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ABSTRACT

The chemical structure of an opposed flow, methane diffusion flame is
studied using a chemical kinetic model and the results are compared to
experimental measurements. The chemical kinetic paths leading to aromatics and
polycyclic aromatics hydrocarbons (PAHSs) in the diffusion flame are identified.
These paths all involve resonantly stabilized radicals which include propargyl, allyl,
cyclopentadienyl, and benzyl radicals.

The modeling results show reasonable agreement with the experimental
measurements for the large hydrocarbon aliphatic compounds, aromatics, and
PAH's. The benzene was predicted to be formed primarily by the reaction sequence

of Allyl+PropargyleFulvene+H+H followed by fulvene isomerization to benzene.
Naphthalene was modeled using the reaction of benzyl with propargyl, while the
combination of cyclopentadienyl radicals were shown to be a minor contributor in
the diffusion flame. The agreement between the model and experiment for the
four-ring PAH's was poor.



INTRODUCTION

This study is directed towards two important problems in combustion
research. The first is emission of aromatics and polycyclic aromatic hydrocarbons
(PAH'’s) from diffusion flames. The emission of this important class of species from
stationary combustion sources is regulated by the U.S. 1990 Clean Air Act
Amendments. The second problem is the mechanism of formation of soot
precursors in diffusion flames. Soot emissions from heavy-duty diesel engines are
regulated in the U.S. by EPA to below 0.1 gm/bhp-hr which is a factor of 10 below the
unregulated levels existing prior to 1998. Because of the trade-off between regulated
soot emissions and NOx emissions, it is difficult to reduce the soot emissions to the
required levels. Therefore, the development of a better understanding of the
mechanism of soot formation should help indicate how to reduce these emissions.
The chemical evolution of many species that are likely to be important soot
precursors are computed in the present study and compared to experimental
measurements. The proposed soot precursors include acetylene, resonantly
stabilized radicals, and PAH’s.

Previous computational modeling work on methane diffusion flames has
been very limited. The modeling studies have primarily focused on soot formation
occurring in co-flowing Wolfhard-Parker or axisymmetric diffusion flame burners
[1,2], or a counter-flow diffusion flame [3]. The amount of modeling work
performed on elucidating the chemical kinetics issues involved in these burner
systems [4,5] has been very limited. In particular, we are aware of no detailed
chemical kinetic modeling work on the high molecular weight, aromatic and PAH
growth chemistry that can occur in methane diffusion flames. This is primarily due
to an overall scarcity of detailed and spatially-resolved flame structure

measurements which only recently have become available for modeling [6,7].

In the present study, an opposed flow diffusion flame was chosen for the
study of molecular weight growth processes that can be important to PAH and soot °
formation. The concentration profiles of reactants and major and minor products

including aromatics and PAH’s are computed and compared to experimental
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measurement. The major chemical reaction pathways that lead to production of
these reaction intermediates and by-products are also determined using reaction rate

analysis.

EXPERIMENTAL APPARATUS

A schematic of the opposed flow diffusion flame burner is given in Fig. 1.
The details of the experimental apparatus has been described elsewhere [7] and will
be summarized here. A flat, opposed-flow, methane diffusion flame was stabilized
between two 1.0 inch ID burner ports. The oxidizer stream composed of 20% O,
(99% purity) and 80% Ar (99.99% purity) was introduced through the top burner port
which also possessed an annular Ar shield gas to protect the flame from the
surrounding air. The fuel stream, containing 75% CH, (99.99% purity) and 25% Ar
was introduced through the bottom port which is surrounded by an annular
exhaust flow. Gas flows were regulated using high accuracy mass flow controllers.
The outlet flow velocities (calculated at 298K and 1 atm.) for the oxidizer port and
fuel port were 16.12 cm/s and 13.16 cm/s respectively. Samples were withdrawn
with a heated quartz micro-probe with a 100 pm orifice and transported through a
silica-lined heated tube to a Gas Chromatograph/Mass Spectrometer system. A
quartz wool filter was placed inside the probe to trap soot particles. The entire
sampling system was maintained at 300 °C to minimize adsorption of large
molecular weight PAH. Major species were analyzed by thermal conductivity
detector and minor species by mass spectrometer. Species were identified both by
matching retention times and mass spectral finger prints. Species concentrations
were determined by either direct calibration or by the use of mass spectral ionization
cross section method. The accuracy of the latter is estimated as a factor of 2 [7]. The
accuracy of the mole fractions of major species by direct calibration is estimated to be
* 15%. Concentration measurements were made by moving the entire burner
assembly up or down with respect to the fixed sampling probe. Positional accuracy
with the concentration and temperature measurements of respect to the burner port
is estimated to be + 0.25 mm. Temperature measurements were obtained with

silica-coated, Pt-13% Rh/Pt thermocouple having a 0.15 mm diameter bead. The
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temperature profile was corrected for radiation losses. The uncertainty in the

absolute temperature is estimated to be within 100 K.
CHEMICAL KINETICS MECHANISM AND NUMERICAL MODEL

