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A non-sooting lifted methane/air coflowing non-premixed flame has been studied experimentally and
computationally. The flame structure was computed using a model that solves the fully elliptic governing
equations, utilizes detailed transport coefficients and a chemical kinetic mechanism with C; to Cg hydro-
carbons, and includes an optically thin radiation submodel. Gas temperature, major species mole fractions,
and non-fuel hydrocarbon concentrations were experimentally mapped in two dimensions with both probe
techniques (thermocouples and on-line mass spectrometry) and optical diagnostics (Rayleigh and Raman
scattering). A differential polarization strategy was used to remove C, and polycyclic hydrocarbon fluores-
cence interferences from the Raman scattering signals, which dramatically improved the quality of the
laser diagnostic images over what had previously been possible. Good agreement was observed between
the probe and laser images; this validates the Rayleigh-Raman data processing procedure, and it shows
that the probes produce negligible perturbations to the flame structure. The spatial precision of the data
and range of measured quantities provides a sensitive test of the computations. Nonetheless, the model
reproduces most of the experimental observations, including the overall flame height and liftoff height,
the peak concentrations and spatial distributions of major species, and the peak concentrations of oxygen-

ated hydrocarbon intermediates such as ketene and soot precursors such as benzene and acetylene.

Introduction

An important goal of combustion science is to de-
velop computational models based on fundamental
principles that are applicable to practical combustors
and are capable of predicting chemically complex
phenomena such as soot formation. Currently, flame
models that incorporate detailed chemistry are well
developed for one-dimensional configurations and
are being extended toward multidimensional sys-
tems [1-6]. These models depend upon a large num-
ber of parameters that have non-zero uncertainties
(transport coefficients, thermodynamic properties,
rate constants), so detailed comparison of model re-
sults with experimental data is necessary to validate
the models [7].

The objective of the current study was to apply
state-of-the-art experimental and computational
methods to a well-defined axisymmetric laminar co-
flowing methane/air non-premixed flame so that we
could determine how sensitive of an experimental
test of the model was possible, and whether the
model could meet this test. To some degree this
work is an extension of an earlier study where we
compared model predictions with temperature and

major species images obtained from Rayleigh-Ra-
man scattering [1]. The detailed chemical kinetic
mechanism in the model has been enlarged to in-
clude hydrocarbons as large as benzene (CgHg), and
the Rayleigh-Raman procedure has been modified
to use polarization information to subtract fluores-
cence interferences, which results in dramatically
improved images. Also, additional thermocouple and
mass spectrometric measurements of temperature,
major species, and non-fuel hydrocarbons have been
included to determine quantities not amenable to
laser diagnostics and to allow us to compare in situ
and probe measurements.

Computational and Experimental Methods

Flame Configuration

The fuel, which consisted of 65 mol % methane
in nitrogen, flowed from a 0.4 cm inner diameter
vertical tube, and the oxidizer, air, flowed from the
annular region between this tube and a 5.0 cm inner
diameter concentric tube. The fuel was N, diluted
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to reduce soot concentrations in the flame and con-
sequent difficulties with the measurements and with
uncertainties in the model due to soot radiation,
scrubbing of hydrocarbons by soot, and so on. The
fuel and air velocities at the burner surface were a
uniform 35 cm/s independent of R (i.e., they had
top-hat profiles); physically this was realized by hav-
ing a honeycomb cover the entire top surface of the
burner. The flame was unconfined, and the flow was
laminar.

The combination of Ny, fuel dilution, a narrow fuel
tube, and a high air flow rate caused the flame to be
lifted approximately 6 mm above the burner surface.
This prevented heat transfer from the flame to the
burner and consequent preheating of the reactants.
Thus, the thermal boundary condition at the burner
surface was well defined (the reactant temperature
equaled room temperature at all values of R), which
is crucial to obtaining good agreement between the
model and experiments [8,9].

