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Abstract

C1lto C12 stable hydrocarbons, soot volume fraction, several major species, and gas temperature have been mea-
sured in a series of methane/air coflowing nonpremixed flames whose fuel was separately doped with 2000 ppm
of cyclohexane, cyclohexene, 1,3-cyclohexadiene, 1,4-cyclohexadiene, and benzene. The cyclohexadienes mostly
dehydrogenated to benzene, while cyclohexane and cyclohexene mostly decomposed to C2, C3, and C4 hydrocar-
bons. Addition reactions were the main benzene source in the cyclohexane-doped flame, whereas both addition
and dehydrogenation were important benzene sources in the cyclohexene-doped flame. Reaction pathways were
identified in each flame from the hydrocarbon product distributions and from calculated rate constants of relevant
reactions. Dehydrogenation was a minor pathway in the cyclohexane- and cyclohexene-doped flames because
unimolecular dissociation, not H-atom abstraction, consumed the dopants and their conjugate radicals in these
nonpremixed flames. The maximum soot volume fraction correlated poorly with the maximum benzene mole
fraction in the cyclohexadiene-doped flames, which indicates that benzene formation was not a rate-determining
step to soot production in those flames.

0 2003 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction the aviation-grade kerosenes discussed in [2]) and be-

cause they can potentially form aromatic hydrocar-
This paper is the second of a series in which we bons through a pathway that does not exist for lin-

report nonpremixed flame experiments that examine ear alkanes: dehydrogenation of six-membered alkyl

the fuel decomposition and hydrocarbon growth path- rings to benzenoid rings.

ways of practical fuel components [1]. The first pa- The specific flames that we studied were i

per concerned a representative large linear alkane, coflowing nonpremixed flames whose fuel was sepa-

heptane, while this paper mainly focuses on a rep- rately doped with 2000 ppm of cyclohexane

resentative cyclic alkane, cyclohexane. Cycloalkanes (CHXA), cyclohexene (CHXE), 1,3-cyclohexadiene

warrant separate study because they constitute a sig- (1 3.CHxD), 1,4-cyclohexadiene (1,4-CHXD), and

nificant portion of most fuels (e.gxy 16 to 67% of benzene (BZ). (Figure 1, which is discussed below,
shows the structures of these compounds. Our nota-

* Corresponding author. tion emphasizes whether each compound is a cyclic
E-mail addresscharles.mcenally@yale.edu alkane, alkene, or alkadiene.) This set of dopants
(C.S. McEnally). includes the stable reactants and products for each de-
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Table 1

Flame conditions

Flame OCH, ON, Qd Oar Osa [Dopant}ye|
(all flow rates in anI/min at STP) (ppm)

Undoped 330 320 0 5.5 44,000 0

Doped 330 320 13 55 44,000 2000

OcH, ONys Qd. Qar, and Qsa are the measured volumetric

flow rates of oMo, dopant, Ar, and secondary ait-$%);

[dopant}e) is the calculated dopant mole fraction in the fuel mixtute 0%).

hydrogenation step from CHXA to BZ. We measured
stable C1 to C12 hydrocarbons, soot volume fraction,
major species, and temperature on the centerline of
each flame.

The objective of our experiments was to identify
the primary decomposition and hydrocarbon growth
pathways, particularly those that form BZ, for CHXA,
CHXE, and CHXD in nonpremixed flames. Our re-
sults complement earlier oxidation studies of these
compounds, which have considered jet-stirred reac-
tors [3-5], rapid compression machines [6], and shock
tubes [7]. Nonpremixed flames exemplify many prac-
tical combustors, especially soot-producing systems
such as diesel engines and gas turbines. Furthermore,
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reaction pathways can differ between nonpremixed Fig. 1. PTMS mass spectra were measured for each
flames and these other systems; indeed, sooting ten- doped-flame fuel mixture to determine the extent of
dency measurements in nonpremixed CHXA and (dopant)" fragmentation. Each data point is the integrated

CHXE flames indicate that dehydrogenation to BZ
is much less important than it was in the studies cited
above [8].

2. Experimental methods

We used the same equipment and procedures as in
our heptane study [1]. Atmospheric-pressure coflow-
ing laminar nonpremixed flames were generated with
a burner in which the fuel mixture (G£IN2, Ar, and,
in most cases, a dopant) flows out of an 11.1-mm di-
ameter tube and reacts with air that flows from the
annular region outside this tube. (Figure 2, which is
discussed below, depicts this geometry.) Table 1 lists
the reactant flow rates. The reactants came from high-
purity gas cylinders (Chl No, and Ar; 9997 + %
stated purities), reagent-grade bottles (dopantst 97
% stated purities), and a compressor (air).

