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Abstract 

The micro-structure of an, atmospheric pressure, opposed flow, methane diffusion flame has been 
studied using heated micro-probe sampling and chemical kinetic modeling. Mole fraction profiles of 
major products as well as trace aromatic, substituted aromatic, and polycyclic aromatic hydrocarbons 
(PAH up to C,,H,,, e.g. pyrene) were quantified by direct gas chromatography/mass spectrometry 
(GCMS) analysis of samples withdrawn fiom within the flame without any pre-concentration: Mole 
hctions range fiom 0.8 to 1 .Ox1 0:' The experimental measurements are compared to results from 
a newly-developed chemical kinetic model that includes chemistry for the production and 
consumption of aromatics and PAH species. The model predictions are in reasonable agreement with 
the expe~mental data for the major species profiles and for the peak concentrations of many of the 
trace aromatics and PAH species. 

Introduction 
I .  

. .  
Combustion is the major source of energy production today, as well as being the principal 

contributor to air pollution. Over the recent years, a shift towards pollution prevention and 

minimization has been evident from the passing of legislature regulating the emission of pollutants 

formed as side products from various chemicai processes [I]. As a first step in curtailing emissions, 
. . , .  

e .  

the effects of operating parameters on the formation and destruction of toxic compounds generated 

by combustion processes must be understood. This information is also needed to develop realistic, 

science based regulations and achievable pollution control technologies. The formation of polycyclic 

.. , .  

aromatic hydrocarbons (PAH) in combustion is of particular concern due to the carcinogenic potency 

of some isomers [Z]. They are also believed to be precursors to soot, which has its own problems. 

Although PAH are formed at trace levels, they often represent the greatest health risk induced by 

combustion systems [3,4]. Therefore, the ultimate goal is to reduce these emissions by burner 

modifications or new technologies developed fiom a better understanding of the mechanisms of PAH 

formation. 
' 

. .  

Opposed flow flames of hydrocarbons, both in premixed and diffusion systems, have been 

extensively studied in the past with respect to soot, NO,, and flame extinction [5,6,7]. In contrast, 

0 



the detailed chemical structures of counterflow diffision flames, especially with regards .to the 

formation of trace aromatic and PAH have received little attention. Tsuji and Yamaoka [SI measured ' 

species profiles across a methane-air counterflow difision flame, but did not measure aromatics and 

PAH. Computational analysis of opposed flow flames also has been limited with most studies using 

reduced reaction mechanisms to describe the major features of the flames [9,10]. .However, the latter 

is due to the lack of detailed flame structure data. .Recently Zhang et al. [l 13, studied a counterflow 

diffusion flame structure of methane using laser induced fluorescence &IF). Although these 

investigators determined the total PAH levels, the concentration profiles of individual PAH were not 

provided. Distinction between individual PAH species is necessary in order to validate detailed 

chemical kinetic models. Health risk assessments also require some distinction between PAH species, 

because of the varying degree of toxicity and carcinogenicity of these pollutants [2]. 

, . 

. 

In this paper, we report for the first time the micro-structure of an opposed jet diffision flame 

of methane acquired through heated micro-probe sampling followed by direct gas analysis of aromatic 

and, PAH species with an on-line GUMS. Previous combustion studies have used sorbents to 

concentrate the aromatics and PAH's, which raises concerns about PAH recovery and gas sample 

contamination [3,4J. The mole fraction profiles f0r.a total of 27 chemical species ranging from major 

to trace aromatic and PAH were determined. Experimental results are then compared to model 

predictions from a newly developed chemical kinetic mechanism. The key reaction pathways that lead 

to aromatics and PAH are discussed. 

Experimental Set-up 

An illustration of the experimental burner and sampling configuration is shown in Fig. 1. A 

flat counterflow methane diffision flame was stabilized between two opposed 1.0 inch ID burner 

ports and into which several layers of 100 mesh screens were imbedded. The screens were used to 



generate plug velocity profiles resulting in a flat, stable flame. Flames were protected from the 

surrounding air by an argon gas shield. The shield gas also aided the cooling of hot combustion 

gases. The oxidizer stream composed of 20% O2 ( 99% purity) and 80% Ar (99.99% purity) was 

introduced via the top burner port. The &el stream, containing 75% CH4.(99% purity) and 25% Ar, 

was introduced through the bottom port. All gases were then vented through the bottom port, that 

was water cooled [12]. Gas flows were regulated using high accuracy mass flow controllers (MKS, 

Burlington &€A).. Samples were,withdrawn with a heated quartz microbe with a 100 pm orifice and 

transported through a silica lined,. stainless steel transfer line to a .GC/MS system. A quartz wool 

filter wasplaced inside the probe to trap soot particles. The entire sampling system was maintained 

at 300 OC to minimize the adsorption ofilarge molecular weight PAH. The sampling line was tested 

for catalytic . .  activity by passing unburned gas mixtures of various PAH species. No activity was 

detected. .. 