Chemical Kinetic Mechanism

The detailed chemical kinetic model used in the numerical calculations was
based on a hierarchical structure of hydrocarbon kinetics starting from hydrogen and
building up to n-butane. The chemical kinetic model was extended to include
cyclopentadiene, benzene, substituted aromatics, and polycyclic hydrocarbons from
one to four fused aromatic rings. Earlier versions of the detailed chemical kinetic
model have been documented elsewhere [8-10]. The thermochemical properties of
the chemical compounds were primarily taken from the CHEMKIN
Thermodynamic Database [11], the thermodynamics literature [12] or calculated by
group additivity techniques as described by Benson [13}, and fitted to a polynomial
form using THERM [14]. Transport properties were obtained from the Sandia
CHEMKIN Transport database [15] or by using methods describe by Wang and
Frenklach [16]. The complete listing of the chemical kinetic mechanism,
thermochemistry, and transport can be obtained by contacting marinovi@linl.gov.

The present model consists of 680 reactions and 156 species.

The mechanism was slightly altered from our previous publication [9], and
those changes were made to improve several features of the chemical model. In
particular, the fall-off chemical kinetics for CyH3+H(+M)<CyHy (+M),
CH,+CO(+M)-CH,CO(+M), CHyO+H(+M)«>CH30(+M), and CH,O+H
(+M)CH,OH(+M) were taken from [17], the reaction expressions and rate
constants to pCaHg+H>CsHg (1.0E+14:cm3 /mol/sec), sC3Hs+HeC3Hg
(5.0E+13cm® /mol/sec), pCaHs+HO,=CyH+O, (2.0E+12em” /mol /sec),
SCaHg+HO,e3C3H+O, (10E+12cm” /mol/sec), and aCyHg+HO,oCaH+O,
(3.0E+12cm3/mol/sec) were changed to reflect their estimated rate in the exothermic
direction, and the C;3H7OH heat of formation at 298K was recalculated to be

-4.65kcal/mol. The mechanism was further adjusted by lowering the rate constants
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of (CH3CCCH, or CH3CHCCH)+H,CCCH+C¢HsCH, (benzyl)+H from

3.0E+12cm3 /mol/sec [8] to the present value of 1.0E+11cm3 /mol/sec and
2(CH3CCCH or CH3CHCCH)«+>CH3CcH4CH, (O-xylyl)+H from 3.0E+12cm3 /mol/sec
[8] to the present value of 1.0E+9cm3/ mol/sec. These changes were made in order to
obtain better agreement with the experimental measurements for toluene and
o-xylene. The previous rate expressions reflected an overprediction of toluene by
nearly a factor of 50, and o-xylene was computed in excess of 100ppm compared to
the experimental upper limit of 0.1 ppm. The rather large reduction of these rate
constants reflects that these pathways are most likely to be intercepted prior to
forming the branched aromatic radical and H-atom. Further analysis of the
propargyl combination with itself and other methylated propargyl radicals is needed
to obtain a better understanding of the complex chemistry occurring for these

reactions.

Numerical Model

The numerical model used was the one-dimensional, opposed flow diffusion
flame (OPPDIF) code written by Lutz et al. [18]. It computes the steady-state solution
for an axisymmetric diffusion flame stabilized between two opposing nozzles. The
input to the OPPDIF code requires fuel and oxidizer mass flow rates. The fuel mass
flow rate was reduced in the calculation from 1.06 X 102 to 6.0 X 10-3gm-cm-2s71 to
include the effect of the shield gas flow on the position of the flame. The shield gas
flow originates from the oxidizer port side and is exhausted on the fuel port side
(Fig. 1). The shield gas flow opposed the fuel flow and shifts the position of the
flame toward the fuel port. The fuel flow rate was reduced to include the effect of
the shield and exhaust gas flows on the position of the flame. Reduction of the fuel
flow rate moved the stagnation plane and flame in the calculation to the same
position as seen in the experiment. The position of the stagnation plane in the
calculation was 3.6 mm which was within the limits of experimental value (4.0 £ 0.5
mm). A specified temperature profile (Fig. 2) based on the raw experimental
measurements and corrected for radiation losses was used in the calculations. The

peak of the temperature profile occurred at 7.0 mm with a maximum temperature
of 1858K.