We measured gas temperatury)( with ther-
mocouples, soot volume fractionf() with laser-
induced incandescence (LII), and species mole frac-
tions (species) with a quartz gas sample probe and
online mass spectrometry. A 118-nm photoioniza-
tion/time-of-flight mass spectrometer (PTMS) quan-
tified C3 to C12 hydrocarbons while an electron-
impact/quadrupole mass spectrometer (EQMS) quan-
tified COp, Oy, CHy, CoHp, and GH4. The Ty mea-
surements include radiation corrections, and a rapid

ion signal corresponding to an integer mass.

insertion procedure minimized soot deposition onto
the junction [9]. The LIl was excited at 1064 nm
and detected in the 400 to 450 nm range [10]; the
volume fractions were calibrated with soot deposi-
tion rates onto the thermocouple [9]. The gas sample
probe entered the flame from the side, such that it was
cooled by the coflowing air, and the backing pres-
sure was kept below 3 Torr [11]. The uncertainties
depend on the property and the location, but con-
servative upper limits to the relative and absolute
uncertainties are=10 and+65 K (Tg) and+10 and
+100/—50% ([species] andfy). The spatial resolu-
tions were 0.3 mm (thermocouple) and 1 mm (gas
sample probe and LlII).

Single-photon photoionization at 118 nm is an
ideal method for ionizing complex hydrocarbon mix-
tures: the photon energy (10.5 eV) barely exceeds the
ionization energies of most hydrocarbons (e.g., 8.25
to 9.88 eV for the dopants [12]), so ion fragmen-
tion is usually negligible [13]. Figure 1, which shows
normalized PTMS mass spectra of each doped-flame
fuel mixture, illustrates this attribute. The parent ion
dominates each spectrum; the only significant frag-
ment ions are 68 and 76 amu from CHXE (intensity
~ 10 and 2% of the parent ion) and 78 amu from 1,3-
CHXD and 1,4-CHXD ¢ 2 and 6%). The minor in-
terferences from these fragments on the hydrocarbon
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product profiles were removed by subtracting appro-
priately scaled versions of the parent ion profiles.
3. Resultsand discussion
3.1. Temperature and major species
The objective of this study was to identify the pri-

mary fuel decomposition and BZ formation processes
that occur in nonpremixed CHXA-, CHXE-, and
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fuel-rich and fuel-lean edges of the flame and de-
crease toward zero at the stoichiometric surface. In
agreement with earlier nonpremixed flame measure-
ments [15,16], @ penetrates through the stoichio-
metric surface to the fuel-rich side and some i©®
entrained at the flame base and then consumed be-
tweenZ/Ht = 0.1and 0.7 as if it were premixed with
the fuel. (We estimate that the effectipgas ~ 100.)

The results in Fig. 2 demonstrate that the changes
in the overall flame structure are too small to af-
fect the hydrocarbon product concentrations. The pro-

CHXD-fueled flames. Subsequent sections address fjos from all six flames are nearly identical for each

this topic in terms of the dopant disappearance lo-

cations, the hydrocarbon product concentrations, and

some simple kinetic calculations. This section dis-

cusses the measured gas temperatures and majo
species mole fractions; these results place the hydro-

carbon product measurements in the context of the

overall flame structure, demonstrate that the dopants

did not significantly affect the overall flame structure,
and provide consistency checks of the diagnostics.
Figure 2 shows the centerline profiles B and

several major species. The data are plotted against the

nondimensional flame height/Ht, where Z is the
distance above the burner surface digl is the Z
at which the centerlindy peaks.Ht = 62+ 1 mm
for the undoped flame and 841 mm for the doped

flames. We have demonstrated with experiments and

computer simulations thaliT is an accurate surro-
gate for the height at which the stoichiometric surface
intersects the centerline [14]; thus the local gas com-
position at the centerline is fuel rich faf/HT < 1
and fuel lean foriZ /Ht > 1.

The profiles show the expected structure for a non-
premixed flameTy and [CQ)] peak at the stoichio-
metric surface, while [fuel] and [oxidizer] peak at the
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Fig. 2. Centerline profiles ofy, [CHy], [O2], and [CO)]
were measured with a thermocouple and the EQMS. Profiles
from all six flames for each property are shown. The vertical
dashed line markg / HT = 1, which is the approximate po-
sition of the stoichiometric surface [14]. The diagram on the
right shows the flame geometry.

property: the maximum variation ifiy is 24 K and
the [species] agree to within 20%. Furthermore, resi-
dence times in coflowing flames scale with/2 [17],

'so at a givenZ/Ht they vary by less thar(64 —

62)/62}1/2 = 2% from flame to flame. These results
are reasonable since the dopants constitute only 2% of
the carbon flux and 0.003% of the total reactant flux.
They indicate that the large differences in hydrocar-
bon product concentrations discussed below must be
attributed to the chemical reactions of the dopants and
their decomposition products.

