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Results of nearly 20 different measurements of profiles of concentrations of oxides of nitrogen in steady counter-
flow methane-air flames are studied and compared with predictions of four different chemical-kinetic mechanisms.
The conditions include air-side strain rates between about 10 and 200 s—!, pressures between 1 and 15 atm, air
temperatures between about 300 and 560 K, partial premixing of air on the fuel side down to an equivalence ratio
of 1.5, and dilution of the fuel with nitrogen down to a fuel mole fraction of 0.25, all for a fuel temperature of
about 300 K. Although most of the experimental results were taken from the literature, two new measurements
were made, employing a newly devised NO,-scrubber technique to correct chemiluminescent NO,-analyzer re-
sults for interference from other species, principally hydrocarbons on the fuel side containing two or more carbon
atoms. The results show that differences between measured and predicted NO,. concentrations tend to be smaller
on the fuel-lean side of the flame than they are on the fuel-rich side, where typical discrepancies reach values
on the order of 50%. Whereas the Milan mechanism, the San Diego mechanism, and the Gas Research Institute
(GRI) mechanism version 2.11 usually produce reasonable agreement with the experimental data, the newer GRI
mechanism version 3.0 tends to overpredict NO, under most of the conditions investigated. Because the prompt
mechanism is the principal source of NO, in these flames, this might be associated in some way with the tendency
of the GRI mechanisms to overpredict acetylene concentrations by about a factor of two, an overprediction that is
demonstrated to occur by comparisons with additional experimental data on concentration profiles of intermediate

hydrocarbons.

Nomenclature radiant tubes,? for example. These devices often involve turbulent
a = strainrate, s combustion of nonpremixed or partially premixed fuels in reaction-
L = separation distance between the exits of the counterflow sheet regimes.? Strategies for NO, reduction under such conditions
ducts, cm can be aided by good knowledge of the chemical kinetics of the
P = pressure, atm structures of laminar diffusion flames, including partially premixed
T = temperature, K diffusion flames. Laminar counterflow diffusion flames afford use-
u = velocity, cm/s ful testing grounds for chemical-kinetic predictions of structures of
X = mole fraction flames of this type. The counterflow configuration simplifies the-
p = density, kg/m? oreticgl cc.)mputations. by reducing the problem to one dimension,
¢ = equivalence ratio resulting in a two-point boundary-value problem for a system of
ordinary differential equations, and it also lends itself to accurate
Subscripts experimental measurements. A great deal of research has now been

completed on the structures of such “flamelets”.*
1 = fuel stream In particular, there are now a number of papers in the literature
2 = airstream reporting measurements of structures of nonpremixed and partially

I. Introduction

O help to mitigate air pollution, there is continuing interest in
reduction of NO, emissions from gas burners.! Approaches to
achieve this goal include special designs of swirl burners' and use of
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premixed laminar counterflow methane-air diffusion flames that in-
clude NO profiles.’~'" Because methane is the major component
of natural gas, these measurements are relevant to NO, emissions
during the combustion of natural gas in air. The measurements of
NO have been made both by chemiluminescent (CL) NO, -analyzer
analysis following gas sampling and by nonintrusive in situ laser-
induced fluorescence (LIF). This extensive database can be used
to provide fairly robust tests of predictions of different chemical-
kinetic mechanisms. Although some such tests are presented in the
previous papers, no all-inclusive evaluation has been published that
encompasses the full range of conditions for which experimental
results have been reported. An objective of the present contribution
is to compare predictions of different chemical-kinetic mechanisms
with experiment over the complete range available.

The chemical-kinetic mechanisms chosen for comparison here
are the versions 2.11 and 3.0 of the mechanism of the Gas Re-
search Institute, the former name of the current Gas Technology
Institute, GRI 2.11% and GRI 3.0, the mechanism'"'? developed at

$Data available online at http://www.me.berkeley.edu/gri_mech/.
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Fig. 1 Schematic illustration of the counterflow burner.