. 

. 

. .  . .  . -  

Samples were then analyzed by a computer controlled gas chromatograpldmass spectrometer ' 

(HewIett-Packard 5890/5971) using both capillq (0.25 mm x 60 m HP-5) and packed bed (Porapak 

N and Hayesep DB) columns.. Major species were analyzed using the thermal conductivity detector . 

, . (TCD). Some minor and all the trace species were analyzed using the mass spectrometer. . 

Species were identified by matching both the retention times (depending on the availability 

. .  of the compound) and the mass spectral fingerprints (Wiley Mass Spectral Database). Species 

concentrations were then determined either by direct calibration standards (Matheson Gas), or by the 

use of mass spectral ionization cross section method [ 131. The accuracy of latter has been reported 

to be within a factor of two, and was verified in the present studies. . The accuracy of the mole 

fractions for major species determined by direct calibration .is estimated to be *15%. 

Concentration profiles were generated by moving the entire burner assembly vertically up or 



down with respect to the fixed sampling probe. Positional accuracy associated with the concentration 

and temperature measurements with respect to the burner port is estimated to be f 0.25 mm. 

Temperature measurements were obtained with a silica coated, 0.15 mm Pt-l3%Rh/Pt thermocouple. 

Temperature measurements reported were corrected for radiation,losses. 

Computational Model and Mechanism 

The computational model used in this study is the Sandia laminar, one-dimensional; .* 

. opposed-flow, difision flame code 11 41. Thermochemical information was primarily obtained from 

the Chemkin thermodynamic database [15], Burcat and McBride [16] and, Stein and co-workers 

[ 17,181; Unavailable thermodynamics for some species were estimated by group additivity and 

difference methods [ 191. Thermochemical data obtained from sources other than the. Chemkin 

, thermodynamic database is presented elsewhere,[20]. Lastly, the transport parameters were obtained 

fiom the.Chemkin transport data base [21] and by the method described in Wang and Frenklach [22]. 

The compiled chemical kinetic mechanism was primarily framed around the Mi1ler;Melius 

benzene formation submechanism 1233 , Tsang's propane [24] and propene [25] chemical kinetic 

reyiews, Pitz-Westbrook n-butane submechanism [26], and the Emdee-Brezinsky-Glassman toIuene 

and benzene oxidation submechanisms 1271. The mechanism was extended to allow prediction of 

methyl-substituted aromatics, and for two to five fhed-ring structures. The detailed chemical model 

used in this study consists of 685 reactions and 149 species. The full presentation and discussion of 

the chemical reactions and kinetic rates used in the detailed mechanism is presented in Marinov et ai. 

. 

I 

[201. 

Results and Discussion 

. Experimental conditions and the corresponding pre-reaction parameters are shown in Table 

1. Experimental conditions selected allowed for a reproducible, stable, flat flame. Gas flowrates used 



for the fuel and oxizider streams resulted in outlet burner velocities, at 298 K, of 13.16 c d s  and 

16.12 cds ,  respectively. The strain rate for: this methane flame was not measured because of the 

unavailability of suitable instrumentation. Consequently, it was calculated using the burner outlet 

velocities and the following equation [7]: 

where IC, L, uo,ufi pfi and po are the defined strain rate, burner separation distance, oxidizer outlet 

velocity, %el outlet velocity, &el stream density, and oxidizer stream density, respectively. This 

calculation'led to 'the determination of a strain rate of 35 sed' at 298 K. The location of the 

stagnation plane was determined visually from the streamlines generated by silica particles introduced 

. into the fie1 s t r eh  from a particle generator. Based on the experimental conditions, the stagnation 

plane was located at 4 mm fiom the fuel burner port. The error associated with this measurement 
. '  

..  
should be around f 0.5 mm. The numerical model predicted that the stagnation plane is located at 

5.0-mm which is close to the experimental measurement. 

Flame Structure 

Before discussing the results, a number features corresponding to the flame studied should 

be pointed out. Visually the flame exhibited blue, Iu&nous yellow, and dark orange zones congruous 

to a'diffusion flame, with the flame being positioned on the oxidizer side of the stasnation plane. 