3.2. Dopant decomposition rates; importance of
unimolecular dissociation

We can characterize the decomposition rates of
the dopants with the paramet€z / Ht) 104, Which is
the Z/Ht at which [dopant}= 20 ppm, or 1% of
the initial dopant mole fraction. This parameter is in-
teresting because its dependence on dopant structure
reveals that unimolecular dissociation is the main de-
composition mechanism.

The top of Fig. 3 shows the measured centerline
dopant profiles (i.e., [CHXA] in the CHXA-doped
flame, [CHXE] in the CHXE-doped flame, etc.). Each
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Fig. 3. (Top) Centerline dopant profiles were measured with
the PTMS. (Bottom) Centerline dopant profiles were calcu-
lated in the limit at which unimolecular dissociation domi-
nates H-atom abstraction.
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profile was measured twice to indicate its repro-
ducibility. The profiles behave as expected for a fuel
component: in each flame the dopant concentration
decreases monotonically with increasidg Ht un-

til it reaches zero while still on the fuel-rich side
of the stoichiometric surface. Each dopant decom-
poses at a significantly different rate aid/ Ht) 19
increases in the order 1,4-CHXB CHXE < 1,3-
CHXD < CHXA < BZ.

(All of the PTMS measurements were calibrated
with the sensitivity for propadiene; since the actual
sensitivities vary, some of the profiles in Fig. 3 in-
tersect at high concentrations (e.g., 1,4-CHXD and
CHXE at about 850 ppm). HowevetZ / H) 194 iS NOt
sensitive to the calibration since the dopant concentra-
tion decreases steeply. For example, if the sensitivity
to CHXA is assumed to be half that of propadiene,
i.e., all of the [CHXA] are doubled, the(Z/HT)19
changes only from 0.467 to 0.480.)

In general hydrocarbons in high-temperature sys-
tems can decompose by unimolecular dissociation or
by bimolecular H-atom abstraction. The disappear-
ance order of the dopants disagrees with the rela-
tive abstractability of each dopant's H atoms, which
suggests that unimolecular dissociation is the main
dopant decomposition pathway in our flames. For ex-
ample, CHXE disappears before CHXA but has a
more tightly bound set of H atoms (8 secondary and 2
vinylic versus 12 secondary), and the CHXD isomers
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used the measurefly profiles, and used residence
times obtained by assuming a constant buoyant ac-
celeration of 25 ms? [17].

The bottom of Fig. 3 shows the calculated profiles.
They agree reasonably with the measured profiles,
particularly in terms of the decomposition order of the
dopants. Thus we conclude that this order stems from
the relative rates of (R1) to (R5). For example, 1,4-
CHXD decomposes before 1,3-CHXD becausg H
elimination is symmetry-allowed for 1,4-CHXD but
symmetry-forbidden for 1,3-CHXD [20].

The shapes of the calculated and measured profiles
differ because the calculations neglect radial diffu-
sion. In particular, the calculated profiles are flat in
the first portion of the flame, whereas the measured
profiles decrease steadily throughout the flame as the
dopants diffuse away from the centerline. (Diffusion
in the other direction, from the annular flame front
toward the centerline, accounts for the increas&gin
and [CQ] until Z/HT ~ 0.8, at which point CQ for-
mation and heat release begin at the centerline.) The
error in the calculatedZ / Ht)19, caused by neglect-
ing diffusion can be estimated by assuming that the
primary effect of diffusion is to reduce the amount of
dopant that has to be consumed when chemical con-
sumption starts to occur. Such estimates show that
the error is negligible; for example, if the effective
[CHXA] is assumed to be 1000 ppm instead of 2000
ppm, then(Z/Ht)19, decreases by about 1%, from

disappear at different heights but have the same set of 0.467 to 0.462.

H atoms (4 vinylic and 4 allylic).