RESULTS AND DISCUSSION

In this section, the results of the numerical model are compared to the
experimental results. The primary paths leading to aromatics and PAH’s and their
precursors are identified. These paths will be seen to involve the reaction of
resonantly-stabilized radicals. These radicals are relatively stable and their )
concentrations are relatively high for a radical species so that their associated radical-
radical reactions can be important for aromatic ring growth. The key differences
between aromatic and PAH formation in a diffusion flame compared to previously
examined premixed flames are highlighted. The computed and measured profiles
of the reactants are compared in Fig. 2. Calculations show methane and O, are
mainly consumed by H atoms through CHy+H&CH3z+H, and O)+H«OH+O. The
major species computed and measured are given in Fig. 3. The computed and
measured CHy, O,, Ar, CO, CO,, H, and H,O species in Figs. 2-3 are in reasonable
agreement. The C, and Cj aliphatic species are shown in Fig. 4. The most
important aromatic and PAH precursor is acetylene. Acetylene addition to an
aromatic radical can lead to PAH growth [19]. The computed peak height is 30%
lower than the measured peak which is reasonable agreement considering
uncertainties in the temperature profile, the species concentrations (+ 15%) and the
rate constants for CoH, formation. The major routes forming acetylene are vinyl
decomposition (CyHjz (+M)<CyHy+H(+M)) and H, elimination from ethylene
(CoHy+ Mo CyHy+Ho+M). This compares to the rich, premixed, propane and n-
butane flames [3,4] where the main formation path was CoHz+Oy¢>CoH,+HO, with
a secondary contribution from CoHs (+M)<CoHy+H(+M). The reasons for this
difference are due to a limited amount of O, available for attack on the vinyl radical
in the region where vinyl is consumed in the diffusion flame and the temperature
in the diffusion flame (about 1850 K) being much higher than in the premixed flame
(about 1600 K).

The modelled Cy4 aliphatics are in reasonable accord with the experimental
data as shown in Fig. 5. The C4H, measurement is an aggregate measurement of
four differing isomers (CH,CHCHCH,, CH3CHCCH,, CH3CCCHj3, CH3CH,CCH).
The model indicates that CH;CHCCH, and CH,CHCHCH, are the two dominant
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C4Hg isomers formed and their combined concentration predicts fairly well the
measured C4Hg. The CH3CHCCH, is formed from
H,CCCH(propargyl)+CH3<CH3CHCCH,, while CH,CHCHCH) is formed from the
reaction sequence of aC3Hg+CH3¢>1-C4Hg, 1-C4Hg+H&CyHy+Hy, followed by
C4H7,eCH,CHCHCHy+H. The measured C4H, concentration is fairly well
modeled and primarily evolves from the dehydrogenation of CH3CHCCH, and
CH,CHCHCH, by H-atom and OH abstraction. The diacetylene (C4H,) was a major
problem in our previously modeling efforts of methane, ethane, ethylene, propane
and n-butane premixed flames. We had consistently underpredicted that species by
approximately one order of magnitude while in the current study its peak
concentration is overpredicted by a factor of three. No major changes involving the
C4 submechanism were made to obtain agreement with the diacetylene
measurement. Diacetylene is primarily formed via H-atom abstraction of the C4Hy,
by OH and H-atom to form H,CCCCH, whereupon the HyCCCCH decomposes to
C4H,+H. This pathway to diacetylene formation differs from our previous
premixed flame modeling studies where CyH,+CoHCyH,+H was determined to
be the dominant route to diacetylene formation. The linear CgHg and C¢Hg
compounds were not modeled in this study and are included in Fig. 4 as part of the

complete data set for this flame.

The aromatic species are shown in Fig. 6. The peak in the benzene profile
agrees well with the experimental value. All the experimental profiles are flatter
than the curved computed profiles. This discrepancy could be due to transport
property uncertainties, reactions between soot and aromatics that are not accounted
for, or diffusion of species into the burner port which is not accounted for in the
model. The main reactions producing benzene are isomerization from fulvene,
propargyl self reaction, and the reaction of phenyl with H, (Fig. 7). Fulvene is
formed entirely by the reaction of resonantly-stabilized allyl and propargyl radicals:
aC3Hp (allyl)+H,CCCH¢«Fulvene+H+H. The mechanism of this reaction has been
discussed previously [9]. After benzene, the next most-important aromatic observed
experimentally is phenylacetylene whose peak value is well-predicted by the model