Politecnico di Milano and herein for brevity, termed Milan Mech,
and the mechanism'*1 developed at the University of California,
San Diego, called San Diego Mech. GRI mechanisms are selected
because of their widespread use in general and because they specif-
ically target natural gas. Besides testing the latest version 3.0 of this
mechanism, the previous version 2.11 also is included in the tests be-
cause, as will be seen, its predictions are in better agreement with the
experimental results under some conditions. Milan Mech is included
because it is one of the most extensive and thorough of the current
mechanisms; some recent developments in this mechanism will also
be indicated. San Diego Mech is the opposite of Milan Mech in the
sense that it is designed to be as short as possible and thereby ac-
cepts compromises that are not acceptable to other mechanisms;
its recent revisions relative to NO also are described. Although the
shorter mechanisms capture the main pathways of combustion and
NO, production and destruction, the more complex mechanisms are
needed if there is specific interest in particular trace species not fully
represented in the simpler mechanisms. By investigating these four
mechanisms, we hope to illustrate the range of possible differences
in results that can be obtained from different sources.

In addition to the experiments in the literature, results of two new
sets of measurements of NO, profiles are reported. In these new
measurements, one set of conditions was selected to correspond to
the conditions of one of the flames in the literature, for the purpose
of investigating how different the experimental results can be in
different laboratories. The other new measurement extends some-
what the range of experimental conditions available in the literature.
These new measurements were accomplished by gas sampling and
CL analysis. A difficulty with CL analysis is interference from hy-
drocarbon species, and a new method to correct for this interference
is suggested and applied.

II. Experimental Method

Experiments are conducted on methane flames stabilized in the
counterflow configuration, introducing methane from the bottom
duct and air from the top duct at room temperature.

A schematic illustration of the present burner is shown in Fig. 1.
Its details and dimensions are the same as those described by Humer

IData available online at http://maeweb.ucsd.edu/~combustion/
cermech/.
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Fig. 2 NO,-analyzer output readings from ethane, ethylene, and
acetylene, as functions of their mole fractions in nitrogen.

et al.'* The separation distance between the two ducts was 1.0 cm in

the first experiment and 1.5 cm in the second, and the inner diameter
of each duct s 2.3 cm. Gas samples are withdrawn from the reaction
zone using a quartz microprobe. The probe has a tip with an outer
diameter of 0.57 mm and an inner diameter of 0.2 mm. The tip is
positioned at a radial distance of about 2 mm off the axis of the ducts
to avoid disturbing the flowfield and influencing the concentration
profiles in the vicinity of the probe.

The NO, measurements were obtained using this uncooled quartz
microprobe sampling followed by a calibrated NO, analyzer (model
955, Rosemount Analytical, Inc.). The analyzer measures NO by
addition of ozone, leading to the reaction O3 + NO — O, + NO;3,
then detecting the chemiluminescent photons emitted by radiative
decay of the excited product NOj. To measure total NO,, NO, is
chemically reduced to NO before entering the analyzer. The method
is very sensitive to NO because the detector is tuned to the photon
frequency of deactivation of NOj. Other species present at the same
concentration as NO therefore do not affect the reading.

Species present in much larger concentrations can, however, inter-
fere with the NO readings.'> Various strategies exist for correcting
for these interference effects,” but unfortunately they all are either
inapplicable to our problem or excessively labor intensive. For ex-
ample, one method is to measure sensitivities of the NO detector to
the interfering species, mainly hydrocarbons (some measurements
of which are shown in Fig. 2 for our analyzer), then measure the
concentrations of these hydrocarbons in the flame by gas chromato-
graphic analysis of the samples withdrawn by the quartz microprobe,
and finally use these results to subtract the portions of the signals
caused by the interfering species. We have developed a much sim-
pler method for reducing interference in this study.

