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Abstract This paper addresses a challenging approach to calibrating visible Raman spec-
troscopy data when investigating laminar methane-air tubular flames, which struggles against
low signal levels, signal interferences, etc. The literature study considers only the crosstalks
between the CO, and O, vibrational Raman lines. This study will expand the coverage of the
crosstalks from H, rotational Raman lines onto CO,, O,, N,, and H,O by employing four more
off-diagonal elements in a calibration matrix. The matrix elements are determined using proper
calibration flames and calculated compositions in their post-flame zone. The polynomials repre-
sent the calibrated temperature dependence of the non-zero matrix elements. Temperature-
dependent response curves of each calibration element of this study and the literature study
are then compared. It also found that most of the matrix elements in this study, when normal-
ized by their values at room temperature, behaved very closely to those previously reported by
another researcher group.

1. Introduction

Laminar tubular flames have simplified geometry suitable for studying chemical kinetics and
transport processes because of their preferential diffusion effects [1]. Measuring the chemical
structures of these flames, based on concentration and temperature profiles of major and minor
species, enables the study of accurate, reduced chemical kinetics and molecular transport
models and can be used to improve flamelet models [2] used in turbulent combustion simula-
tions. The primary species CO,, O,, N,, H,O, and H, were measured by spontaneous Raman
scattering in hydrogen-air premixed tubular flames, whereas the minor species OH and H were
measured using laser induced fluorescence [3]. In addition, using femtosecond two-photon
laser induced fluorescence (fs-TPLIF), the flame's atomic hydrogen [4] and oxygen [5] were
measured. The fs-TPLIF signals were corrected for collisional quenching from major species
concentrations measured by Raman scattering. Premixed tubular flames with hydrocarbon
fuels such as CH, and C3;Hg mixed with air were also investigated using visible laser-induced
spontaneous Raman spectroscopy. The measured profiles agreed well with the investigated
numerical simulations [6].

Indeed, the Raman scattering technique has wide use to measure the chemical structures of
various flames, for example, planar opposed-jet flames [7, 8], premixed tubular flames [6, 9],
and non-premixed opposed-flow tubular flames [10, 11]. Conventional Raman scattering still
provides a wealth of information on gaseous tubular flames. There are excellent reviews of the
Raman scattering technique in terms of theory and measurement in flames [12-15].

Raman scattering signals containing the signature of the molecular content of the gas mixture
must be processed to determine the species concentration and temperature by accounting for
the temperature dependence and crosstalk between neighboring species of Raman spectra.
For example, there are crosstalks between CO, and O, vibrational Raman lines (see Fig. 6 in
Ref. [6] and Fig. 8(a) in Ref. [16] for fuel-lean CH4-air flames) and from H, rotational Raman
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lines onto all the other species to varying degrees (see Fig.
8(b) in Ref. [16] for fuel-rich CH,-air flames). Overlapping Ra-
man spectra of major species also depends on the operating
conditions of flames, e.g., adding diluents such as N, and CO,,
varying equivalence ratio, etc. It should note that the results
obtained with an ultraviolet Raman source described in Ref.
[16]. Raman images may contain interferences from laser in-
duced fluorescence and broad-band flame luminescence [15].

There are two different approaches to Raman data process-
ing: the matrix inversion method [17, 18], based on detailed
calibration of the temperature-dependent system response,
and the spectral fitting method [19, 20], based on libraries of
theoretical spectra [15]. The former allows lower readout
noises due to on-chip binning, and processing is fast, but its
uncertainties in reactive species calibrations are more signifi-
cant. On the other hand, the latter requires only one calibration
per species and reduces uncertainty within temperature ranges
that are difficult to calibrate. However, preserved spectral in-
formation comes with high readout noise, slow data acquisition
rates, and significant effort to fit the Raman spectrum. A hybrid
approach also combines the advantages of both methods [21].

The Raman scattering signal for /” chemical species S; can
be estimated by [22],

S, = Ec, X,NLQ,O.T(T)A/ (hc) (1)

where E is the laser pulse energy, 0 is the vibrational Raman
cross-section, X; is the species mole fraction, N is the total
number density, L is the spatial resolution along the laser beam,
Q is the quantum efficiency of the CCD camera, I(T) is the
temperature-dependent factor that accounts for the distribution
of the molecules, A is the wavelength, h is Planck’s constant,
and c is the speed of light.