(Fig. 6). Phenyl acetylene is principally formed by CcHs+CyHye>CHgC,H+H in the
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region from the fuel-port to approximately 4.5 mm upstream and by styrene
dehydrogenation to phenyl acetylene in the remainder of the diffusion flame. The
CgHg+CyHy>CgHsCoH+H reaction reverses around 5 mm as the H-atom
concentration and temperature increases, and this step becomes the dominant
phenyl acetylene removal reaction. The final aromatics experimentally observed
are toluene and styrene whose peak values are overpredicted by the model by a’
factor of 20 and 7, respectively. Toluene is primarily formed by
CgHg+CH3CHsCH3+H and secondarily by the reaction sequence of
HyCCCH+CH3CCCH,<CHsCH,+H followed by CsHsCH,+H«>CgHsCH3. The
overprediction of toluene could be due to the inaccurate prediction of the CHgy
radical concentration or the inadequate representation of the chemically activated
CeHs+CH33CHgCHg+H reaction. Styrene (CgHsCoHg) is primarily formed by the
reaction step, CcHg+CyH>CHsCoHa+H. It's overprediction is most likely due to

the inadequate treatment of the styrene removal kinetics in the present model.

The two and three ring PAH’s are shown in Fig. 8. The most abundant PAH
experimentally measured is naphthalene, whose peak value was very well
predicted. Again, the experimental PAH profiles have a flatter shape than the
predicted profiles, for possible reasons given above. In the model, the reaction of
resonantly stabilized benzyl and propargyl radicals lead to the production of about
95% of the naphthalene. The sequence of reactions is
CgH5CHy+H,CCCHeCgHg+H and CgHge»CgHg+H. The remaining
naphthalene was produced by the self reaction of resonantly-stabilized
cyclopentadienyl radicals: c-CgHg+c-CgHg«>Naphthalene+H+H. The mechanism
of this reaction has been previously discussed by Melius et al. [20]. Acenaphthylene
is predicted to be primarily formed by C;yHy+CyHy¢»>Acenaphthylene+H and
secondarily by C;yHCoH+H¢>Acenaphthylene+H. The model predicts
acenaphthylene to have a broader concentration profile than the other two and
three-ring PAH's contrary to experiment. The lack of an acenaphthylene oxidation
submechanism is the principal contributor to this profile's broadening.
Phenanthrene is exclusively formed by the reaction step,

Indenyl+c-CsHg¢>Phenanthrene+H+H. The phenanthrene is shown to be
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overpredicted by a factor of ten, and this is due to the overpredicted benzyl (toluene)
concentrations. The benzyl plus acetylene reaction leads to indene formation (not
shown), whereupon indene is converted to indenyl by H-atoms. Anthracene is
produced from phenanthrene isomerization, and its concentration is predicted to
within a factor of four. The model indicates a peak concentration of anthracene will

form although the experimental profile is fairly flat.

The four ring PAH's are shown in Fig. 9. The pyrene and fluoranthene were
underpredicted by approximately two orders of magnitude. We have similarly
underpredicted these compounds in our previous premixed flame studies. Further
work is needed to understand the mechanisms that contribute to the formation of

these species.

Figure 10 illustrates the important chemical pathways that lead to aromatic
formation for the methane diffusion flame. Reaction of the fuel with H atoms leads
to methyl radicals which then react with vinyl and ethylene to produce propene.
Propene is subsequently dehydrogenated by H-atoms eventually leading to the
production of allyl, allene, propargyl, and C3H,. The resonantly stabilized allyl and
propargyl radicals react to produce fulvene which rearranges to benzene. The
alternative path to benzene formation involves the self-combination of propargyl
radicals. This was shown previously to be the dominant benzene formation route
in our previous studies of propane and n-butane premixed flames. In this study,

approximately 25% of the benzene is produced by propargyl self-combination.

Propargyl Reaction with Allyl and Benzyl Radicals

Resonantly stabilized allyl and propargyl radicals are expected to be important
precursors to aromatic formation in methane and natural gas diffusion flames. The
combination of these radicals leads to the formation of 1,2,5-hexatriene or 1-hexen-5-
yne as energized adducts that may undergo collisional stabilization or isomerize to
(non)conjugated cyclic products. The rate determining step in this cyclization
process to dihydrofulvenes and subsequent fulvene formation is the addition of the