The new strategy is to make two NO measurements with the an-
alyzer, first a measurement of the complete sample and next a mea-
surement of the sample with NO, removed. The difference of these
two measurements is then the true NO, measurement. A material is
commercially available that removes NO,, and 18 g of this material,
Purafil® Select Chemisorbant Media, are placed in an acrylic tube,
which then serves as a NO, scrubber. Figure 3 illustrates the exper-
imental arrangement employed. After the probe is positioned, NO
measurements are made with the flow passing through the bypass

**Data available online at http://www.epa.gov/airmarkets/monitoring/
bias/ [cited Sept. 2004].
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Table 1 List of flame conditions of methane-air flames considered in this study

Experiment Detection T, P, ui, us, L, az,
number method X b1 K atm cm/s cm/s cm s7! Reference
1 CL 0.7 —— 300 1 15.2 12.5 1.0 50 This study
2 CL 1.0 — 300 1 70 70 1.5 163 This study
3 CL 1.0 — 300 1 70 70 1.5 163 7
4 CL 1.0 — 440 1 70 72.6 1.5 181 7
5 CL 1.0 — 560 1 70 726 1.5 192 7
6 LIF 025 —— 300 1 7 3 2.0 9.5 6
7 LIF 025 —— 300 1 24 16 2.0 38 6
8 LIF 025 —— 300 1 38 32 2.0 67 6
9 LIF 025 —— 300 6 15 15 1.0 58 10
10 LIF 025 —— 300 8 15 15 1.0 58 10
11 LIF 025 —— 300 15 15 15 1.0 58 10
12 CL — 15 300 1 232 225 1.8 50 5
13 CL — 25 300 1 236 225 1.8 50 5
14 CL — 3.0 300 1 238 225 1.8 50 5
15 LIF —— 145 300 1 22 18 2.0 39 8
16 LIF — 16 300 1 23 17 2.0 39 8
17 LIF — 20 300 1 23 17 2.0 39 8
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Fig. 3 Schematic illustration of the experimental apparatus for the
NOy-scrubber method.

line, and then the flow is switched to pass through the NO, scrubber,
and NO is measured again. This configuration enables us to mea-
sure samples from each line in quick succession at the same probe
location in the flame zone.

A complication in these measurements is that this particular NO,
scrubber removes not only NO, but also various other species as
well, including some of the interfering species. To lessen this diffi-
culty, use is made of observed different timescales for response of
the analyzer. When any sample is first introduced into the analyzer,
because of the low flow rate (slightly less than 0.4 cc/s), it can take
the analyzer on the order of 90 s to reach its steady-state response.
Similarly, after switching from a NO-nitrogen test gas to air, the sig-
nal decays in less than 90 s. Most of the decay times for interfering
species were, however, observed to be much longer, on the order of
hours. This might possibly be caused by adsorption of these species
in feed lines and slow desorption after switching to air. Because of
this, when the feed to the analyzer is changed from direct to passage
through the scrubber, after 90 s, the signal caused by NO, has dis-
appeared, but there is still some change in the signal as a result of
the interfering species. Measurements therefore are taken 90 s after
switching to remove some of the interference effects.

A portion of the signal from the interfering species, however, also
decreases during the 90-s period after switching because of their
removal by the scrubber. The procedure therefore in practice does
not result in a true NO, measurement but rather in an upper bound
for NO, concentrations. Especially on the fuel side, however, this
upper bound is considerably lower than the uncorrected value that
would be obtained if the interference effects were neglected. The
difference is typically a factor of two, and the correction procedure
correctly yields zero NO, concentrations far on the fuel and air sides
of the flame, whereas the uncorrected results do not. The corrections
for higher hydrocarbon fuels are larger; for decane flames, fuel-
side corrections typically are a factor of 10 (Ref. 16). Although
the procedures only provide upper bounds for NO, concentrations,
these bounds are significantly lower than the uncorrected results.
The maximum values of NO, overestimates in methane flames with

Scrubber temperature, °C

Fig. 4 NO,-scrubber efficiency as a function of the scrubber
temperature.

the correction method employed were reasoned to be no more than
15 ppm and to occur near the NO, peak and slightly on the fuel
side thereof, the errors being much less on the air side. The method
would yield much more accurate results if a much more selective
NO, scrubber could be found.