Computer Model

The flame was modeled by solving the full set of
elliptic equations for the conservation of total mass,
momentum, energy, and individual species mass.
Detailed transport coefficients and a finite-rate C;
to Cg kinetic mechanism with 140 chemical reactions
and 39 chemical species were used. The chemical
kinetic mechanism, described in Ref. [10], is a mod-
ified version of that used by Smooke and coworkers
[11], with additional C3 to Cs chemistry derived
from Ref. [12,13]. The system was closed with the
ideal gas law and appropriate boundary conditions
on each edge of the computational domain. We also
included an optically thin radiation model and as-
sumed that for this essentially soot-free flame the
only radiating species were H,O, CO, and CO, [14].
The governing equations were written in primi-
tive variables and solved using Newton’s method
with pseudo-time integration on a non-staggered

grid [15].

Rayleigh-Raman Imaging

Two-dimensional images of temperature and ma-
jor species (Ng, CO,, CH,, Hy, Oy, CO, and H,0)
mole fractions were measured using vibrational
Stokes-shifted Raman scattering and Rayleigh scat-
tering [1,16,17].

The scattering was excited with the 532-nm har-
monic of a 10-Hz Q-switched Nd:YAG laser which
was focused into a 300-um beam-waist line over the
center of the burner. The laser was double-pulsed,
with pulse separations of 100 us and an average en-
ergy of 150 m] per pulse, to prevent air breakdown
over the burner. Measurements were performed
from Z = 0.2 to 5.4 cm, in steps of 0.05 cm closer
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to the burner surface and 0.1 cm further down-
stream. These line measurements were then tiled
together to form images. Each measurement was an
integration over 1000 double laser pulses to obtain
adequate signal-to-noise ratios.

The scattered light was collected with a f/1.8 cam-
era lens, rotated 90° by a pair of mirrors placed be-
hind the lens, and focused onto the 700 gm wide
vertical entrance slit of a 0.27 m, f74 imaging spec-
trograph. The spectrograph dispersed the Rayleigh
line and Stokes-shifted Raman lines and focused
them onto a gated, image-intensified, cooled charge-
coupled device (CCD) camera (1 us gate time). The
spatial resolution was ~ 200 um in the radial direc-
tion, and the spectral resolution was =~ 3 nm. The
Raman lines for each species and the Rayleigh line
were integrated spectrally over a window large
enough to account for the spectral broadening due
to temperature increases, but small enough to min-
imize cross talk with neighboring species.

Fluorescence from C, and polycyclic hydrocar-
bons interfere with Raman signals measured on the
fuel-rich side of flame fronts [18]. These interfer-
ences were reduced to their shot noise levels by tak-
ing the difference of the detected light intensities
under two orthogonal linear polarizations that were
parallel (I.,) and perpendicular (I!/:) to the linearly
polarized laser source. A modified liquid crystal
shutter was used as a programmable polarizer, which
enabled us to measure I; and I, . independently.

The images were corrected for throughput and
spectral efficiency using room temperature air and
CH, calibrations, for laser energy variation, and for
cross talk between species. Calibrations of relative
Raman cross sections were obtained at room tem-
perature and in a premixed flat flame. The tempera-
ture dependence of Raman cross sections was mod-
eled for all species [19,20], and the depolarization of
the Raman signals was taken into account. An iter-
ative technique, which usually converged in three
iterations, was used to determine species mole frac-
tions and temperature.

Thermocouples and On-Line Mass Spectrometry

The thermocouple measurements employed un-
coated 75 um wire-diameter type R thermocouples,
were corrected for radiation heat-transfer losses, and
had an absolute uncertainty of 50 K and a relative
uncertainty of 10 K [21]. Species concentrations
were determined by extracting gas samples from
the flames with a narrow-tipped quartz gas sample
probe and analyzing them via on-line mass spec-
trometry [22]. A custom-built single-photon 118.2
nm photoionization/time-of-flight mass spectrometer
(PTMS) was used to measure Cs to C;5 hydrocarbon
mole fractions, and a commercial 70 eV electron-
impact/quadrupole mass spectrometer (EQMS;
Stanford Research Systems RGA100) was used to
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FI1G. 1. Comparison of model (left), thermocouple (middle), and Rayleigh-scattering (right) gas temperatures.

measure acetylene and several major species. The
relative uncertainties for all species and the absolute
uncertainties for acetylene and benzene were 30%,
while the absolute uncertainties for other hydrocar-
bons were up to a factor of 3 [22].

