at the
fuel-tube wall. Symmetric boundary conditions are employed
along the centerline of the flow as well as at the outer bound-
ary in the radial direction of the burner; linear extrapolation
of flow variables is implemented along the outflow boundary
located at a height of several fuel-tube diameters above the
burner surface. Fuel and air velocities are determined from the
known mass flow rates of gases.

For the counter-flow flame, OPPDIF, a Sandia opposed-
flow flame code [24], was used for calculations of tempera-
ture, velocity and species concentration profiles along the cen-

FIGURE 3 Schematic of the ex-
B perimental setup for ERE-CARS of
NO. T: telescope; A/2: half-wave
plate; PMT: photomultiplier tube.
Polarizer angles are set with respect
to the vertical axis. Filters are com-
posed of four 45°, 215-nm mirrors
having 70% transmission at 226 nm
and 1% transmission at 236 nm

w2
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terline between the two nozzles. The mathematical model for
OPPDIF reduces the two-dimensional, axi-symmetric flow
field to a one-dimensional formulation via a similarity trans-
formation [25]. The GRI mechanism (version 3.0) [26] was
used for the chemical kinetics; gas-phase radiation was con-
sidered by adding a radiation source term in OPPDIF. The
effect of radiative heat loss was considered in the optically
thin limit [27]. The radiation model utilizes Planck mean ab-
sorption coefficients for the major species CO,, H,O, CO and
CHy; the temperature dependence of these coefficients was
modeled using fourth-order polynomial fits to the results of
narrow-band calculations. A time-dependent, axi-symmetric
model in UNICORN was also employed for simulation of
a weakly-stretched counter-flow diffusion flame. The two-
dimensional calculations were performed on a grid having
801 by 41 nodal points in the axial and radial directions, re-
spectively.

The ERE-CARS spectra were modeled using a perturba-
tive analysis applicable at lower laser irradiances via modifi-
cation of the Sandia CARSFT code [15, 28]. Spectral data for
the NO molecule were obtained via LIFBASE [29] and from
high-resolution CARS measurements [30, 31].

4 Results and discussion

Figure 4 displays spectra recorded for various
heights in a hydrogen-air flame stabilized on the Hencken
burner at ¢ = 1.15. We previously added known quantities of
NO to the oxidizer flow in a similar flame to determine the NO
detection limit at atmospheric pressure [18]. From Fig. 4, we
find that the NO ERE-CARS signal along the centerline of the
flame rises with height above the burner surface. The spec-
train Fig. 4 exhibit a non-resonant background resulting from
scattering of the UV probe beam and fluorescence induced
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FIGURE 4  Spectral scans at various heights above the Hencken burner in an H,-air (¢ = 1.15) flame. The UV probe frequency was fixed at 42361.46 cm~!,
corresponding to the Q; (13.5) transition in the A> X+—X?IT (1,0) band. Pump, Stokes and probe energy levels were fixed at 14 mJ/pulse, 18 mJ/pulse and

0.6 mJ/pulse, respectively

by the same UV beam. Because the UV probe wavelength is
fixed during Stokes scans, this non-resonant background is
nominally constant, independent of Stokes laser wavelength.
Furthermore, the non-resonant background does not modu-
late the ERE-CARS signal, so that it can be subtracted in data
processing. The overall non-resonant background signal was
obtained via integration between Raman shifts of 1871.0 and
1871.5cm™!. After background subtraction and division by

the UV probe energy, the ERE-CARS signal was integrated
between Raman shifts of 1872 and 1874 cm™.

Figure 5 shows a comparison between the measured con-
centration of NO, which is proportional to the square-root of
the integrated ERE-CARS signal, and predicted NO concen-
trations computed using UNICORN at various heights above
the burner surface. As fuel and oxidizer are rapidly mixed in
the region above the burner surface, a sharp increase in tem-
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perature occurs owing to combustion reactions. In the post-
flame regime, the temperature remains essentially constant;
however, the NO concentration increases continuously be-
cause of the Zeldovich reactions. We should note that the data
points are not corrected for variations in Boltzmann fraction,
owing to the nearly constant post-flame temperature, as shown
in Fig. 5.

