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Abstract

Experimental and detailed chemical kinetic modeling has been performed to investigate
aromatic and polyaromatic hydrocarbon formation pathways in a rich, sooting, ethylene-
oxygen-argon premixed flame. An atmospheric pressure, laminar flat flame operated at an
equivalence ratio of 2.5 was used to acquire experimental data for model validation. Gas
composition analysis was conducted by an on-line gas chromatograph / mass spectrometer
(GC/MS) technique. Measurements were made in the flame and post-flame zone for a
number of low molecular weight species, aliphatics, aromatics and polycyclic aromatic
hydrocarbons (PAHSs) ranging from two to five-aromatic fused rings.

The modeling results show the key reaction sequences leading to aromatic and
polycyclic aromatic hydrocarbon growth involve the combination of resonantly stabilized
radicals. In particular, propargyl and 1-methylalienyl combination reactions lead to benzene
and methyl substituted benzene formation, while polycyclic aromatics are formed from
cyclopentadienyl radicals and fused rings that have a shared Cs side structure. Naphthalene
production through the reaction step of cyclopentadienyl self-combination and
phenanthrene formation from indenyl and cyclopentadienyl combination were shown to be
important in the flame modeling study. The removal of phenyl by O2 leading to
cyclopentadienyl formation is expected to play a pivotal role in the PAH or soot precursor
growth process under fuel-rich oxidation conditions.




Introduction

The U.S. Clean Air Act Amendments of 1990 has stipulated the emission regulation of 189
compounds called air OXicS. These air toxics include formaldehyde, butadiene, aromatic
and some polycyclic aromatic hydrocarbons (PAHs). The PAH's are of particular concern
because several isomers are potent mutagens and carcinogens. Polycyclic aromatics are
formed in fucl;rich regions of practical combustion devices such as process heaters and
boilers. They may be emitted as pollutants, dcpending on burner operating conditions and
design. Thus, it is important to identify the chemical and fluid dynamical mechanisms that
lead to PAH formation and emissiori in industrial bumcfs. However, it is difficult to study
the chemistry of PAH formation in the highly-turbulent environment of an industrial
burner. In this smdy, PAH formation is investigated in a well-controlled, and well-
characterized one-dimensional laboratory burner.

Previous modeling studies on fuel-rich etllylenc combustion [1 - 4] have primarily
focused on aliphatic chemistry for the purpose of developing a detailed understanding of
the pathways leading to higher order stable and radical hydrocarbons that serve as the
underlying foundation to aromatic and polycyclic aromatic growth. We are aware of only
one detailed chemical kinetic modeling study to date that has examined the aliphatic
chemistry implications in aromatic formation for an ethylene flame [1]. Experimental
studies on polycyclic aromatic growth in flames [5] have been limited because the presence
of soot can make measurements difficult, and modeling studies [6] have been limited as
chemistry and thermodynamics are not well understood for flame modeling of benzoid
molecules and soot.

In this paper, a previously develoﬁed detailed chemical kinetic model for rich
premixed methane and ethane flames [7] was used to interpret the experimental results of a
rich, sooting, premixed ethylene-oxygen-argon flame. In addition to reaction steps

proposed previously for the formation of aromatics and PAHs [8,9], several novel

reactions are advocated in the presented work. These new steps involve the combination




reactions of resonantly stabilized 1-methylallenyl and propargyl radicals which lead to
aromatic formation without having to form benzene first and the combination of
cyclopentadienyl radicals leading to 2 and 3-aromatic fused ring (PAHS). As shown later,
predicted stable species concentrations based on these new steps compared favorably to
measured concentrations in a rich, sooting, premixed laminar flame of ethylene. In the
following sections, the experimental apparatus is described, the chemical kinetic model is

discussed, and the experimental and modeling results are compared.