allene moeity's central carbon to the end vinylic carbon forming a five-membered
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diradical ring [9]. This step requires overcoming a 29 kcal/mol barrier which is
lower than the approximately 60 kcal/mol bond dissociation energy back to allyl and
propargyl. The energized-complex/QRRK theory, as described by Dean [21], was used
to analyze the kinetics for the allyl plus propargyl combination reaction. Using the
BAC-MP4 potential energy surface generated by Melius [9], an input overall rate
constant of 7.0E+13 cm3/mol/sec, and a step size down value of 230cm-1, rate -
constants were calculated at one atmosphere for aC3Hg+H,CCCHProducts. These
rate constants for the reaction of aC3Hg+H,CCCH<Hydrofulvenyl(C6H7)+H,
nonconjugated and conjugated dihydrofulvenes were determined to be
2.01E67T-16-0Exp(-15280K / T), 7.934E90T-23-71Exp(-16825K /T), and
2.317E89T-23-25Exp(-16740K /T) cm® /mol/sec respectively. The sum of these rate
constant values lies within a factor of two of our prescribed upper limit rate
expression (5.56E20T-2->35Exp(-852K/T)) for aCgHs+H,CCCH «sFulvene+H+H in
the 800K-1800K temperature range.

The benzyl radical is difficult to oxidize by O, and is quite stable in high
temperature flames. This allows benzyl to be formed in abundance relative to non-
resonantly stabilized radicals, and makes it a good precursor candidate for forming
multi-ring structures. The rate constant for C;HgCHj,(benzyl)+H,CCCHCyyHg+H
was altered from the previous value of 1.0E+1Ocm3 /mol/sec [8] to a value of
2.0E+12cm> /mol/sec so as to obtain agreement with the measured naphthalene
profile. This rate constant lies approximately a factor of three higher than Colket's
rate constant expression [22]. A crude QRRK calculation for benzyl+propargyl
combination through the C;HsCH,CHCCH, adduct was performed assuming that
the rate determining step is cyclization to a multi-fused ring diradical. This step
would require a higher energy barrier than the analogous cyclization step in
allyl+propargyl because aromaticity in the benzene ring would have to be destroyed
in order to form the diradical species. We also assumed an irreversible step to
products would follow once the diradical was formed in the QRRK calculations. We
have used the same inputs as stated above for allyl+propargyl, and matched the rate
constant used in the modeling effort by allowing the energy barrier in the cyclization

step to be a free parameter. The QRRK calculations indicate that a barrier height of
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approximately 46-48 kcal/mol will allow a match of the rate constant as derived
from the numerical modeling. A barrier height greater than the stated maximum
will lower the calculated rate constant and the model will underpredict the
naphthalene measured in the experiment. We will present further discussion of
these QRRK calculations and their implication to aromatic and polycyclic aromatic

hydrocarbon formation in a future paper.

CONCLUSIONS

Detailed chemical kinetic modeling has been performed to investigate the
complex chemistry occuring within an opposed-flow, methane diffusion flame. The
numerical modeling results show reasonable agreement with experimental
measurements for many of the larger hydrocarbon aliphatic compunds, aromatics,
and PAH's. The important reaction pathways leading to the production of

aromatics and PAH's were identified and all involved resonantly stabilized radicals.

The modeling results indicate benzene to be produced from fulvene,
propargyl self reaction, and the reaction of phenyl with H,. Fulvene is formed
entirely by the global reaction, Allyl+Propargyle>Fulvene+H+H. The naphthalene
concentration profile could not be modelled using only the c-CgHg+c-C5Hsg
<>Naphthalene+H+H global reaction step. Like benzene, there are other alternative
pathways that lead to naphthalene formation. Instead, the benzyl plus propargyl
reaction was used to account for the majority of the naphthalene formed in the

opposed flow, methane diffusion flame.
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Figure Captions:
Figure 1. Schematic of opposed flow diffusion flame burner.

Figure 2. Axial profiles of computed (curves) and measured (symbols) reactant
concentrations. Specified radiation corrected temperature profile used in the

calculation which is based on the thermocouple measurements.

Figure 3. Axial profiles of computed (curves) and measured (symbols)

concentrations of water, molecular hydrogen, carbon dioxide, and carbon monoxide.

Figure 4. Axial profiles of computed (curves) and measured (symbols)

concentrations of ethane, ethylene, acetylene, and total C3Hy.

Figure 5. Axial profiles of computed (curves) and measured (symbols)

concentrations of the total CyjHg, C4Hy, and C4H, (diacetylene) concentrations.

Figure 6. Axial profiles of computed (curves) and measured (symbols)

concentrations of benzene and substituted benzenes.

Figure 7. Axial profiles of production (positive) and consumption (negative) rates of
benzene by individual reactions. The “total rate” is the sum of all production and

consumption reactions.

Figure 8. Axial profiles of computed (curves) and measured (symbols)

concentrations of two- and three-ring PAH’s.

Figure 9. Axial profiles of computed (curves) and measured (symbols)

concentrations of the four-ring PAH’s.

Figure 10. Reaction paths to benzene.
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