Flames encountered in practical applications, such as gas
turbine combustors, furnaces and internal combustion en-
gines, are highly luminous and particle laden, especially when
using liquid fuels. Hydrocarbon species, their fragments and
soot particulates possess very broad absorption and emis-
sion signatures throughout the ultraviolet region [32]. Such
broadband UV interferences complicate signal interpretation
when detecting NO via LIF for excitation near 226 nm in
the y (0,0) band [1-5]. Therefore, acetylene-air flames were
studied from lean (¢ = 0.8) to rich (¢ = 1.6) conditions to
assess the feasibility of ERE-CARS measurements under
highly sooting conditions. Spectra recorded 55 mm above
the burner surface are shown in Fig. 6 along with theoret-
ical spectral fits obtained using the modified Sandia CARSFT
code. Good agreement is observed between theory and ex-
periment for these conditions. The excellent selectivity of
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FIGURE 5 Comparison between measured and computed NO concentra-

tions (using UNICORN) at various heights above the Hencken burner in an
Hj-air (¢ = 1.15) flame. The data were scaled so as to match measured and
calculated [NOJ at 48 mm above the burner surface. The temperature profile
was also calculated using UNICORN

the ERE-CARS technique arises from the fact that both Ra-
man and electronic resonance conditions must be satisfied
to generate the ERE-CARS signal. Based on Fig. 6, ERE-
CARS can be employed for detection of NO, even in heavily
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FIGURE 6 Comparisons between measured and computed ERE-CARS spectra at 55 mm above the Hencken burner for highly sooting C,H;-air flames. The
UV probe frequency was fixed at 42361.46 cm™!, corresponding to the Q; (13.5) transition in the A>X*—X?2IT (1,0) band. Pump, Stokes and probe energy
levels were fixed at 10 mJ/pulse, 16 mJ/pulse and 1.2 mJ/pulse, respectively. For the theoretical calculations, linewidths of the Stokes and probe laser were
selected to be 0.37 cm™! and 3 cm~!, respectively. The theoretical fits were obtained using a temperature of 2300 K and an NO concentration of 1000 ppm
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sooting flames, thus overcoming one of the major drawbacks
of LIF.

Figure 7 displays Stokes spectra recorded at various pos-
itions between the fuel and oxidizer nozzle for the non-
premixed, hydrogen-air counter-flow flame at a global strain
rate of 20s~!. A significant modulation in ERE-CARS sig-
nal is obtained between the fuel and oxidizer nozzles, as

shown in Fig. 7. The background-corrected and normalized
ERE-CARS signals from these spectra were integrated be-
tween Raman shifts of 1871.2 and 1873.8 cm™!. Knowing the
computed temperature at each position from OPPDIF, we cal-
culated the Boltzmann fraction for the J” = 13.5, N’ =13,
v” = 0 rotational-vibrational level. The square-root of the in-
tegrated ERE-CARS signal was then corrected for population
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flame at a global strain rate of 20 s~!. The UV probe frequency was fixed at 42361.46 cm™!, corresponding to the Q (13.5) transition in the A>X+—X2IT
(1,0) band. Pump, Stokes and probe energy levels were fixed at 14 mJ/pulse, 10 mJ/pulse and 0.5 mJ/pulse, respectively
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differences using an appropriate calculation of Boltzmann
fraction. The integration intervals for the two other Raman
transitions, Q; (9.5) and Q; (17.5), were selected to be 1873 to
1875cm™" and 1869 to 1872 cm™', respectively. In Fig. 8, the
square-root of the integrated signal, as divided by the Boltz-
mann fraction for the corresponding rotational level at the
calculated temperature, is plotted versus distance between the
two nozzles for three different Raman transitions.