Experimentai
The experimental system has been described in a previous publication ['?]., and thus, only a
brief sumrnary will be given here. The atmospheric-pressure, premixed, laminar, flat-flame
of 21.30%C2H4/ 20.90%02/ 57.8%Ar (¢ = 2.5, 7.56 liter/min gas flow rate) was
stabilized over a cooled 50 mm diameter porous brénzc burner. The flame was protected
from the ambient environment by use of a concentric shield gas stream of argon. Gas
sampling was performed using two quartz microprobes operated at 50 Torr internal
pressure. The two probes differed in orifice diameter so as to sample gases in the main
reaction zone and in the sooty region of the post-flame zone. This combined sampling
approach coupled with the on-line gas chromatograph/mass spectrometer (GC/MS) gas
analysis technique allowed for spatially resolved micro-structure measﬁrcments of the
ethylene flame.

The gas sampling system, which include the probe, silica-lined tubing, and GC
valves were maintained above 3.00°C and at sub-ambient pressures to minimize the
.condcnsation and/or adsorption of PAHs on surfaces. The sampling system was also
checked for possible. catalytic activity at 300°C by passing unburned gas mixtures; none
was observed.

Identification of species were accomplished by matching both the .gas

chromatographic retention times to pure components and mass spectral fragmentation




patterns to standard MS libraries: Thc estimated accuracy for the major species is +15%
and #20% for the remaining ones. The relative ionization cross section (IC) mcthod was
used to quantify those species whose calibration standards were not available [10]. Those

| species whose concenn'étions WCI:E: determined by the relative 1onization cross section
method were C3H4 (allene and propyne), C4H2 (diacetylene), C4H4 (vinylacetylene),
C4Hg (1,2 or _1,3-butadiéne, and 1 or 2-butyne), C4Hg (1 or 2-butene), c-CsHg
(cyclopentadiene), CeH5CH?3 (toluene), CeHs5C2H5 (ethylbenzene), CeH5C2H3
(styrene), CgHsC2H (phenylacetylene), CH3CgH4CH3 (o-xylene), CoH?7 (indene),
C11H10 (methyl napthalene), C12Hg (acenapthalene and biphenylene), C12H 10
(biphenyl), and C1gH1( (cyclopentalcdjpyrene and benzo[ghi]fluoranthene). The
uncertainty attributed to thcsc species measurements is at least a factor of two.

Temperature profiles were measured by uvsing 0.075 mm Pi-Pt/13%Rh

thermocouple wires with a bead diameter of ca. 0.15 mm and were performed immediately
after the concentration measurements. The thermocouple bead was freshly coated by silica
and vitrified before each experiment to minimize catalysis. The thcmiocouple was kept in
the flame for as little time as possible to prevent excessive soot buildup. Any accumulated -
soot was burned off by moving the thermocouple to the non-sooting region of the flame.
The flame temperature measurements were corrected for radiation losses. We have assumed
an emissivity vatue of 0.90. This results in 2 maximum correction in temperature of ca.

20 K at 2.0 mm above the burer surface.

Computational Model and Mechanism

The computational model used in this study is the Sandia laminar one-dimensional
premixed flame (PREMIX) code {11}, Thermochemical information was primarily obtained
from the Chemkin thermodynamic database {12], Burcat and McBride [13] and, Stein and
co-workers (14,15]. Unavailable thermodynamics for some species were estimated by

group additivity and difference methods [16]. Thermochemical data obtained from sources




other than the Chemkin thermodynamic databa§e is presented elsewhere [7]. Lastly, the
transport parameters were obtained from the Chemkin transport data base {17] and by the
method described in Wang and Frenklach [18].

The compiled chemical kinetic mechanism was primarily framed around the Miller-
Melius benzene formation submechanism {9] , Tsang's propane [19] and propene [20]
chemical kinetic reviews, Pitz-Westbrook n-butane submechanism [21], and the Emdee-
Brezinsky-Glassman toluene and benzene oxidation submechanisms [22]. The mechanism
was extended to allow prediction of methyl-substituted aromatics, and for two to five fused
ring structures. The detailed chemical model used in. this study consists of 664 reactions
and 150 species. The full presentation and discussion of the chemical reactions and kinetic

rates used in the detailed mechanism is presented in Marinov et al. [7].