As a more quantitative test of this conclusion,
we calculated dopant profiles in the limit at which
dissociation dominates H-atom abstraction. The cal-
culations ignored diffusion, assumed the dominant
unimolecular dissociations for the dopants were re-
actions (R1) to (R5) in Table 2, adopted the high-
pressure limit Arrhenius parameters listed in the table,

Figure 4 compares the measured and calculated
(Z/ HT)1%. Itincludes additional data points that cor-
respond to a 1-hexene-doped flame investigated as
a supplement to this study and theneptane-doped
flame in our previous study [1]; the dissociation reac-
tions for these cases were assumed to be (R26) and
(R27) in Table 2. All of the data points lie within 17%
of the dashed line that corresponds to exact agree-

Table 2

Thermal dissociation Arrhenius parameters=(Ae—E4/RT)

Number Reaction A (1/s) Ea (kcal/mol) Source
(R1) CHXA — 1-hexene 10167 88 [18]
(R2) CHXE — 1,3-butadiene- CyHy 10156 66 [19]
(R3) 1,3-CHXD—>BZ + H, 10134 59 [20]
(R4) 1,4-CHXD —BZ + Hy 10124 44 [21]
(R5) BZ > BZe+H 10173 118 [22]
(R6) 1,3-CHXD— CHXDe + H 10157 73 [23]
(R13) CHXE — CHXEe + H 10157 82 [23]
(R14) CHXE — 1,3-CHXD+ H, 10187 62 7]
(R20) CHXA — 3CoH4 10179 87 [4]
(R21) CHXA — CHXAe + H 10165 95 [23]
(R26) n-Heptane 10134 63 [24]
(R27) 1-Hexene— C3Hs + C3H7 10159 71 [18]

BZe, CHXDe, CHXEe, and CHXAe are phenyl, cyclohexadienyl, cyclohexenyl, and cyclohexyl radicals.
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ment, which is good agreement considering the un-
certainties in(Z/Ht) 1%, Tg, and the estimates of the
residence times. This agreement quantitatively con-
firms that unimolecular dissociation is the main de-
composition process for most of the dopants.

BZ appears to be an exception: the calculations
underpredict the decomposition rate for BZ but over-
predict it for the other dopants. In fact, fall-off re-
duces the rate of (R5) by at least a factor of 2
[22], so the underprediction is worse than the high-
pressure limit calculations imply. (Fall-off is insignif-
icant for (R1) to (R4) at atmospheric pressure [18,19];
(R5) suffers more fall-off because it occurs at higher
temperature—see tt&y scale on the right of Fig. 4—
and the high-pressure limit requires higher pressures
as temperature increases [23].) Furthermore, while
the kinetic calculations presented below show that
dissociation is the fastest decomposition pathway for
CHXD, CHXE, and CHXA, similar calculations in-
dicate that H-atom abstraction by OH radicals and H
atoms is faster than unimolecular dissociation for BZ.

The agreement in Fig. 4 shows that the Arrhenius
parameters in Table 2 for (R1) to (R4) are accurate
for nonpremixed flame conditions. The “error bars”
for the CHXA data point illustrate the effect of in-
creasing or decreasing thefactors by a factor of 3,
and they indicate an approximate upper bound to the
errors in the Arrhenius parameters based on our re-
sults. This conclusion is significant because some of
the Arrhenius parameters were obtained under condi-
tions that are quite different from those in a flame. For
example, (R3) was measuredatL0—3 Torr [20] and
(R4) at 600 to 660 K [21]. Lindstedt and Maurice ob-
tained the Arrhenius parameters for (R26) by altering
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Fig. 4. The disappearance locations of the dopants were
determined from their measured and calculated centerline
mole fraction profiles(Z/Ht)19, is defined as th&€ / Ht at
which [dopant]= 20 ppm, which is 1% of [dopant]. The
numbers on the right are the measured centerligérom
the undoped flame plotted against the vertiéaHT scale.
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an earlier set so that the rate wad 0 times slower at
high temperatures [24]; our results support this alter-
ation.

The importance of unimolecular dissociation in
our nonpremixed flames differs from earlier studies
of CHXA and CHXE oxidation in jet-stirred reac-
tors [3-5], rapid compression machines [6], and shock
tubes [7], in which H-atom abstraction was the dom-
inant decomposition pathway. As discussed below,
this difference significantly alters the BZ formation
pathways. Our specific methodology particularly fa-
vors unimolecular dissociation because the dopants
are mixed with a very stable fuel (GH however,
numerical simulations of neat propane antieptane
nonpremixed flames have also concluded that disso-
ciation is a key fuel decomposition pathway [24,25].

((R1) is an isomerization reaction, so our mass
spectrometric diagnostic cannot directly detect its oc-
currence. However, Fig. 4 shows that CHXA con-
sumption is much slower than 1-hexene consumption,
so (R1) is the rate-determining step from CHXA to
smaller molecular weight products.)