In the matrix inversion method, quantitative number densities
of /" species N; can be determined from a modified form of Eq.
(1) as below:

S =BYKN, @

where f is the experimentally-derived spatially-dependent at-
tenuation factor, and K; is the temperature-dependent calibra-
tion matrix, representing the degree of contribution of the Ra-
man scattering signal of /" species onto that of /" species. It is
noted that this form is valid for a fixed detection setup; a com-
plete formulation is discussed elsewhere [13, 17]. The gas
temperature can also be given by

b2 &

where p, is the thermodynamic pressure and k, is Boltzmann’s
constant (1.38x102% J/K).
This paper reports the calibration of Raman scattering sig-

Table 1. Crosstalk elements in Raman calibration matrix for CHy-air flames
with the excitation of 532 nm Nd:YAG laser.

Researcher Flame Crosstalk element Remarks
Dibble et al. Turbulent jet Ko, chs, Koy hy, [17]
(1990) flame Khaochs, Khychy
Huand Pitz | Laminar tubular
(2007, 2009) flame Keoz0, Koz 002 [23, 6]
Fuest et al. Turbulent flat Kco,0,, Ko, C0s, 21]
(2011) flame Kco, hy, Koz hy, Keo,n,
. Laminar tubular | Kco,0, Ko,c0,, Kcoyhy,
This study flame Koz, Knahy, Khaohs

nals for measurements of methane-air tubular flames with a
matrix inversion method using Raman measurements both in
the near-adiabatic equilibrium region of calibration flames from
a Hencken burner and in various cold gas flows. Temperature
dependence of a calibration matrix element, K; in Eq. (2) repre-
sents a polynomial. While the main diagonal elements of the
matrix for the flames are fixed, off-diagonal elements which
relate interference from the crosstalks of the different species
on the others are varied, depending on the type of the flame
and the coverage degree of the crosstalk effects, as shown in
Table 1. The table summarizes crosstalk elements previously
employed for calibrating visible Raman scattering signals for
CH,-air flames and those used in this study. For laminar tubu-
lar flames, four more crosstalk terms, which relate interfer-
ences from H, rotational Raman lines onto CO,, O, N,, and
H,O species, are considered in this study in addition to those
between CO, and O, vibrational Raman lines in the previous
study [6, 23].

The calibration results obtained in this study are normalized
by their values at room temperature to qualitatively compare
with those conducted by another research group [21]. Most of
the normalized elements in the calibration matrix of the two
studies agreed quite well, although the two Raman spectrome-
ter setups are different, which would lead to different values of
E, 07, L, and Q in Eq. (1). To the best of the author's knowl-
edge, this is the comparison of calibration results of the matrix
inversion method for visible Raman scattering techniques, for
the first time, by two different research groups. The polynomial
coefficients for the 13 non-zero elements in this study’s calibra-
tion matrix are used to determine the temperature and the main
species concentrations of methane-air tubular flames, which
Vanderbilt University researchers will investigate; more specifi-
cally, the measured species concentrations will use to correct
their collisional quenching effects against the fs-TPLIF signals
collected for quantitative oxygen atom measurements in the
flames.

2. Experimental setup

To better understand the calibration procedures of Raman
scattering signals used in this study, the experimental appara-
tus consisting of a tubular burner and Raman spectroscopy
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Fig. 1. Flow fields for an axial-opposed jet flame (LHS), radially-opposed jet
flames with two nozzles (CTR) and a single nozzle (RHS) [25].

setup uniquely fabricated at Vanderbilt University is briefly de-
scribed here. A detailed description of the setup presents in
Ref. [24].

2.1 Tubular burner

The tubular burner, either premixed [6], non-premixed or dif-
fusion [11], or partially-premixed [24], was fabricated to reduce
the complexity of the combustion process from a turbulent,
transient, three-dimensional problem to a laminar, steady-state,
two-dimensional or one-dimensional one. As shown in Fig. 1,
the tubular burner produces a radially-opposed flow field where
the fluid stagnates in an axial coordinate in the form of a cylin-
drical face or a line. The static-in-line configuration, shown in
the figure (RHS) that consists of a single inlet, the outer nozzle
can be used for premixed studies while by adding an inner
nozzle (CTR), a stagnant one can use on a cylindrical surface
for studying pure diffusion and partially-premixed cases.

The stagnation surface radius and the stretch rate (k) are
functions of radial velocity, mixture density, and nozzle radius
[26]. Tubular flames can be stabilized by a fixed stretch rate,
which isolates flame stretch and curvature. The resulting lami-
nar flames are time-independent and geometrically-simplified
circumstances, leading to a two-dimensional or one-dimen-
sional structure.