Analysis and Comparison of Modeling Results to the Flame Data
The medeling results are compared to the cxpcrimcntal results first for the low molecular
weight species, and then for the aromatic and PAH species. The key chemical reactions

leading to different stable intermediates are identified by reaction flux analysis.

Low Molecular Weight Species in the Ethylene Flame

The measured and predicted C2Hgq, 02, H2 and H2O concentrations are shown in Fig. 1.
For distances greater than 1mm above the burner surface, the predicied and measured
CaH4 and Q2 concentrations are essentially in agreement. The ethylene was primarily
consumed by CpH4+H< C2H3+Hy (R1), while the Oy was primarily removed by
HCO+026C0O+HO2 (R2), CoH3+02¢CH20+HCO, CoH3+0265CH2HCO+O and
HCCO+02C0O2+CO+H (R3). The H2O profile was underpredicted by a factor of two
by the model and this is due to the underprediction of H7 by a factor of 1.7. The H2O is

formed primarily by OH+H2¢>H20O+H, while the H3 is formed primarily by (R1).




In F1g 2, the measured and predicted CO, COz,_ CH4, and C2H2 concentrations
are shown. The CO and CO2 were approximately overpredicted by a factor of two, and
their formation reactions are HCO+M& B+CO+M, (R2) and (RB). The methane
conccnﬁ‘ation was fairly well predicted in the main reaction zone but the model was unable
to predict the methane decay further into the post-flame zone. The methane formation
reaction sequence was determined to be C2H4+0<—> CH3+HCO followed by
CoH4+CH3¢>C2H3+CH4. The predicted acetylene levels are a factor of 2 lower than the
measurements. Reaction flux analysis indicated the primary acetylene formation pathway
was C2H3(+M).<—> C2H2+H(+M) with a secondary contribution by the
CoH3+02CoH2+HO? metathcsis reaction.

In Fig. 3, the measured and predicted ethane (C2Hg), allene/propyne (aggregate
C3Hy), diacetylene (C4H?), and vinylacetylene (CH2CHCCH) concentrations are shown.
The model well predicted the peak ethane concentration location which is due to
CH3+CH3(+M)eC2Hg(+M). The aggregate C3H4 concentrations were underpredicted
bya factor of ten throughout the flame with respect to the MS/IC measurements which have
an uncertainty of more than a factor of 2. The alleﬁe and propyne were produf:cd by the
reaction sequence CoH3+CH3(+M)¢<>C3Hg(+M) or C2H3+CH3¢>aC3Hs(allyl)+H,
C3Hg+H<>aC3H5+Hy, aC3Hs+HeaC3H4(allene)+H2 and aC3H4<>pC3H4
(propyne). Propene was not detected in this flame, however the model predicted a peak
C3Hg concentration of 800ppm in the main reaction zone. The diacetylene concentrations
were underpredibtcd by ca. ohc order of magnitude throughout the flame. Effort was made
in trying to improve the predicted diacétylene concentration, but we were unable to model
the diacetylene measured in this flame without greatly overpredicting the diacetylene
measured in the Harris et al. ethylene flame [1]. The diacetylene was predicted to be formed
primarily from vinyl acetylene dehydrogenation. The measured CH2CHCCH
concentrations indicated peak fo@aﬁon occurs around 3.0mm above the burner surface

then decays in the post-flame zone. The model was unable to predict such 4 trend and,




instead, showed a rapid rise in vinylacetylene formation within the main reaction zone
followed by slow growth in the post-flame zone. The CoH3+CoHy e CH2CHCCH+H
reaction was the primary route to CHpCHCCH formation. |