3.3. Hydrocarbon product concentrations

The hydrocarbon product concentrations provide
further evidence regarding the decomposition and BZ
formation processes for the dopants. About 30 prod-
ucts were detectable in these flames, and centerline
mole fraction profiles of each one were measured in
all six flames. We do not have enough space to show
all of these data, but Fig. 5 shows the BZ profiles and
Figs. 6-8 show the maximum centerline mole frac-
tions of selected additional products. (We can provide
an electronic version of the complete data set upon re-
quest.) The BZ profiles in the non-BZ-doped flames
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Fig. 5. Centerline [BZ] profiles were measured with the
PTMS. The vertical dashed lines mark the heights at which
1,4-CHXD and 1,3-CHXD finish decomposing on the cen-
terline.



160

1201 CH, .
~_

60 ,K/ e

Y T T T T T T

7004 C3H4 o.
— \“’\A‘«

350 .

60004 C_H

30004

8000 C.H,

2 2
*/n———e\ A 4q

Maximum Centerline Mole Fraction (ppm)
o

40004

T T T T
+CHXE +1,3-CHXD+14-CHXD +BZ

Flame

T T
undoped  +CHXA

Fig. 6. Maximum centerline concentrations of important C2
and C3 hydrocarbons were determined from the EQMS and
PTMS centerline profiles. £H,, acetylene; GHy4, ethylene;
C3Hg, propadiene/propyne; ancsBg, propene.

80+ CSHS
’é 40
g 0 x/n b hd
p * . . . : ;
Q
S 00 CH, PN
L% 4004 o
®
S o~ A4 .
s : . . : ] ?
@ -
2 2501 CH, e
L 5] a—— 4 .
Q
&)
2 ol . . . . .
=
% 3004 CH, — .

* o————&—

= 150

o

T T T T
+CHXE +1,3-CHXD+14-CHXD +BZ

Flame

T T
undoped  +CHXA

Fig. 7. Maximum centerline concentrations of important C4
and C5 hydrocarbons were determined from the PTMS cen-
terline profiles. GH», diacetylene; @Hg4, butenyne (viny-
lacetylene); GHg, butadiene; and £Hg, cyclopentadiene.

80-C H
40

0 T T T T T T
20+

104

100+

50

504 CH
254

Maximum Centerline Mole Fraction (ppm)
o

/A/—/«

o———&
"

T T T T
+CHXE +1,3-CHXD+14-CHXD +BZ

Flame

T T
undoped  +CHXA

Fig. 8. Maximum centerline concentrations of important aro-
matic hydrocarbons were determined from the PTMS center-
line profiles. GHg, toluene; @Hg, phenylacetylene; §Hg,
styrene; and gHg, naphthalene.

C.S. McEnally, L.D. Pfefferle / Combustion and Flame 136 (2004) 155-167

illustrate the behavior observed for all of the hydro-
carbon products: the concentrations are near zero at
the burner surface, increase to a peak in the fuel-
rich part of the flame, and decrease back to zero by
Z/Ht = 0.9, which is where @ begins to appear on
the centerline.

In the CHXD-doped flames [BZ] increases very
rapidly until the BZ profiles merge with the BZ profile
in the BZ-doped flame. Furthermore, the heights at
which [BZ] peaks (0.31 and 0.41) are very close to the
heights at which the dopant disapped®/(HT)19%, =
0.31 and 0.43; see the dashed lines in Fig. 5). Thus
dehydrogenation to BZ is the dominant decomposi-
tion pathway—and BZ formation pathway—for both
CHXDs. This conclusion agrees with sooting tenden-
cies measured in CHXD/ANnonpremixed flames [8],
soitis a general feature of nonpremixed flames and is
not specific to the conditions in our doped flames.

Detailed inspection of our results reveals that 1,4-
CHXD decomposes exclusively to BZ, whereas ad-
ditional minor decomposition pathways exist for 1,3-
CHXD. In particular, forZ/Ht > 0.4 [BZ] agrees
to within 10% among the 1,4-CHXD- and BZ-doped
flames, but it is systematically 10-20% lower in
the 1,3-CHXD-doped flame. Furthermore, Figs. 6-8
show that the maximum mole fractions of all other
hydrocarbon products are the same in the 1,4-CHXD-
and BZ-doped flames, while [Elg]max [CsHg]max
and [GgHg]max are higher in the 1,3-CHXD-doped
flame. (The GHg results are difficult to make out in
the figure; [GHg]max = 85, 75, and 76 ppm in the
1,3-CHXD-, 1,4-CHXD-, and BZ-doped flames.)

In the CHXE- and CHXA-doped flames [BZ] in-
creases slowly, and large increases (hundreds or thou-
sands of ppm) occur in the mole fractions of C2,
C3, and C4 hydrocarbons. Theld, and C4 concen-
trations are larger in the CHXE-doped flame, while
the C3 concentrations are larger in the CHXA-doped
flame. Thus fragmentation to lower carbon number
products is the main decomposition process for both
CHXE and CHXA, but it produces C4 C2 products
from CHXE and C3+ C3 products from CHXA.