To investigate further whether the present NO, scrubber can be
modified to reduce the extent to which it removes interfering species,
its performance was tested at elevated temperatures. Increasing the
temperature could reduce the extent to which these other species are
removed. For example, water condensation occurs at the lower tem-
peratures, and increasing the temperature can reduce this condensa-
tion. The calibration gas (40 ppm NO in N;) was passed through the
scrubber when it was maintained at different temperatures, and the
output was delivered to the NO, analyzer. It was observed that the
analyzer began to respond when the temperature exceeded 50°C.
Figure 4 shows the scrubber efficiency for NO (one minus the ratio
of the reading to the known NO concentration in the calibration gas)
as a function of temperature, obtained from these measurements. Be-
cause 50°C is insufficient for preventing water condensation and the
retention of most interfering species, it was concluded that heating
the scrubber is not a viable method to improve its performance.

III. Flames Considered

Table 1 lists the flames considered in the present work. The first
two of these are from the experiments just described, and the others
are from the literature. In this table, as well as elsewhere in this
paper, L is the separation distance between the exits of the coun-
terflow ducts, P denotes pressure, the symbol X, represents the
mole fraction of fuel (methane at 300 K) in the fuel stream when
that stream is a mixture of fuel and nitrogen or pure fuel, ¢, de-
notes the equivalence ratio of the fuel stream when that stream is
a fuel-air mixture, and u; is the exit velocity of the gas leaving the
fuel duct. The subscript 1 refers always to the fuel stream and 2
to the airstream. The symbol 7, represents the temperature of the
airstream, the exit velocity of the air from the air duct is denoted by
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u,, and the air-side strain rate is a, and is given by'’

ay =2uy/L + Qui/L)\/ p1/p2 (1)

where p denotes density, conditions at the exits of the (axisymmet-
ric) ducts being approximated here as plug flow, leading to rotational
flow in the counterflow mixing region. Some of the literature®%:1°
reports only a global strain rate (u; 4+ u,)/L without giving u; and
u, separately; therefore, in experiments 6-11 and 15-17 of Table 1,
values of u; and u, were chosen to align the location of the cal-
culated [NO] peaks with the reported experimental location. Com-
parisons are not made with the results of Barlow et al.’ because
these experiments employed a so-called Tsuji burner (fuel injection
through a porous horizontal cylinder into an upward flowing irro-
tational airstream), giving different boundary conditions for which
Eq. (1) is not applicable; these experiments, which had ¢, of 2.17
and 3.17, a, of 22 and 25 s~!, and fuel temperatures of 323 and
340 K, correspond to conditions that are not very different from
those of experiments 13 and 14 of Table 1, and the experimental
results are quite similar, so that it seems that nothing new would be
gained by including comparisons with these experiments.

IV. Numerical Method and Chemical Kinetics

The OPPDIF code was used to compute the diffusion flame be-
tween two opposing ducts. The code is based on a model developed
by Kee et al.!® and is obtained from Reaction Design, Inc. The ther-
modynamic and transport data used were those on the website for
each mechanism. For Milan Mech, the thermodynamic data were
taken from the CHEMKIN thermodynamic database'® or the Burcat®®
database, while the transport data were taken from the CHEMKIN
transport database?! or were estimated by following the procedure
proposed by Wang and Frenklach.??> The radiation option associ-
ated with the OPPDIF code was selected for flames 1 and 6 through
17 of Table 1; this takes into account an optically thin radiation
model for H,O and CO,. Radiation was not included for flames 2
through 5 because of convergence problems, but as a result of the
low temperatures and higher strain rates it is not important for these
flames, a fact that was verified by calculations both with and with-
out radiation for some other flames. Of the mechanisms considered,
GRI 2.11 contains 279 elementary reactions involving 49 chemical
species, GRI 3.0 has 325 elementary chemical reactions among 53
species, San Diego Mech includes 214 elementary reactions among
50 species, and Milan Mech contains about 5000 reactions among
about 250 species.