The measured and predicted aggregate C4Hg (1,2 and 1,3-butadiene / 1 and 2-
butync), aggregate C4Hg (1-butene/2-butene) , and cyclopentadiene (¢c-CsHg)
concentrations along with the radiation corrected temperature profile are shown in Fig. 4.
The model well predicted the aggrcgatc C4Hg concentration in the early stage of the main
reaction zone, and exhibited the same C4Hg decay trend inspite of the factor of ten
concentration overprédicﬁon in the post-flame zone. Approximately 85% (main reaction
zone) 10 95% (post flame zone) of the C4Hg consisted of CHoCHCHCH?, and the
remainder due to CH3CHCCH? and CH3CH>CCH. The main reaction step producing
C4qHg was CyH4+CoH3e>CH)CHCHCH?»+H. The measured peak and decay trend of
the aggregate C4Hg concentration was well predicted although the model showed a factor
of ten underprediction in the post-flame zone. The aggregate C4Hg concentration was
principally produced by the re:.iction.sequence aCaH35+CH3e>CqHg-1(1-butene). The
cyclopentadiene (c-C5Hg) concentrations were underpredicted by an order of magnitude in
the main reabﬁqn zone, but the predictions improved further into the post-flame zone. The
model showed a smaller peak concentration followed by a slower decay in the
cyclopentadiene concentration than indicated by the measurements. The cyclopentadiene is
formed through the oxidation of the aromatic ring by the reaction sequence,
CgHs5+02CgH50+0, CgH506¢c-C5H54+CO, .and c-CsH3+H <>¢-CsHg.

Modeling validation was also performed on the Hérris etal. [1] C2H4/O9/Ar data
sets for 1.68 and 2.76 equivalence ratio ﬂamcs_ at atmosphere pressure. Excelient

agreement to within $20% was achieved for all major stable species (CO, CO», Hp, H20,

C2Hy4, CHy, CoHg, CoHp, CqH2, C4H4 and C4Hg) measured.




Aromatic and Polycyclic Aromatics in the Ethylene Flame

Benzene The self combination of the rcéonantly stabilized propargy! radical accounts for
ca. 92% of benzene (CgHg) production with the remainiﬁg contribution due to the
1-methylallenyl and propargyl combination reaction. The model reproduces the benzene
formation trend fairly well but underpfedicts its concentration by ca. 50% as shown in Fig.
5. The propargyl-propargyl teaction produces phenyl (CgHs) and H-atoms, whereupon,
the phenyl is converted to benzéne by H-atoms in the preheat and flame zones and by Hp in
the post-flame zone. The formation of the first aromatic ring occurs by two reaction
sequences in this flame study. In the first reaction sequence, vinyl radical adds to ethylene
to form a chemically activated CH2>CHpCHCH?2 _interrhediétc which ejects an H-atom to
form 1,3-butadiene (CI-IzCHCHCHz). An H-atom is then abstracted from 1,3-butadiene
by H-atoms to form the resonantly stabilized i-C4H35 (CHpCHCCH?) species. The i-C4H5
radical plays an important role in i)ropaxgyl_fonnation in the ethylene flame because of its
ahility to form a cumulated double bond (i.e., C=C=C) during resonance, The H-atom
combination with i-C4H5 makes a chemically activated methylallene (CH3CHCCH?)
species that primarily decomposes to methyl and propargy! or ejects an H-atom to form a
C4Hj5 isomer, 1-methylalienyl (CH3CCCH?), as a secondary product. The propargyl
radicals then undergo self combination leading to aromatic formation, with a rate constant
of 3.0E12 cm3/mol-sec {71.

The second reaction scciucnce involves the key C3 hydrocarbon formation step of
methyl and vinyl combination to form either propene or atlyl and H-atoms as products. The
propene or allyl radical are then dehydrogenated by H-atoms to form propargyl. This
pathway was determined to be the major propargyl formation route in our earlier methane
and ethane flame rﬁod_eling study. However, the reaction sequences discussed above
contributed fairly equal to propargyl formation in this study. These reaction sequences

coupled with another important propargyl formation sequence, C2H2+0e 1CHy+CO and

C2H2+1CH2<>H2CCCH+H, have been identified as the important aromatic precursor




glbWth reaction sequences in methane, ethane, ethylene and acetylene [9] flames. This later
propargyl formation mechanism is of minor importance in the present ethylene flame.