Nonetheless, CHXE and CHXA produce some
BZ, so the question arises of whether this BZ comes
from addition reactions between the fragments or
from dehydrogenation. (Although dehydrogenation
is not the main decomposition pathway for these
dopants, it could still be an important BZ forma-
tion pathway since BZ is a minor product.) Figure 9
shows the CHXD profiles measured in the CHXE-
and CHXA-doped flames at the top and the “ex-
tra” BZ measured in these flames at the bottom (i.e.,
the BZ profiles from these flames minus the profile
from the undoped flame). [CHX[R]ax in the CHXE-
doped flame is about one-third of the maximum ex-
tra [BZ]. The results from the CHXD-doped flames
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imply that this CHXD converts to BZ, so dehydro-

genation roughly accounts for at least one-third of the
extra BZ in the CHXE-doped flame. In fact, since

CHXD — BZ probably overlaps CHXE> CHXD

to some extent, the actual fraction of the extra BZ
formed by dehydrogenation could be much larger
than one-third. (Some of the measuregHg could
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Fig. 10. [BZJnax and [G3H4lmax Were determined from
PTMS centerline profiles measured in CHXA- and CHXE-
doped flames with [dopantl) = 2000, 3500, and 5000
ppm. The undoped and heptane-doped flame data points
come from Ref. [1], and the line is the least-squares lin-
ear fit to them. [Dopanje| = 5000 ppm in all of the hep-
tane-doped flames, but the specific isomer varied.

line to those six points, and six new data points from
CHXE- and CHXA-doped flames with [dopapid| =
2000, 3500, and 5000 ppm. The data points from
the CHXE-doped flames lie at systematically higher
[CgHg] for a given [GGH4] than the best-fit line,
which suggests that a large portion of the BZ is being

be hexatriene, but, as discussed below, hexatriene alsoformed by a new pathway, presumably dehydrogena-

converts to BZ.)

The profile shapes support this conclusion. The
extra [BZ] finishes increasing at roughly the height
at which [CHXD] decreases to zero, which agrees
with CHXD being the main source of BZ. Moreover,
[CHXD]max occurs atZ/Ht = 0.31, which is well
before CHXE disappearsZ/Ht)10, = 0.37; see the
dashed line in Fig. 9), so CHXD consumption does
indeed overlap CHXE consumption.

In the CHXA flame very little CHXD was detected
([CHXD]max~ 6 ppm) and CHXE was undetectable
(detection limit~ 5 ppm, limited by interferences
from fragment ions of CHXA). These observations
suggest that very little CHXA dehydrogenated to BZ,
but they are not conclusive: CHXE and CHXD both
start to decompose before CHXA (see Fig. 3), so their
concentrations could be small even if dehydrogena-
tion was important.

Therefore, to obtain further evidence we exam-
ined the dependence of [B&hx on [C3Halmax- In
our study of heptane-doped flames, in which BZ prob-
ably formed from self-reaction of propargyl radical
(CgH3)—and definitely not by dehydrogenation of
alkyl rings—we obtained a linear relationship be-

tion. The data points from the CHXA-doped flames
follow the best-fit line much more closely, which sug-
gests that most of the BZ is being formed by the same
pathways as in the heptane-doped flames and there-
fore that very little BZ is formed by dehydrogenation.

3.4. Reaction pathways

In this section we present calculations of effec-
tive rate constantékes;) for possible consumption re-
actions of the dopants and their conjugate radicals.
These calculations further validate the conclusions of
the previous sections, explain several of the key ex-
perimental observations, such as the importance of
fragmentation for CHXA and CHXE in nonpremixed
flames versus premixed systems, and demonstrate the
reasonableness of the measured product concentra-
tions. We defingef = k for unimolecular reactions
(R — products) andeeff = k[X] for bimolecular re-
actions with species X (R X — products). Thus in
both case%es; = rate/[R] and the values can be di-
rectly compared.

These calculations require concentrations of rad-
icals (H, CH;, OH, etc.) that were not measured in

tween these two parameters [1]. Figure 10 shows the this study. Therefore we based the calculations on
data point from the undoped flame, the five data points centerline species anfyy profiles that we obtained
from the heptane-doped flames, the best-fit straight by numerically simulating a Cldair flame that was



162

identical to the experimental undoped flame except
that its fuel was not diluted by N[14]. The model
used a detailed chemical kinetic mechanism, species-
dependent transport coefficients, an optically thin ra-
diation submodel, fully elliptic governing equations,
etc., and the numerical results agreed with experimen-
tal measurements. The difference ip 8llution is not
expected to significantly alter the relative importance
of reactions.