2.2 Raman spectroscopy setup

Fig. 2 shows the Raman spectroscopy setup to collect spec-
tral data. An Nd:YAG laser was frequency-doubled (532 nm,
10 ns pulse at 10 Hz) and passed through a three-cavity pulse
stretcher (cavity length ratio of 1:2:4) to reduce the peak inten-
sity by broadening its temporal duration to 160 ns to avoid a
laser-induced breakdown in the flame. Some beam reflected
from a wedge window following the pulse stretcher was used to
monitor the laser alignment and beam quality. The rest of the
reflected beam was sent to an energy meter to measure the
beam energy per pulse. The beam transmitted through the
periscope was narrowed to a diameter of about 200 ym at the
measuring point by a 0.3 m focal length plano-convex lens. lts
energy varied from 90 to 110 mJ per pulse for the experiments.

The Raman scattering signal was collected perpendicular to
the laser beam path. The signal passed through a pair of 3-
inch diameter achromats (f/2 and f/7.5) and focused onto the

Generator

| Uniblitz Shutter - | \ A
Controller h 2

900 _ﬁ-t Ty

06350 And R Files —|—> EZZ ) -

Fig. 2. Spontaneous Raman spectroscopy experimental setup [25].

slit of a modified 0.75 m Spex spectrometer (0.75 m collimating
mirror and 0.65 m focusing mirror). Preceding the slit, an OG
550 filter, IR filter, optical Uniblitz shutter (6 ms opening time),
and a ferroelectric liquid crystal shutter (45 ps opening time)
were used to create an approximate band-pass region be-
tween 550 nm and 750 nm and reduce the exposure time to
about 50 us. Raman spectra images were captured with a
liquid-nitrogen-cooled, charge-coupled camera over 600 shots,
which integrates to form an image with a size of 124 pixels
(spatial) by 123 pixels (spectral). Two or three Raman images
were captured sequentially with different grating angles (dis-
persion of 0.39 mm/nm) of the spectrometer. Then it generated
a full spectrum from 561.2 nm to 698.7 nm per linear scan. As
a result, spatially resolved spectra were recorded along the
laser line with a resolution of 86 uym, leading to an overall reso-
lution of 200 um for the 86 um measurements.

3. Calibration of Raman scattering signals

For methane-air flames to be investigated, the calibration
matrix K; can be constructed based on theoretical Raman
spectra simulated with RAMSES [19] for seven major species
CO,, O,, CO, N,, CHy4, H,0, and H, and for crosstalks from H,
rotational Raman lines onto CO,, O,, N,, and H,O species and
those between CO, and O, vibrational Raman lines, as shown
in Eq. (4).

The main diagonal elements of the calibration matrix (calibra-
tion factors) relate the Raman scattering signals to the species
number density, while its off-diagonal elements (interference
factors) relate interference from the crosstalk of the different
species on the others; e.g., Kco, 0, is the interference of the O,
spectrum on the CO, Raman scattering signal. The non-zero
elements in the matrix will determine in the temperature range
between 300 K and 2200 K, except Kch,. Because CH, readily
decomposes even at moderate temperatures, the calibration
factor for CH,4 is determined only in cold flows. Kch, is as-
sumed to be single point calibration at room temperature and
independent of temperature. This simplification justifies by the
excellent agreement between experimental data and the nu-
merical prediction [23].
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Table 2. Groups of calibration flames and flow and their related elements in
the calibration matrix.

Table 3. Spectral locations of the bins utilized on the raman camera with
the excitation of 532 nm Nd:YAG laser.

Group of calibration flames and flow Calibration matrix element Species Astart (NM) Aeng (NM)
Lean Hy-air flames+cold air flow Koy, Kny, Khy0, Kco,0, CO, 568.3 575.8
Rich Ho-air flames+cold Hp-air flow Khz, Kooy, Koo, © 5776 560.9
Knzhy, Khaoh, co 598.6 602.3
Lean H,-CO.-air flames+cold H,-CO--air flow Kcoy, Kco, Ko, co, N, 604.6 608.3
Cold CH4-air ﬂOW*) KCh4 CH4 6285 635.0
" A single point calibration at room temperature H,0 656.5 661.1
H, 680.4 684.6

Various calibration flames and flows were utilized in the cali-
bration process. As shown in Table 2, lean H,-air flames (¢, =
0.241-0.592) and cold air flow were used to evaluate Ko,, Kn,,
Kh,0, and Kco,0,. Rich Hy-air flames (¢, = 3.583-6.355) and
cold Hy-air flow were used to find Kh,, Kcoyh,, Ko, hy, Knyhs,
Kh,oh,. Lean H,-CO,-air flames (¢, = 0.332-0.658) and cold
H,-CO,-air flow were employed to evaluate Kco,, Kco, and
Ko,,co,. Cold CHg-air flow was employed to find Kch,.