Since oxygen is the limiting reactant, the methane has to diffise across the stagnation plane into the 

ogdizer side. The blue zone, indicating the occurrence of reactions associated with stoichiometric 

. .  

flames, was approximately 1.5 mm thick. The luminous yellow and dark orange zones, indicating the 



. 

presence of higher .molecular weight hydrocarbons and soot comprised a total thickness of 3.5 mm. 

However, the thickness of the sooting region relative to the luminous yellow zone was small. The 

total flame thickness was 5 to 5.5 mm. Flame thickness was recorded using a cathetometer with the 

probe tip serving as the reference point. Between the blue and luminous zones was a-thin dark zone. . 

During the screening experiments, the dark zone thickness wasnoted to directly change with the 

oxygen concentration in the oxidizer stream., Sampling was primarily focused on the fuel-rich side 

of the diffusion flame since the object of this study is to map.the mole fiaction profiles of trace 

aromatics and P N .  All concentration and temperature profiles presented were obtained at the center ’ 

of the flame (r = 0), and represent the average of 3 separate experiments. 

Low Molecular Weight Species 

, 

The measured and calculated CH4, 02, CO, CO,, H,, H,O, and Ar mole fiaction profiles 

I along with the radiation-corrected temperature profile are shown in Fig. 2.. As seen in this figure, the 

agreement between the model predictions and the experimental data is reasonable. The methane was 

consumed more slowly .in the chemical kinetic model compared to the experiments. Significant 02’ 

penetration into the fuel rich portion of the flame, that was experimentally observed, is supported by 

the model. The concentration of CO increased as the fuel was consumed and exhibited a peak mole 

fiaction of 0.033 at 4.5mm, followed by a sharp decrease with further increase ’in height above the ‘ 

fuel burner. The model predicted a 0.021 mole fraction of CO at its peak which is displaced to the 

right of the measured peak. This displacement is also seen in the H7, - -  H,O and C07 - profiles and is 

consistent with the slower consumption rate of CH, predicted by the model. The measured CO, and 

H,O peak concentrations are in excellent agreement with the model. However, the model tends to 

overpredict the CO, concentrations near the oxidizer nozzle. The predicted maximum H7 

concentration is a factor of 2.5 below the measured-maximum. 

’ 

. 

- 



In Fig. 3, the measured and calculated C,H2, C,H4, C2HG, C3H4, C4H2,C4H4, and C4H, mole 

fkaction profiles are shown. No aliphatic hydrocarbons were detected beyond 6.5 mm from the fuel 

burner port. As seen in the figure, the experimental mole fractions of acetylene, ethylene and ethane 

decreased around 6.5mm, a result which is consistent with the flame structure studies by Tsuji and 

Yamoaka [8,28], and Zhang et ai. [l 11. Acetylenewas the most abundant of the C, - species, followed 

by ethylene, and ethane which is consistent with the modeling results. The measured acetylene' 

concentration reached a maximum of 5000 ppm while the model underpredicted the maximum by a 

fkctor offour. Peak concentrations for ethylene and ethane were 1 100 ppm and 800 ppm respectively 

and were well reproduced by the model. According to the model, the formation of the C; 

hydrocarbons occurs by the reaction sequence CH4+H <=> CH3+H,, - CH3+CH3 (+M).<=> C2H6 

(+M),C&+H <=> C2H5+H2, C,H,(+M) <=>C,H,+H(+M), €,H4fCH3<=>C2H3+CH4, and 

C2H3(+MJ<=>C2H,+H(+M) in the fuel-rich resion as determined by reaction flux analysis. Other 

. . minor species detected were C3H4, lY3-butadiene (C&), vinylacetylene (C4H4), diacetylene (C4H2), 

. 1,3-hexadien-5-yne (C&&), and cyclopentadiene (C,H,). The concentrations for allene and propyne 

have been reported as a total C3H4 mole fraction, due to the overlap of eluting C, species from the 

.capillary column. The measured C3H4 levels peaked at about 2400 ppm, that is a factor.of 10 higher. * 

than the model predictions. Calculated C3H4 profile also exhibited a two order of magnitude change 

in concentration at 4.mm from the fuel burner port. .This behavior differs substantially from the * 

. measured C3H4 profile, and directly impacts the behavior of the calculated aromatic and PAH 

. 

profiles as discussed in the next section. According to the model, C,H4 production was primarily 

. driven by methyl addition to acetylene to form propyne and H-atom. It is possible that the use of 

inappropriate rate parameters, inadequate radiation corrections b r  the temperature measurements 

in the fuel rich region of the flame can account ,for this behavior. The propyne was removed by 



isomerization to allene or undergoes H-atom abstraction by methyl to form propargyl and methane: 