Milan Mech has been updated following the recent indications
of Miller et al.?® that the branching ratio of the HCCO + NO re-
action, which has two product channels leading to HCNO + CO
and HCN + CO,, respectively, needed revision. The reaction rates,
based on quantum chemistry calculations, confirm the dominance
of the channel leading to HCNO 4 CO and modify the value of
the branching ratio previously used. The updated model improves
the prediction of NO under fuel-rich flame conditions without af-
fecting significantly the good agreement previously obtained.!?> The
updated NO, mechanism also improves the agreement with the mea-
surements of Naik and Laurendeau,?* especially on the fuel-rich side
of the flames where chemical kinetics becomes relevant. These are
very hot flames that produce equilibrium NO in the main reaction
zone and therefore were not addressed in the present study.

The NO, portion of San Diego Mech was augmented to account
for the step HCCO + NO — HCNO + CO, indicated by Nishioka
et al.?’ and by Blevins and Gore?® to be of some importance under
certain conditions. In efforts to keep the mechanism short, how-
ever, HCNO is not included in this mechanism. Therefore this step
was added, at the reported rate,® but with HCNO replaced by the
more stable isomer HNCO, under the assumption that isomeriza-
tion occurs sufficiently rapidly that it is not necessary to retain the
intermediary. This replacement has a small but noticeable influence
on the predictions, decreasing the predicted NO concentrations in
the fuel-rich region by up to 10%.

$Data available online at http://www.me.berkeley.edu/gri_mech/.
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It is of interest to exhibit general differences between short and
long mechanisms. Reaction-path diagrams for the nitrogen chem-
istry in flame 2 of Table 1 are shown for San Diego Mech in Fig. 5
and Milan Mech in Fig. 6. In these diagrams, the thickness of the
line is proportional to the fraction of the reaction that occurs by the
particular path. It can be observed that, in general, there are fewer
lines, and the lines are thicker, for San Diego Mech. This occurs
because there are many more elementary steps and therefore paths
in Milan Mech. Despite this interesting qualitative difference, it will
be seen that the differences in NO, profiles predicted by these two
mechanisms are not very great.

V. Results and Discussion

Figure 7 shows the profiles of mole fractions of NO for exper-
iments 1, 2, and 3. The results in experiments 3, 4, and 5 were



SHIMIZU, WILLIAMS, AND FRASSOLDATI 1023

160 T T <
I
140+ /\  Uncorected ' ]
O Corrected A
== GRI 3.0 Y
120r |-~ GRI2.11 . 1
— San Diego i ‘-‘
g 100} = Milan i \ 1
N ! 1
s SON N
£ 80f A R A
o
S 6of 1
1S
o
=z 40f 1
201 1
A A
0 = 1 1
0.0 0.2 0.4 0.6 0.8 1.0
a) Distance from fuel side, cm

140 T T T .
120F O No2 i .
O No.3 i
== GRI3.0 i
g 100 -- GRI2.11 [ 1
g — San Diego N
c — Milan ;!
S 80f ;o 1
O o 1
o
w 1
2 60 ! 1
£
o
Z 40+ J
20r 1

1 1.2
b) Distance from fuel side, cm

Fig. 7 Profiles of mole fractions of NO for the diffusion-flame a) experiments 1 and b) 2 and 3; symbols are experiments, predictions are from GRI 3.0