[ Kco, Kco,,0, 0 0 0 0  Kco,,h, |
Ko, ,co, Ko, 0 0 0 0  Ko,,h,
0 0 Kco 0 0 0 0
K, = 0 0 0 Kn, 0 0  Kn,,h, (4)
0 0 0 0 Kch, O 0
0 0 0 0 0 Kho Kho,h,
. 0 0 0 0 0 0 Kh, |

3.1 Calibration experiments: Raman spectra

Eqg. (2) can be recast into a matrix equation {S} = [KJ{N},
where the signal vector {S} is equal to S/(Ef). The elements of
the signal vector are from Raman scattering signals collected
inside a 12.5 mm diameter Hencken burner flame [27]. Fig. 2
shows the calibration experiment of the Hencken burner
placed the tubular burner. Hence, the optical conditions were
the same between the measurement and the tubular flame
experiments. Adiabatic equilibrium was assumed to be 15 mm
downstream from the burner surface. Raman scattering signals
were collected from the point for each flame condition, includ-
ing cold conditions, as shown in Table 2. Gas flow rates to the
reactants were controlled with mass flow controllers (Teledyne
Hastings HFC-202/203), and co-flow rates were measured with
a flow meter (Teledyne Hastings HFM-201). Flow controllers
and meters are accurate to 1 % of full scale and verified by
laminar flow elements.

Raman images captured for the calibration of Hencken
burner flames were background-corrected, cosmic ray-cleaned,
and energy-normalized before processing [28]. The Raman
spectrum collected for calibration flames spans all stable major
species to study methane-air flames. As shown in Table 3, the
spectrum is strategically divided into spectral bins correspond-
ing to the genuine Raman band of a particular species. The
table shows the complete list of the bins used in this study,

which is almost the same as that in Ref. [29].

Fig. 3 shows the Raman scattering signal as a function of
wavelength, for the five lean H,-CO,-air calibration flames in
Table 2, ranging from 561.2 nm to 698.7 nm. Other flames can
be found in Ref. [30]. The red curves in the figure represent the
vibrational Raman scattering signal intervals of the seven spe-
cies for the calibration flames, as shown in Table 3. In addition,
the Raman scattering signal for CH, was taken separately at
room temperature. To calibrate the Raman scattering tech-
nique for measurements of methane-air tubular flames, the
Raman scattering signals of all seven species for each calibra-
tion flame as a temperature function are now available.

3.2 Determination of calibration elements

The species number density vector {N} was determined by
replacing the calculated species mole fractions in the post-
flame zone with an adiabatic equilibrium program [31]. Fig. 4
shows the calculated temperature and mole fractions of the
seven major species of the calibration flames described in
Table 2. The flames were operated over various equivalence
ratios to calibrate all major species. Since the mole fractions of
CO and H, were very low, they were multiplied by 1000, as
shown in Fig. 4(c). The order of magnitudes of Raman scatter-
ing signals and calculated species concentrations as a function
of temperature for all the species in flames varies significantly,
thus reaching threshold values for most flows (species concen-
tration: 1x10'® #/cm®). Only transgressive signals were used:
the data for calibration elements ranged from 3 to 18 as a func-
tion of temperature determined for each species.

The elements in the calibration matrix, Eq. (4), both the main
diagonal and off-diagonal, were obtained as polynomial func-
tions of temperature with the {s} and {N} data specified above
according to the order of the calibration flames and flow listed
in Table 2. Most polynomials will determine in 1%-degree or 2™-
degree. The effect of adding four off-diagonal elements relating
to H, rotational Raman lines on the calibration results of the
other remaining elements has yet to be seen compared to
those in Refs. [6, 23]. The reasons would be other experimen-
tal factors, including different ranges of equivalence ratios of
calibration flames in the two calibration experiments, which
may affect more significantly (not shown here).
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Fig. 3. Raman scattering signals of five lean H,-CO,-air calibration flames
as a function of initial equivalence ratio.

The results of both temperature-dependent response curves,
calibration and interference factors, are then normalized by
their values at room temperature to qualitatively compare with
similar results reported by another researcher group (see Fig. 4
in Ref. [21]).