The three different profiles were scaled by setting the
peak of the Q; (13.5) profile to unity. While the profile peaks
for the Q; (9.5) and Q (17.5) ERE-CARS signals were not
scaled to match the Q; (13.5) case, the peaks for all three pro-
files agree to within 15%. This agreement was observed even
though measurements for the three different transitions were
acquired over several hours, thus indicating the stability of
the optical alignment. We observe that the shapes of the NO
concentration profiles measured using three different Raman
transitions are very similar, and that the peaks of the profiles,
corrected for their respective Boltzmann fractions, are in ex-
cellent agreement. We should note, however, that in regions
of low NO concentration, the integrated ERE-CARS signal is
sensitive to any background correction.

The relative agreement, both in terms of spatial loca-
tion and magnitude, between the experimental and com-
puted [NO] profiles, either using OPPDIF (one-dimensional
calculation) or UNICORN (two-dimensional calculation), is
quite satisfactory. Indeed, considering potentially complicat-
ing factors such as variations in temperature, collisional width
and quenching environment in the counter-flow configuration,
the excellent agreement between measured and calculated
profiles is surely remarkable. Hence, we conclude that the pro-
posed ERE-CARS technique should be applicable in complex
collisional environments, while still giving a spatial resolution
comparable to techniques such as LIF and CARS.

Figure 9 shows a comparison between measured and
predicted NO concentrations, including the variation in
calculated temperature, for the counter-flow hydrogen-air
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FIGURE 8 Comparison between measured NO signals and computed NO
number density in an atmospheric pressure, laminar, counter-flow, non-
premixed Hj-air flame at a global strain rate of 20s~!. The integrated
ERE-CARS signal has been corrected through background subtraction, divi-
sion by the ultraviolet pulse energy, and division by the Boltzmann fraction
using temperatures calculated from OPPDIF with GRI 3.0 chemical kinetics.
Computed profiles using OPPDIF (one-dimensional calculation) and UNI-
CORII\I (two-dimensional calculation) match well at the low strain rate of
20s™

flame. Scaling the measured ERE-CARS signals via the
predicted peak NO concentration, we estimate a detection
limit of ~ 25ppm for the counter-flow flame measure-
ments using three different Raman transitions. This detection
limit could potentially be improved by focusing the beams
more tightly and by employing strategies to reduce the UV
scattering/fluorescence.

Collisions of the NO molecule with other atoms (e.g.,
0O, H), diatomic radicals (e.g., OH, NO) and major species
(e.g., Hy, Oy, H,0O, CO, CO,, CH4, N;) depend on pressure
and temperature. It is well-known that LIF signals decrease
owing to such collisions, thus requiring corrections for quan-
tification of NO LIF signals. We have previously shown that
the ERE-CARS signal is nearly independent of electronic
quenching when considering two important colliders, O, and
CO; [16]. In a counter-flow non-premixed flame, temperature
and species concentrations vary significantly in the flow field
between the fuel and oxidizer nozzles. Figure 10 shows the
computed variation in total quenching rate (Fig. 10a) as well
as that for the collisional and Doppler linewidths (Fig. 10b)
for a non-premixed H;-air flame. Quenching rate coefficients
(cm3s™1) for collisions of NO with H, H,, O, O,, OH, H,O0,
N,, NH, NO, NO, and N,O were obtained from the litera-
ture [33]. The number density of each collider and the tem-
perature at different locations were obtained from OPPDIF,
with the total quenching rate (s~!) calculated from the sum of
individual quenching rates.

As shown in Fig. 10a, the total electronic quenching rate
varies considerably in the region encompassing measurable
NO concentrations. In practical combustion systems, such
variations in quenching rate, both in space and time, can cause
substantial variations in signal levels when using LIF. The
ERE-CARS spectra recorded using Stokes scans at different
positions between the fuel and oxidizer nozzles were ana-
lyzed, without correction for variations in the collision rate.
Hence, the good agreement between measured and calculated
[NO] profiles, as shown in Fig. 8, demonstrates the effective-
ness of the ERE-CARS technique despite large variations in
collisional rate throughout the flame.
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FIGURE 9 Comparison between measured and computed NO concentra-
tions in an atmospheric pressure, laminar, counter-flow, non-premixed Hy-air
flame at a global strain rate of 20 s~!. Data points were obtained by averaging
the ERE-CARS measurements shown in Fig. 8 at each position, calibrat-
ing using the computed maximum NO number density, and converting from
number density to ppm levels using temperatures calculated from OPPDIF
with GRI 3.0 chemical kinetics