Results and Discussion

Contour plots of some of the computed and mea-
sured results are shown in Fig. 1-10. In these fig-
ures, the horizontal and vertical directions corre-
spond to the horizontal and vertical coordinates in
the flame, the vertical centerline of each panel cor-
responds to the centerline of the flame, the bottom
edge of each panel corresponds to the burner sur-
face, and the temperatures or mole fractions at each
flame location are represented by a color, as indi-
cated by the color scale to the far right in each figure.
The same color scale is used for all of the panels in
each figure. Most of these figures are arranged with
the computational results in the left-hand panel, the
thermocouple or mass spectral results in the middle
panel, and the Rayleigh-Raman results in the right-
hand panel. For CH,, H,O, CO, and H,, only com-
putational and Rayleigh-Raman results are shown
(left and right panels, respectively), while for the
non-fuel hydrocarbons, only computational and
mass spectral results are available (left and right pan-
els, respectively).

Neither of the experimental data sets extends all
the way to the burner surface. When the thermo-
couple and gas sample probe were below Z = 1 c¢m,
the flame tended to attach to them, so no reasonable
data could be acquired, and this region is blank in
all of the figures. However, when they were raised
above Z = 1 cm, the flame visibly detached and
assumed its unperturbed position; the good agree-
ment between the thermocouple/mass spectral and
Rayleigh-Raman measurements indicates that the
thermocouple and sample probe negligibly perturb
the flame above 1 cm. Rayleigh-Raman measure-
ments could not be acquired within 0.2 cm of the
burner surface due to reflections of the laser. Flame
perturbations are not an issue for these optical mea-
surements; this is one of their major benefits.

Gas Temperatures

The spatial distributions of the temperatures agree
very closely among the computations and both sets
of experiments (Fig. 1). In all three cases, the high-
temperature regions have a wishbone structure;
since the fuel flows upward from the burner surface
between R = 0.2 and —0.2 cm, and the air from R
> 0.2 and < —0.2 cm, the lower portion of the
wishbone corresponds to the reactive interface be-
tween the fuel and air streams, and the upper por-
tion of the wishbone corresponds to the hot products
that are being convected downstream and are slowly
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FIG. 2. Comparison of model (left) and Raman-scatter-
ing (right) methane mole fractions.

cooling. The flame heights, defined by where the
maximum temperature occurs on the centerline, are
3.18, 3.4, and 3.25 cm for the computations, ther-
mocouple measurements, and Rayleigh-Raman
measurements, respectively.

The most notable discrepancy among the data sets
is that the thermocouple temperatures are substan-
tially higher than the other results in the cool core
inside the flame front (i.e., on the centerline at Z =
1 ¢m). This difference is likely a consequence of heat
conduction along the wire, which was stretched
through the flame parallel to the burner surface and
thus exposed to very large temperature gradients in
this part of the flame. Thus, the ability of the Ray-
leigh-Raman measurements to make accurate mea-
surements in this region again illustrates the advan-
tage of the non-perturbing optical approach.
However, the gradients in the core of this lifted
flame are much larger than those encountered in
non-lifted non-premixed flames, where we have
shown that conduction errors can be made negligible
[21].

The maximum temperatures are 1946, 2045, and
1982 K for the computations, thermocouple mea-
surements, and Rayleigh-Raman measurements, re-
spectively. The higher maximum temperature for the
thermocouple measurements is a discrepancy that
was also observed in an earlier comparison with ther-
mocouple measurements from a different group [23]
and that we have also observed in ethylene flames
[9].

The computational and Rayleigh-Raman tempera-
tures both clearly illustrate that the flame is lifted
from the burner surface. In each case the tempera-
tures are very close to room temperature from the
burner surface to Z =~ 0.6 cm, then abruptly rise to
near their maximum value in only a few tenths of a
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centimeter. The specific liftoff heights for the com-
putational and Rayleigh-Raman results clearly agree
very closely.

Major Species

As with the temperature results, the agreement
among the computations and the two experimental
data sets for the major species is very good, both in
terms of the spatial structure and the maximum con-
centrations. All of the results show the expected be-
havior for a non-premixed flame, with CH, inside
the flame front and O, outside it (Figs. 2, 3), and
with the fuel being converted first to CO and H,
(Figs. 4, 5) and then to CO, and HyO (Figs. 6, 7).
However, both the computational and Rayleigh-Ra-
man results show that while H,O formation begins
quickly, formation of CO, is delayed until all of the
fuel has been consumed. This occurs because hy-
drocarbons react more rapidly with OH than does
CO, thus inhibiting CO to CO, oxidation [7].