The small contribution (ca. 8%) of benzene fomla‘tion from the 1-methylallenyl and
propargyl combination reaction occurs through the sequence: CH3CCCH2+H2CCCH
> CgHs5CH2{benzyl)+H followed by CgHsCH2+H<— CgH35CH3(toluene) then
CeHsCH3+He>CgHg+CH3 and CeH5CH2+HO2¢>CeH5CHO+0OH then CgH5CHO+H
«CgHg+HCO. '

Toluene The key reaction step leading to toluene formation requires the combination of the
resonantly stabilized 1-methylallenyl and propargyl radicals as shown above. These
radicals react in an analogous manner as to propargy! self-combination and lead to methyl
substituted aromatic formation without having to first form benzene. The rate constant
assigned to CH3CCCH2+H2CCCH-CgH5CHo+H was assumed .to be the same as
HypCCCH+H2CCCH«CgHs+H. The important 1-methylalienyl formation step requires
the i-C4Hs (CH2CHCCH2) radical to isomerize by H-atom catalysis as shown by,
CHQCHCCH2+H<—>CH3CCC'H2+H. The m‘odél corréctly p.redicted the location of the
peak toluene concentration, the toluene decay trend deep in the post-flame zone, and the

toluene concentration in the post-flame zone to within 50% as shown in Fig. 5.

Naphthalene Previously [7], we considered five different routes to naphthalene production
which included the Frenklach proposed HACA (H-abstraction-C2H? addition) mechanism
and its associated kinetic rates [23]. That study's result showed the naphthalene production
can be reasonably accounted by resonantly stabilized cyclopentadienyl self-combination and
is supported again in this study. The cyclopentadienyl radicals and naphthalene are

produced through the reaction sequence,

CeHs + O 5 CgH50 + O




CgH50 < ¢-CsHs + CO
¢c-CsHs+c-CsH5 & CipHg +H+H

The key step in the naphthaleﬂc production proccss is phenyl oxidation by (2. This pivotal
reaction plays an important role in the PAH growth process for this study. Previous work
[24] had indicated that if the CgH 5—?02 reaction competes effectively with the
polymerization process, CoHs+nCo2H2«>PAHs, then PAH production would be hindered.
The results ﬁ'om this flame modeling study show that the removal of phenyl by O2 leading -
to cyclopentadienyl prodﬁction will form PAHs which are likely precursors te soot grbwth
[25). I we were to extend the first two steps in the reaction sequence as shown above to
the oxidation of activated 2-fused aromatic rings and higher then the overall reaction step,
Con+4Hp+4+026Con+3Hp+4+C0O+0 (n=1,3,5...), indicates fused-rings containing a
shared Cs side structure can readily react with cyclopentadienyl radicals by the same
mechanism as cyclopentadienyl self-combination [26] and form larger PAHs. However,
self-combination of fused-rings containing a shared C5 side structure to form larger PAHs
is not likely to ocﬁ:ur because aro‘maﬁcity in either fused-ring structure would have to be
destroyed, which would require overcoming a high energy barrier.

The naphthalene formation trend in the. post-flamé zone was well reproduced by the
model as shown in Fig. 5, but the model could not predict its rapid formation fairly near the
burner surface. The predictéd naphthalene concentration increases rapidly in the main
reaction zone and then slowly levels off in the post-flame zone. This was due to the
increased phenyl (hence benzene) production coupled with the remaining Q7 available in
the main reaction and post-flame zones which alldws for rapid production of
cyclopentadieny! hence the sudden naphthalene concentration rise: The naphthalene
concentration then slowly levels out primariiy for two reasons. First, the depletion of 02 in

the post-flame zone consequently slows the cyclopentadienyl formation needed for




‘napthalene production, and sccondly, the naphthalene is consumed by abstraction reactions

involving H-atoms.