(s=e—r curves), GRI 2.11 (- - - - curves), San Diego Mech (:

reported on a dry basis, and therefore to better compare those results
with others they were corrected to true (wet-basis) mole fractions
in the flame, employing the theoretical H,O profile calculated by
San Diego Mech, which is essentially the same as the H,O profiles
calculated by all other mechanisms, in the sense that any resulting
differences in corrected NO profiles are well within experimental
uncertainty. The left figure shows two sets of experimental results
for experiment 1, our uncorrected profiles and our profiles corrected
by use of the NO, scrubber, as described earlier. The correction is
seen to be significant, and in this figure all corrected values are
estimated to be within 20% of true values, comparable with rep-
resentative air-side estimates and less than the maximum fuel-side
errors discussed earlier. The magnitudes of these corrections for ex-
periment 2 were quite similar to those for experiment 1 everywhere,
and therefore only the corrected experimental results are shown in
the right figure.

For experiment 1, the predictions of all mechanisms agree with
the corrected experimental data, within experimental uncertainty,
except those of GRI 3.0, which overpredict NO concentrations by
about a factor of two. This increase is a consequence of correct-
ing GRI 2.11, in which the rate constant for the important prompt
NO step CH+ N, — HCN + N is too low by slightly more than
a factor of two. Because this step is followed by the rapid step
N+ 0; —- NO+ O, and because HCN also eventually generates
NO, an increase in the rate of this step increases the predicted
NO concentration roughly proportionally. This overprediction of
NO by GRI 3.0 thus suggests that CH concentrations are overpre-
dicted by roughly a factor of two in both GRI 3.0 and GRI 2.11 for
experiment 1, although another possibility is that the rates of the
so-called reburn processes, shown at the bottom of each diagram
in Figs. 5 and 6, that remove NO, are underpredicted. The other
two mechanisms both have the correct rate coefficients for the step
CH+ N, — HCN + N and therefore can produce their reasonable
NO predictions by predicting better CH concentrations. Predictions
of Milan Mech are very close to those of GRI 2.11, whereas NO
levels predicted by San Diego Mech are somewhat higher. The data
fall between the predictions of Milan Mech and San Diego Mech,
both of which, however, agree with experiment within experimental
error.

These same conclusions follow from similar comparisons seen
in the right figure. The main difference between these two figures
is the higher strain rate in experiments 2 and 3, which reduces the
residence times and thereby decreases NO concentrations some-
what. The two sets of experimental results in this figure are in rea-
sonable agreement, demonstrating acceptable reproducibility of CL
measurements in different laboratories. Unfortunately, no LIF mea-
surements have been performed under these conditions, but similar
agreements would be anticipated. The curves for experiment 3 are
somewhat broader than those for experiment 2, a difference that

curves), and Milan Mech (— curves).

would occur if the spatial resolution of the sampling probe is poorer
in experiment 3, possibly as a consequence of a higher flow rate into
the probe.

Figure 8 addresses effects of preheating the airstream because
strain-rate differences are small in experiments 3, 4, and 5. In-
creasing the temperature increases NO mole fractions. The rate of
the thermal mechanism, which begins with O +N, — NO + N, is
strongly temperature dependent, but under these experimental con-
ditions the prompt mechanism still is dominant, and the smaller
increase in the rate of this mechanism with increasing temperature
is the main source of the observed NO increase. The NO profiles in
the data mirror the shapes in the predictions but are slightly broader
at the elevated temperatures, again possibly as a consequence of
sampling-probe spatial resolution. Lim et al.” also report results
of gas-chromatographic measurements of concentration profiles of
other species, and the data for acetylene are reproduced in the figure
because of its role as precursor of CH. It is seen that the predictions
of San Diego Mech are in reasonable agreement with the C,H, data,
whereas the other mechanisms overpredict C,H, mole fractions by
about a factor of two. This is consistent with the overprediction of
NO by GRI 3.0 if C,H; is the primary precursor of CH under these
conditions. The overprediction of C,;H, by Milan Mech suggests
that C,H, plays less of a role in generating CH in that mechanism
for the conditions of these experiments.