Fig. 5(a) shows the normalized calibration factors as a func-
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Fig. 4. Calculated (a) temperature; (b) mole fractions of seven major spe-
cies of all 15 calibration flames; (c) those similar to (b) of five lean H-CO»-
air flames only.

tion of temperature, superimposed with their curve-fittings, for
the main species appearing in methane-air flames, CO,, O,,
CO, N,, H,O, and H,. Note that the magnitudes of individual
response curves differ between species. The magnitude at
each subplot represents relative change over the temperature
range rather than absolute magnitude, as the curves normalize
to unity at room temperature. For most species such as O,, N,,
H,0, and H,, the overall trend of response curves investigated
is quite similar to that in Ref. [21]; O, and N, show an increas-
ing response curve, while H,O and H, show decreasing re-
sponse curve. For CO, and CO, the two results are different.
The normalized Kch,, calibrated and normalized to unity at a
point at room temperature, is not included in the figure.

Fig. 5(b) shows similar results of normalized interference fac-
tors accounting for Raman crosstalk. The sizes of most of the
subplots in the figure coincide with those in Ref. [21] for better
comparison. The Kco, 0, curve in the figure agrees well with the
reference and the Kco,h, curves in both studies show a similar
increasing trend but with rather different slopes. The curves of
the other off-diagonal elements are quite different from those in
reference. Some factors behave differently because the calibra-
tion and interference factors affect the temperature and the
Raman spectroscopy system, i.e., the optical setups in the two
laboratories are different, as mentioned earlier.

The polynomial coefficients for 13 non-zero elements, includ-
ing Kchy, in the calibration matrix, were determined and will
have used to measure temperature and main species concen-
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Fig. 5. (a) Normalized calibration factors of K; for CO,, O,, CO, N,, H,0,
and Hy; (b) normalized interference factors of K; based on calibration poly-
nomials (symbols show the employed fitting points).

trations in methane-air tubular flames, which Vanderbilt Uni-
versity researchers will soon investigate. According to a previ-
ous publication on the calibration of Raman scattering signals
for hydrogen-air tubular flame measurements [30], characteris-
tic uncertainties for chemical species are approximately +2 %
by mole fraction for hot products and +0.5 % for room tem-
perature reactants. However, a detailed study of the uncertain-
ties will leave until a future publication due to the significant
space required investigating the complex interplay of reduced
signal levels, signal bias, etc.

4. Conclusions

An approach of calibrating visible Raman scattering data from
laminar methane-air tubular flames removes the crosstalks from
H, rotational lines onto CO,, O,, N,, and H,O by employing four
more off-diagonal elements in a calibration matrix for the matrix
inversion method, to the crosstalks between CO, and O, spectra
considered previously. The matrix elements are determined in
proper calibration experiments in cold flows and well-charac-
terized Hencken flames, and also in the calculation of tempera-

ture and species mole fractions in the post-flame zone with an
adiabatic equilibrium program. Their temperature dependence
approximates as either a 1°-degree or 2"-degree polynomial.
When normalized by their values at room temperature, most of
the resulting matrix elements show a reasonably close trend in
temperature dependency compared to those previously reported
by another research group, which validates this approach. It
would be the first try to compare the calibration results of the ma-
trix inversion method for visible Raman scattering techniques
conducted by two different research groups.

The proposed approach removes undesired sources of the
several crosstalks found in Raman scattering data of laminar
methane-air tubular flames, which are employed to measure the
chemical structure of the flames using the optical technique.
Vanderbilt University researchers will measure the structure of
the flames and then use the measured species concentrations
to correct their collisional quenching effects against the fs-TPLIF
signals collected for quantitative oxygen atom measurements in
the flames. Furthermore, the measured temperature and spe-
cies concentrations will compare to numerical predictions using
different, detailed chemical kinetic mechanisms. This will further
attempt to correlate the chemical kinetics of methane-air tubular
flames as functions of combustion-based non-dimensional
numbers. However, it may be desirable to perform both a sys-
tematic uncertainty analysis and a sensitivity analysis of calibra-
tion elements to confirm the validity and effects of the calibration
element on the accuracy of the method used in this study.
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Nomenclature

: Speed of light

: Laser pulse energy

: Attenuation factor

: Plank’s constant

- Indices

: Boltzmann’s constant

: Calibration coefficient matrix

: Spatial resolution along laser beam
: Total number density

: Quantum efficiency of a CCD camera
: Raman scattering signal

: Temperature

: Species mole fraction

: Efficiency of a detection system

: Stretch rate

: Wavelength

>-mo
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o : Vibrational Raman cross section

r : Factor that accounts for distribution of the molecules
Q : Collection solid angle
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