CHXD-doped flames. Possible 1,3-CHXD reactions
include H elimination, C—H fission, H-atom abstrac-
tion (by X=H, CHg, O, OH, G, etc.), and H-atom
addition:

1,3-CHXD— BZ + H, [20], (R3)
1,3-CHXD— CHXD e +H [23], (R6)
1,3-CHXD+ X — CHXD e + HX [4], and (R7)
1,3-CHXD+H — CHXE o [26], (R8)

where CHXDs is the cyclohexadienyl radical and
CHXE:-@ is the cyclohexenyl radical.
Figure 11 shows centerline profiles &g¢ for
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provide further evidence that unimolecular dissocia-
tion dominates H-atom abstraction for 1,3-CHXD.

Possible CHX[® reactions include C-H fission,
C—C fission, and H-atom abstraction:

CHXDe — BZ + H [27], (R9)
CHXDe — 1,3,5-hexatrien-1-yl and (R10)
CHXD e +X — BZ + HX [4]. (R11)

(H-atom addition is also possible, but unimportant in
terms of CHXD decomposition products.) The bar-
rier heights for (R9) and (R10) are 25.7 and 60.1
kcal/mol [28], so C—H fission is strongly favored. For
illustrative purposes we have assumed a rate expres-
sion for (R10) withAjg= Ag =2 x 1013 s71 [27]
andE1g=60.1 kcal/mol. (Eg = 26.0 kcal/mol [27],
which is close to the computed barrier height.)

Figure 12 showsef for these reactions. The ver-
tical dashed line marks the height at whicy of the
1,3-CHXD reactions first reaches 100%s which is
where most CHXIe forms. At this location the dom-
inant CHXDe reaction, by a factor of 2300, is C—H
fission. The second and third most important reac-

these reactions based on the rate expressions in thetions are H-atom abstraction by,@nd Ch;, which

cited references. All of the reactions that produce
CHXDe are shown with open symbols, the reaction
that produces CHX& is shown with partially filled
symbols, and the reaction that produces BZ with filled
symbols. The numerical results indicate that the res-
idence times in the pyrolysis zone of the flames are
~ 10 ms. This corresponds f@¢ ~ 100 s'1, which

is marked with a dashed horizontal line. When the
reactions first achieve this level (a/Ht ~ 0.26),

H> elimination is the fastest reaction, followed by
C—H fission (50% as fast), and H-atom addition (4%).
The fastest H-atom abstraction reaction, abstraction
by CHjs, is only 0.7% as fast, so these calculations

10000.
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also form BZ. (The maximum ikef for H-atom ab-
straction by @ at Z/Ht ~ 0.1 results from the en-
trainment of [Q] at the base of the flame (see Fig. 2),
which is accurately reproduced by the numerical sim-
ulations [14].) C-C fission is 6 orders of magnitude
slower than C—H fission, which is much larger than
the uncertainty in our estimate df; o, so hexatrienyl
formation is negligible.

Figure 13 shows a reaction scheme for fuel de-
composition and BZ formation in nonpremixed 1,3-
CHXD flames based on Figs. 11 and 12 and the ob-

11
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Fig. 12. Effective rate constants for various reactions of
CHXDe were calculated from the computed centerline pro-

Fig. 11. Effective rate constants for various reactions of files in Ref. [14]. The vertical dashed line marks the height
1,3-CHXD were calculated from the computed centerline  at which ke for the 1,3-CHXD reactions first reaches 100
profiles in Ref. [14]. s,
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1,3-CHXD CHXD-doped flame (aZ/HT ~ 0.19), H-atom ad-
. dition is only 0.6% as fast, versus 4% as fast in the
+H isom. -H -H,; .
1,3-CHXD-doped flame. Thus the reaction scheme
readily explains why 1,4-CHXD produces BZ exclu-
sively while 1,3-CHXD produces additional products.