Phenyvl Acctylénc The model correctly predicted the phenyl acetylene (CgHSC2H)
formation trend, but underpredicted its concentration in the main reaction and post-flame
zones by a factor of 2.5. The phenyl acetylene production pathway occurs by ethylene
addition to phenyl to form styrene and H-atom followed by styrene dehydrogenation by H-
atoms. The CgHs5+CpH26CgH5CoH+H pathway, which might be expected to produce
phenyl acetylene, was favored in the reverse direction and served as the primary phenyl

acetylene removal step.

Indene, Phenanthrene, Acenaphthylene, and ene The measured and predicted
concentrations of these species are shown in Fig. 6. The indene was underpredicted by a
factor of ten throughout the flame, and its formation pathway occurs by either the reaction
step CeHsCH2+CoHy > Indene+H or by the reaction sequence C10Hg+H«>C10H7+H2,
C10H7+02<C19H70+0, C10H70& Indenyl+CO and Indcnyl+H(—>Inc{cnc. The
phenanthrene formation .trend was well predicted and the model predicted its concentration '
in the post-flame zone to within a factor of two. The phenanthrene formation step was
Indenyl+c-CsHs<>Phenanthrene+H-+H. Acenaphthylene was underpredicted by a factor |
ten throughout the flame even though its concentration was accurately modeled in our
previous work 171 using the reaction step, Indenyl+H2CCCH<«=Acenaphthylene+H+H.
Pyrene was underpredicted by a factor of twenty through the flame. The model could not
reproduce the pyrene measured in this flame with the Phenanthryl-1+C2H <> Pyrene+H

reacton step and its rate constant obtained from [23].

Ethvl Benzene, O-Xylene, Styrene, Anthracene, and 9h-Fluorene The measured and

predicted concentrations of these species are shown in Fig. 7. Ethyl benzene was




underpredicted by a factor ten throughout the flame. The main ethyl-benzene production
and destruction routes for this study were reépectivcl_y CgH5CH2+CH3—CgHsCoH5 and
C5H5C2H5+H<-—>C5H5C2H3+H2+H. O-Xylene (CH3CgH4CH3) was well reproduced
by the model through the reaction sequence of 1-methylallenyl self combination to form o-
Xylyl (CH3CgH4CH?2) and H~atom; followed by o-XylyI+Heo-Xylcne. The styrene
measurements exhibited a peak conéentraticin in the early stages in the main reaction zone
-and then decayed. The model was unable to reproduce this profile and instead exhibited a
monotonic increase in styrene production. Styrene was produced exclusively by
C6H5+C2}I4HC5H5C2H3+H. Anthracene was underpredicted in the main reaction zone
by a factor of ten but improved to within a factor of two further into the post-flame zone.
The isomerization step, PhcnanﬂlrchHAnthr_écc_nc as suggested by Colket and Seery [27],
was used to model anthracene production. 9h-Fluorene was underpredicted by three orders
~of mégnitudc throughout the flame and therefore shows the reaction sequence,
Phenanthryl-9+02¢ Phenanthroxy-9+0, - Phenanthroxy-9¢<» Fluoryl+CQO and
Fluoryl+H&9h-Fluorene, does nbt produce the necessary 9h-Fluorene concentrations as

measured in the flame.

nzo{ghi)fluor .thene -Penta ene. Fluoranthene. Methvinaphthalene an
4h-c-Penta(def)phenanthrene The measured and predicted concentrations for these species
are shown in figure 8. We were unsuccessful in modelin g the Benzo(ghi)fluoranthene,
c-Penta(cd)p_yrenc, and Fluoranthene concentrations as measured in the ethylene flame. The
maodel undcrprcdiptcd the concentrations of these three species by approximately factors of
100, 30, and 200 respectively. Further work is needed to understand the formation
mechanismms of these polycyclic aromatics that have a shared C5 structure embedded in their
fused rings. The methylnaphthalene was underpredicted by over one order of magnitude in
the main reaction zone, however agreement to within a factor of 3 was achieved in the post-

flame zone. The reaction steps leading to methyinaphthalene formation were -




C10H7+CH3&C1gH7CH2+H followed by C1gH7CH2+H&C1gH7CH3. The 4h-c-
Penta(def)phenanthrene concentration was well predicted from the main reaction zone to
the post—ﬂame zone. The reaction scqucﬁcc producing 4h-c-Penta(def)phenanthrene is
Phenanthrene+H<>Phenanthryl-1+H2, Phenanthryl+CH32¢34h-c-Penta(def)phenanthrene
+H.