The diacetylene was the most abundant of the C4 hydrocarbons formed, with the peak concentration 

of 400 ppmv. Model predicti'ons were a factor of 6 lower, and this can be attributed to the 

underpredicted acetylene concentrations by the model. The primary diacetylene production pathway 

was C2H2+C2H<=>C4H2+H. The experimental peak levels of vinylacetylene and 1,3-butadiene were 

11 1 ppmv and 26 ppmv, respectively. The model predicted the 1,3-butadiene peak concentration 

fairly well but underpredicted the I vinylacetylene levels by an order of magnitude. The 

cyclopentadiene (c-C5H6), the smallest ring compound detected, reached a maximum concentration 

of 2.6 ppmv,.which the model fairly well reproduced. The cyclopentadiene is formed through the 

oxidation of the phenyl ring by the reaction sequence, C6H5+07<=>C6HsO+0, - * 

c6Hso~=~c-csH5+co,  and c-CsH5+H<=>c-C5~. 

Benzene 

As shown in Fig. 4, benzene was the most abundant aromatic species produced with a peak 

concentration of about 90 ppm at 4 mm from the burner nozzle, a level similar to that measured in 

a lower strain flame [ 1 13. Unfortunately, model predictions were a factor of 40 lower. This, however, 

is not surprising because benzene formation is closely linked to C, species, which as noted before, 

had some problems. It must also be noted that in our previous premixed flame modeling work 

[20,3 13, benzene formation rate from propargyl recombination was calibrated in the 1400-1600 K 

temperature range. In the .present study, benzene formation takes place in the 1000K-1300K 

temperature range. This difference in temperature ranges could alter the predominant benzene 

formation mechanism from the sequence, H7CCCH+H7CCCH<=>C6Hj(Phenyl)+H, - and 

c&+H<=>c&&, to the H7CCCH+H7CCCH<=>C6H6(Benzene) - . Changes in the gas density, 

mechanism and rate constants would account for the discrepancy between the measured and predicted 



benzene concentrations, and suggest hrther work in this area. 

Substituted Benzenes 

Toluene, styrene, and phenyl acetylene were the only substituted aromatics detected in this 

flame as shown in-Fig..4. These species exhibited a fairly broad and flat concentration profile in the 

fuel-side region, similar to benzene. The calculated toluene concentration also abruptly .dropped off 

near 4.5 mm; this feature, which also common to all the PAH is a subject of current investigation. 

The measured toluene concentration exhibits a peak.concentration of about 2 ppm which is in'fair 

agreement with the predicted maximum of.4.5 ppm. According to the model, toluene was formed 

primarily by the.sequence, CH3CCCH,+H,CCCH~=>C6H5CH,+H, . - "  - and C6H5CH,+H<=>C6H5CH3. 

Interestingly, the model predicted greater toluene abundance than the benzene, a result that is not 

supported by the experimental data. The measured and predicted peak styrene concentrations were 

in excellent agreement, with a maximum concentration of ca.1 ppm. The styrene was produced 

exchsively by the C6Hj+C2H,<=>C6HjC,+H reaction. The phenylacetylene peak concentration 

was predicted to be 1.6 ppm which is also in far agreement with the measured value of 5.0 ppm. The 

. phenyl acetylene production is due to ethylene addition to. phenyl to form styrene and H-atom, 

followed by styrene dehydrogenation. The C,HS~C,H,<=>C~H~C,H+H - -  reaction, which might 'be 

expected to produce phenylacetylene, was favored in the reverse direction and served as the primary 

phenylacetylene removal step. 

Polycyclic Aromatic Hydrocarbons 

The measured and predicted concentrations of naphthalene, acenaphthylene, phenanthrene, 

anthracene, pyrene, and fluoranthene are shown in Fig. 5. As evident from this figure, calculated 

PAH mole fraction profiles shared features similar to C,, C,, and aromatics as described above, and 

that their mole fractions increased dramatically at about 4 mm from the burner port. This result also 



is not supported by the experiments. Experimental measurements indicated that naphthalene and 

pyrene were the first and second most abundant PAH formed respectively in this flame; a result 

consistent with premixed flames [29]. The model also correctly predicted naphthalene as the 

dominant polycyclic aromatic formed, but underpredicted the pyrene levels by two orders of 

magnitude. The latter,is a surprising result and the reaction phenanthryl-l.+ C2H2<=>pyrene + H, 

using the rate constants obtained fiom [32] did not contribute significantly to pyrene'formation in this 

flame. The measured acenaphthylene (C,,H8) - peak concentration in the flame reached 4 ppm. The 

model was able to predict this peak concentration only to within a factor of ten,, although a better 

agreement was achieved in modeling premixed flames [20]. .The failure of the'hdenyl + H,CCCH 

, <=> Acenaphthylene + H reaction step in this study to produce experimentally observed levels of 

acenaphthylene is due to indenyl's inability to compete against methyl radicals for propargyl radicals 

i) 

. 

in this region of the flame. 