CHAIet al. ERE-CARS flame measurements of nitric oxide

149

10 ————————————————————

T T
L1

[}
T
|

T T T
L

[<}]
T
|

ES
T
|

T T T
L

Total Quenching Rate X10% (s™)
N
‘ S
I R

T T T
L1

07—

0.6

—— Collisional Width
Doppler Width

0.5

0.4

0.3

0.2

Broadening Parameter (cm™)

0.1

LIS L L I L L 7 B L

0.0 P S T T IS T T S S AN ST SO ST N T S S T

b Distance from the fuel nozzle (mm)
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non-premixed Hj-air flame at a global strain rate of 20 s~!. Temperature and
species concentrations are obtained from OPPDIF using GRI 3.0 chemical
kinetics

The CARS signal generated from the probe volume de-
pends on the square of the third order non-linear susceptibil-
ity; the exact scaling is affected by the broadening mechanism
for both the Raman transition and the UV probe transition, as
well as on the transition spacing. Although much information
is available on collisional broadening of ultraviolet transi-
tions, little information is available on NO Raman linewidths
at flame conditions. As the temperature increases from about
350 K in the wings of the NO profile to about 2500 K near the
[NO] peak, the density decreases which produces a reduction
in the collision-broadened linewidth. The Doppler width, on
the other hand, increases somewhat in the high-temperature
region, although at atmospheric pressure the Raman transition
is predominantly collision-broadened even at flame tempera-
tures. Figure 10b shows this variation in computed collisional
and Doppler widths between the two nozzles. In the region
between 4 to 12 mm from the fuel-side nozzle, the ratio of
collisional to Doppler widths changes by over a factor of
two. Such variations could cause substantial changes in laser
interaction with the Raman and probe transitions, thus poten-

tially complicating the interpretation of ERE-CARS signals.
However, based on Fig. 8, for which the experimental concen-
tration profile was corrected only for changes in temperature,
the measured NO profile still agrees very well with compu-
tations using rigorous transport and chemical kinetics. The
factors which lead to such good agreement will be explored in
future work. In particular, our intention is to investigate sat-
uration effects on the Raman transition and/or the UV probe
transition.

5 Conclusions

ERE-CARS was applied successfully to NO con-
centration measurements in three different atmospheric pres-
sure flames. Stokes scans were recorded at various heights
in a slightly rich (¢ = 1.15) hydrogen-air flame stabilized
on a Hencken burner. The axial profile of the background-
corrected, square-root of the NO ERE-CARS signal proved
to be in excellent agreement with calculated NO concen-
tration profiles. Background-corrected detection of NO was
also demonstrated in acetylene-air flames under both fuel-
lean and highly sooting fuel-rich conditions. Excellent agree-
ment was obtained between measured and theoretical spectra
when using a modified Sandia CARSFT code. Finally, an
atmospheric-pressure, laminar, counter-flow non-premixed
hydrogen-air flame was investigated at a global strain rate
of 20s~!. Despite considerable variation in collisional and
Doppler linewidths, the measured and computed NO concen-
tration profiles were found to be in excellent agreement.

The above three experiments demonstrate that ERE-
CARS is a robust diagnostic technique which can be used to
detect flame-generated NO in challenging environments. The
ERE-CARS signal appears to be much less dependent on col-
lisional rates, especially electronic quenching rates, than is
the case for NO LIF. Continuing efforts will focus on under-
standing the physics of the ERE-CARS process, on further
development of the technique to enable single-shot measure-
ments, and on applications of ERE-CARS to high-pressure
laboratory flames as well as to gas-turbine combustors.
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