The Rayleigh-Raman images in Figs. 1-7 have
much greater signal-to-noise ratios than those pre-
sented earlier [1]. This improvement demonstrates
the value of using polarization information to sup-
press fluorescence interferences and presents a
much more stringent test of the computational re-
sults. For example, O, entrainment at the flame base
was not detectable in the earlier experimental mea-
surements but is clearly evident in Fig. 3, and its
shape and magnitude are well predicted by the
model. Similarly, both the computational and Ray-
leigh-Raman results show a slight outward-facing
kink in the methane images at the height where the
flame begins to burn (Z = 0.6 cm).

CO and H, are more difficult to measure with
Rayleigh-Raman scattering than other major species
due to their low concentrations and overlap with Cy
fluorescence bands; thus the CO and H images con-
tain more noise than the others (Figs. 4, 5). None-
theless, the images indicate that the magnitudes and
spatial distributions predicted by the model for these
species are accurate.

Although the probe measurements do not extend
that close to the burner surface, they also show O,
entrainment at the centerline (Fig. 3). Furthermore,
the spatial structure of the probe CO, measure-
ments agrees closely with that of the in situ Ray-
leigh-Raman measurements. Thus we conclude that
probe disturbances to the flame are not significant,
and the spatial information obtained from the probe
measurements of non-fuel hydrocarbons (next sec-
tion) is trustworthy.

Non-Fuel Hydrocarbons

Figures 8-10 show the results for three non-fuel
hydrocarbons, acetylene (CyHy), benzene (CgHg),
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F1G. 3. Comparison of model (left), mass spectrometric (middle), and Raman-scattering (right) oxygen mole fractions.
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FIG. 4. Comparison of model (left) and Raman-scatter-
ing (right) carbon monoxide mole fractions.

and ketene (CH5CO). Acetylene and benzene are
important precursors to soot, while ketene is an im-
portant oxidation intermediate. The mass spectral
results for ketene contain some interference from
propene (Cs;Hg), but this was shown to be a small
contribution in previous work [24]. The absolute
concentrations of the ketene data are accurate only
to within a factor of 3, since a suitable calibration
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FI1G. 5. Comparison of model (left) and Raman-scatter-
ing (right) hydrogen mole fractions.

standard was not available. However, since as far as
we know, ketene has never been measured at all in
a non-premixed flame, let alone mapped in two di-
mensions and compared with model results, these
results are a significant advance.

The agreement between the computational and
mass spectral results for these species is quite good.
The maximum computed and measured mole
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FI1G. 7. Comparison of model (left) and Raman-scatter-
ing (right) water mole fractions.

fractions for all three agree to within experimental
error (72 versus 63 ppm for benzene, 5460 versus
4910 ppm for acetylene, and 36 versus 74 ppm for
ketene). The height in the flame where the maxi-
mum occurs on the centerline is predicted within
experimental error except for ketene, where it is 0.4
cm higher in the computational results. In all of the
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FI1G. 8. Comparison of model (left) and mass spectro-
metric (right) acetylene mole fractions.

computational results, the wings of the high concen-
tration contours extend further toward the burner
surface than in the experimental results, but this may
be a consequence of the finite spatial resolution of
the quartz microprobe (0.1 cm). Interestingly, the
wings extend the furthest and the least for the same
species in both sets (ketene and benzene).
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Conclusion

This study shows that a coflowing non-sooting
non-premixed flame can be well characterized using
computational, mass spectrometric, and Rayleigh-
Raman techniques. This combined approach allows
measurements to be cross-verified and provides a
stringent test for model development. The Rayleigh-
Raman measurements have been improved signifi-
cantly by measuring the difference between two or-
thogonal polarizations, which reduces fluorescence
interferences from species on the rich side of the
flame front. Computations predicted major and mi-
nor species to within experimental error over most
of the parameter range, and the agreement on flame
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structure was equally good with both flame height
and liftoff predicted to within several percent.
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