The primary .route for ,naphthalene production was through the . cyclopentadienyl 

self-combination step [20], c-C,H,+c-C jHj<=>C,,H,+H+H, where c-C5Hj is produced by the . 

sequence c6H5+o,<=>~6H50+~ - and C6HjO<=>C-C5H5+C0. The key step in the production of 

naphthalenes .well as other PAH.is phenyl oxidation by 0, - as indicated above. Previous work [32] 

had indicated that if the C6H,+0, - reaction competes effectively with the polymerization process, as 

represented by C6H5+nC2H2<=>PAHs, then PAH production would be inhibited. Our modeling 

studies show that the removal of phenyl by 0, - leading to cyclopentadienyl will actuallyprontote PAH 

formation [33]. 

As seen in Fig.5, the phenanthrene and anthracene levels were well predicted by the model 

in comparison to the experimental measurements and suggests that the reaction steps used in previous 

modeling efforts for premixed flames [20,3 1 J are also valid in the opposed flow diffusion flame. 



The measured peak, concentrations . of the isomers with three hsed-aromatic rings, 

phenanthrene and anthracene, were 0.8 ppm and 0.2 ppm respectively: The phenanthrene is formed 

in greater abundance than its isomer, anthracene, due to the higher thermochemical stability of the 

former [30]. The model was able to reproduce fairly well the relative abundance of these two species. 

Reaction rate analysis revealed that production of phenanthrene in this flame occurs via resonantly 

stabilized benzyl and indenyl radicals via the sequence C6H5CH7+C,H2<=>Indene+H, 

Indenej-H<=>Indenyl+H,, A. and Indenyl+c-C5H5<=>Phenanthrene+H+H. The model predicted a 

I 

relatively small concentration of indene in the flame (maximum concentration of indene and indenyl 

was less than 0.015 ppm and 1.0 ppm, respectively). These indene levels are below the detection 

limit of the MS. The reaction, Indenyl+c-C5H5<=>Phenanthrene+H+H, represents an analogous 

process to the cyclopentadienyl combination proposed earlier for the formation of naphthalene in 

premixed flames [20,3 11. 

The peak anthracene concentration was well reproduced by the model using the Phenanthrene 

<=> Anthracene isomerization kinetics suggested by Colket and Seery [35]. This reaction also 

proved successfbl in modeling the anthracene levels in premixed flames as well [20,3 11. 

The model at hand was unable to correctly predict the concentrations of any polycyclics that 

had a shared C5 structure fixed (i.e. fluoranthene) to any other aromatic rings, and clearly suggests 

fbrther work in this area. 

In conclusion, the GC/MS analysis of gases withdrawn from opposed jet diffusion flames of 

methane indicate a rich chemistry with the formation of a large number of aromatics, PAH that were 

also seen in fuel rich premixed flames. Detailed kinetic analysis of this flame structure revealed that 

our understanding of the underlying chemical kinetics of fuel-rich combustion of CH, is in place to 

make reasonable predictions. Nevertheless, several issues need to be resolved to make these 



predictions quantitative. Most significantly, the discrepancy between model predictions and the 

experiment for C, and C4 products needs to be closed. Similar discrepancies also exist for aromatics 

and PAH and require hrther studies.. 
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Oxidizer Burner Outlet Velocity ’, v, , c d s  

Fuel Burner Outlet Velocity ’, v,, c d s  

r. 

16.12 

13.16 

a. Values calculated at 298 K, and 1 atm. 

Inlet Oxidizer Stream Density ’, g/L 11 1.569 11 . 
Inlet Fuel Stream Density ’, g/L 
Computed Strain Rate, sec-’ 

Computed Stoichiometric Mixture Fraction, Z,, 

Oxidizer Composition, G~ 
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Fig. 1. An illusbation of the experimental burner and sampling probe configuration. 
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Fig.3. Measured and calculated profiles of minor species along the center of the flame. 
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Fig. 5. Measured and calculated profiles of trace PAH species along the center 
of the flame. 

Fig. 5 
. .  