Benzoapyrene, Perylene, Phenylnapthalene, Biphenylene and Biphenyl Modeling was not

performed for these species (with the exception of biphenyl) and we have included this data
as shown in Fig. 9 .as part of the complete dz:ua set. We had modeled the biphenyl using the
reaction steps, CgH5+CgHs< Biphenyl and CgHg+CeHse Biphenyl+H. The model
underpredicted the biphenyl concentration by a factor of ten in the main reaction zone,

however agreement to within a factor of three was achieved in the post-flame zone.

Summary

The modeling results show the key reaction sequences leading to aromatic and
polycyclic aromatic hydrocarbon growth involve the combination of resonantly stabilized
radicals. The combination reactions involving propargyl and 1-methylallenyl lead to
benzene and methyl substituted benzene formation, while polycyclic aromatics are formed
from cyclopentadienyl radicals and fused rings that have a shared Cs side structure.
Naphthalene formation occurs from cyclopentadienyl self-combination and phenanthrene
production takes place via indenyl and cyclopentadienyl combination. The removal of
phenyl by O2 leading to cyclopentadienyl formation is expected to play a pivotal role in the

PAH or soot precursor growth process under fuel-rich oxidation conditions.
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Figure Captions

Figure

Figure

Figure

Figure

Figure

1.

Comparison of model predictions with experimental concentration profiles.
Symbols represent the expcrimehtal measurements and the curves represent

the model predictions for C2Hy, 072, H2 and H20.

Comparison of model predictions with experimental concentration proﬁlés.

Symbols represent the experimental measurements and the curves represent

the model predictions for CO, CO7, CH4, and CyH>.

Comparison of model predictions with experimental concentration profiles.

Symbols represent the experimental measurements and the curves represent

the model predictions for C2Hg, C3HY4, C4H2, and C4H4.

Comparison of model predictions with experimental concentration profiles.
Svmbols represent the experimental measurements and the curves represent

the model predictions for C4Hg, C4Hg, and c-CsHg. Radiation corrected

temperature profile shown,

Comparison of model predictions with experimental concentration profiles.
Symbols represent the experimental measurements and the curves represent

the model predictions for Benzene, Toluene, Naphthalene, and Phenyl

Acetylene.




Figure 6.

Figure 7.

Figure 8.

Figure 9.

Comparison of model predictions with experimental concentration profiles.
Symbols repi‘esent_ the experimental measurements and ;he curves represent
the model prcdicﬁons for Indene, Phenanthrene, Acenaphthylene, and
Pyrene. |

Comparison of model predictions with experimental concentration profiles.
Symbols represent the experimental measurements and the curves represent
the model predictions for Ethyl Benzene, o-Xylene, Styrene, Anthracénc
and Sh-Fluorene (model prediction not shown, see text).

Note: Logarithmic scale used.

Comparison of model predictions with experirﬁental concentration profiles.
Symbols represent the experimental measurements and the curves represent
the model predictions for Benzo(ghi)fluoranthene, ¢-Penta(cd)pyrene,
Fluoranthene (model prediction not shown, see text), Methylnaphthalene,
and l}h -c-Penta(dcf)phcnanthrenc. Note: Logarithmic scale used.

Symbols represent experimental measurements to Benzoapyrene, Perylene,
Phentlnaphthalene, Biphenylene, and Biphenyl. Model prediction shown
for Biphényl by drawn curve. Note: Logarithmic scale used.
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Figure 7
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