Figure 9 explores influences of increasing strain rates for
highly diluted fuel. The strain rates are necessarily lower in these
experiments—6, 7, and 8—to avoid flame extinction. Here the ex-
perimental profiles are at least as narrow as the predicted profiles,
possibly because of better spatial resolution of the in situ LIF mea-
surement method. The error bars shown here and in later figures are
those reported by the authors. The NO levels decrease with increas-
ing strain rate both experimentally and computationally because of
the decreased residence time. Because temperatures are low at these
high dilutions, the prompt mechanism is dominant. Except for the
overpredictions of GRI 3.0, the predictions of all mechanisms are
quite close to each other under these conditions and tend to lie within
the error bars of the experiments. The agreement with experiment is
poorest at the lowest strain rate, which is sufficiently low that buoy-
ancy most likely has an appreciable influence on the experiment,
whereas buoyancy is not taken into account in any of the computa-
tions. Buoyancy can be expected to skew the data upwards, towards
the air duct, and to compress the data somewhat in space, as is seen
in the top panel of the figure.

Figure 10 investigates effects of increasing pressure, again at
high dilution and by LIF, in experiments 9, 10, and 11. Increasing
pressure decreases NO mole fractions in the prompt mechanism by
decreasing CH mole fractions. The predictions of the various mech-
anisms are in reasonable agreement with each other and with ex-
periment at these elevated pressures. Displacements of two of the
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computed peaks, observed in the top two figures, should be ignored
because they are an artifact of exit-velocity selections but, especially
at the highest pressure, the experimental NO decay on the air side
is noticeably slower than predicted by any mechanism, possibly be-
cause of buoyant instability in the experiments, a complication that
tends to be enhanced at higher pressures. (Computations in which
the rate of the step for NO production from N,O was increased by
an order of magnitude failed to produce a significant change in the
predicted profile, thereby tending to rule out an effect of the nitrous-
oxide mechanism.) Here, GRI 3.0 is as good as or better than the
other mechanisms, possibly because it can provide more reason-
able predictions of CH at high pressure. In particular, the change in
peak [NO] with increasing pressure predicted by GRI 3.0 is in bet-
ter agreement with experiment than the change predicted by other
mechanisms, which exhibit only a small pressure dependence of
maximum NO mole fractions at these high pressures.

Figures 11 and 12 address influences of partial premixing, the first
(experiments 12, 13, and 14) by CL measurement and the second

curves), GRI 2.11 (- - - - curves), San Diego Mech

(experiments 15, 16, and 17) by LIF. The experimental results are
similar, although the LIF spatial resolution clearly is better. This sim-
ilarity supports the view that the two different methods give similar
results. In Fig. 12, the present results obtained with GRI 2.11 have
somewhat less NO than shown previously® with this mechanism,
although both sets of computational results fall within the experi-
mental error bars. The CL paper® also reports gas-chromatographic
measurements of the sum of the concentrations of ethylene and
acetylene, for all but the highest equivalence ratio, and these are
also shown in Fig. 11 because of their possible relevance to prompt
NO. San Diego Mech is seen to agree best with this hydrocarbon
data, whereas predictions of the other mechanisms are quite close
but somewhat high, although not to the extent seen in Fig. 8. All
mechanisms appear to be in reasonable agreement with the data on
NO here, although, as before, GRI 3.0 seems to overpredict NO at
the higher equivalence ratios, as diffusion-flame conditions are ap-
proached. The present predictions of San Diego Mech agree better
with experiment than reported previously’ because of more recent
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improvements in the mechanism, as discussed previously for NO
and as can be obtained from the website!l for hydrocarbon species.

VI. Discussion and Conclusions

Because the chemistry of NO production in these flames is dom-
inated by the prompt mechanism, many detailed elementary fuel-
chemistry steps leading to the formation of CH are relevant. One
path from CH, to CH goes directly through CH; and CH,. Another
begins with CH; + CH; +M — C,H¢ +M and proceeds through
the stable species C;Hy and C,H,. Different mechanisms have dif-
ferent contributions from these two path.

Direct measurement of CH is helpful in sorting out the differ-
ent contributions to the prompt mechanism, and results of one set
of measurements of this type, which are quite difficult to perform,

IData available online at http://maeweb.ucsd.edu/~combustion/
cermech/.
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have been published.?” These particular measurements pertain to
atmospheric-pressure, diluted, partially premixed flames at the same
strain rates and fuel-side equivalence ratios a measurements 15, 16,
and 17 of Table 1, as well as to the correspondingly diluted pure
diffusion flame. The results of these measurements were found to
agree very well with the predictions of GRI 3.0, whereas the CH
levels predicted by GRI 2.11 are somewhat low, and those predicted
by the San Diego and Milan Mech lie below the data by a factor of
two or more and tend to exhibit displacements at the lower equiva-
lence ratios, San Diego Mech to the fuel side and Milan Mech to the
air side. The maximum CH concentrations predicted by San Diego
Mech are, in fact, lower than those predicted by the GRI mechanisms
under all of the conditions of Table 1.

In an overall sense, GRI 3.0 achieves its best agreement with
reported experimental results at the higher pressures and higher
degrees of dilution and premixing, whereas San Diego Mech ex-
hibits its best agreements at the higher strain rates, higher equiv-
alence ratios and in diffusion flames, although its agreement
with the reported”’ CH concentration profiles in highly diluted,
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low-strain-rate diffusion flames is poor. The fuel-chemistry predic-
tions of GRI 3.0 and 2.11 are closer to each other than their NO
predictions but still differ by as much as 50% in their CH predic-
tions in some cases, whereas the fuel-chemistry predictions of the
other two mechanisms tested tend to differ much more. Predicted
maximum CH concentrations are appreciably more sensitive to the
mechanism employed than are predicted maximum NO concentra-
tions, the former exhibiting differences of more than an order of
magnitude in some cases. These observations point towards further
studies of the fuel chemistry leading to CH as fruitful lines of inves-
tigation for improving capabilities to predict prompt NO, accurately
in methane-air flames.

It can be concluded in general from these comparisons that
chemical-kinetic mechanisms that produce reasonable agreement
(that is, discrepancies much less than a factor of two) with mea-
sured profiles of NO in counterflow methane-air flames are avail-
able, under all conditions for which measurements have been made.

Predicted variations with air temperature, strain rate, pressure, fuel
dilution, and partial premixing also agree with experiments, at least
qualitatively. Some mechanisms, however, do not yield very good
agreement under some conditions; for example, GRI 3.0 overpre-
dicts NO concentrations, as well as C,H, concentrations, for all
existing experiments except those with highly diluted flames at
higher pressures, 6 to 15 atm, where it performs as well as or better
than other mechanisms. Because the prompt mechanism is the main
source of NO in all of the flames for which measurements have been
made, the experiments do not test how well the mechanisms can pre-
dict thermal NO, although that mechanism is simpler and has better
known elementary rate parameters than the prompt mechanism, and
most mechanisms have essentially the same rate parameters for the
thermal mechanism, so that agreement with experiment would be
anticipated when the thermal mechanism is dominant.

There are, however, ranges of conditions for which experi-
ments do not yet exist and for which tests of predictions therefore
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cannot be made. These conditions include all low-pressure diffusion
flames (pressure below 1 atm) and especially high-pressure, high-
temperature flames at high strain rates, where the thermal mech-
anism starts to play a greater role. Because many conditions of
practical interest fall within this last category, it would be of interest
to try to perform these high-strain-rate experiments. To do so, how-
ever, is quite challenging because of the very fine spatial resolution
that would be required.

The good agreements that have been found do not imply that
the successful chemical-kinetic mechanisms are now correct. Many
uncertainties in rate parameters for elementary steps remain in all
mechanisms. Further research in improving the chemical-kinetic
mechanisms by reducing these uncertainties therefore is warranted.
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