CHXE- methylcyclopentadiene CHXD-

CoC -H
CHXE-doped flame. Possible CHXE reactions in-
Cstls clude retro-Diels—Alder dissociation, C—H fissiory H
elimination, H-atom abstraction, and H-atom addi-
tion,

CHXE — CHXE e +H [23], (R13)
1,3-C,H, CHy  CgHg BZ CHXE — 1,3-CHXD+ H5 [7], (R14)

A\ 4 v

\/ CHXE — 1,3-butadiene- CoHy4 [19], (R2)

Fig. 13. A reaction scheme for 1,3-CHXD was devel CHXE+ X — CHXEe+HX[4], and (R15)
oped based on the observed hydrocarbon products, Figs. 11
and 12. Thick arrows represent major elementary reactions, CHXE+H — CHXA o [26], (R16)
thin arrows represent minor elementary reactions, open ar- where CHXA is the cyclohexyl radical. Kiefer and
rows represent multistep pathways, afid> C represents  ghah have shown definitively that (R2) is the dom-
C-C bond fission. inant unimolecular reaction for CHXE [19]; how-

) ever, (R14) is potentially still important since 1,3-
served hy_drocarbon prodyct_s. The major 1,3-CHXD CHXD is a more direct BZ precursor than is 1,3-
consumption pathways, indicated by thick arrows, p, iaqiene. Smith and Gordon detected CHXD during
produce BZ by (R3) and CHX®by (R6), and the static reactor pyrolysis of CHXE and concluded that

main consrl]Jmptrilpn pz:]thway forfliH)Gi;l)rqducis BZ it was formed by a unimolecular process based on
by (R9).-T us this sc eme readi Y explains why BZis experiments with deuterium-labeled compounds [30].
the dominant product in the experiments. Dayma et al. have reanalyzed Smith and Gordon’s

Two mri]nor ﬁ’S'CHXD consumption plilth\?_/ays_ data to obtain the Arrhenius parameters for (R14) that
produce ft e OF er bobserved pro(;:i_ucts. Td eb ||rst IS are listed in Table 2. More recently, Barnard and Par-
CHXEe formation by (R8). As discusse €IOW. " rott observed CHXD formation during shock tube py-
CHXEe decomposes to C4 hydrocarbons, so this rolysis of CHXE [31]
pe_lthway explai_ns_ the o_bse'rved4I€6. The second Figure 14 showskgs; for these reactions. When
minor pathway is isomerization 'Fo methylcyclopenta— ket first reaches 10078 (at Z/ Hy ~ 0.24) the retro-
d|ene_ (CHXD— C5H5,_CH3)' Th's ISa hypqthetlcal Diels—Alder dissociation is the fastest reaction, fol-
reaction that we have included in the reaction scheme |\ ¢ by Hp elimination (9% as fast), H-atom addi-
to provide a source of §Hg and GgHg. Specifically, tion (1.2%), and H-atom abstraction by €kD.7%).
methylcyclopentadiene readily dissociates via C—C

fission to CH and cyclopentadienyl radical §Ei5— 10000 5 re
CHz — CgHs + C3H3) [29], and the GHsg can then ] ; YN
form cyclopentadiene by H-atom addition and styrene ] ] Z «3\
by an addition reaction with §H3. This part of the 1000 - I.’ /
reaction scheme is uncertain and is intended only to - by
show the existence of plausible formation pathways § .
for CsHg and GgHg, not to be the definitive explana- ; B R I’; el S
tion; detailed kinetic studies of 1,3-CHXD reactions ¢ 7 —6— CHXE — 1.3-CHXD + H,
under simpler conditions are clearly needed. N Tg) G VA

The reaction scheme for 1,4-CHXD resembles the 103 Ié —v— CHXE + CH, - CHXEs + CH,
one for 1,3-CHXD. However, as discussed above, ] .’,‘l o GIXE + O O + W0
H» elimination is much faster from 1,4-CHXD than ,"Z O CHXE +H — CHXA
from 1,3-CHXD (by a factor of 100 at 1100 K), so s X T o - : A o
the CHXBs and methylcyclopentadiene pathways are ZM,

much less important. For example, if we assume that

the rate expression for H-atom addition is the same Fig. 14. Effective rate constants for various reactions of
for 1,4-CHXD as for 1,3-CHXD, then when the rate  CHXE were calculated from the computed centerline pro-
of H, elimination first achieves 1007¢ in the 1,4- files in Ref. [14].
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Fig. 15. Effective rate constants for various reactions of
CHXEe were calculated from the computed centerline pro-
files in Ref. [14]. The vertical dashed line marks the height
at whichke for the CHXE reactions first reaches 100's

Possible CHXR reactions include C—C fission,
C—H fission, and H-atom abstraction:

CHXEe — 1,3-hexadien-6-yl [4] (R17)
CHXEe — 1,3-CHXD+H [4], and (R18)
CHXE o +X — 1,3-CHXD+ HX [4]. (R19)

Figure 15 showsker for these reactions. The
dashed line marks the height at which most CHXE
forms. At this location the dominant CHXEeaction,
by a factor of 700, is C-C fission. Thus a negligi-
ble fraction of the CHXE dehydrogenates to CHXD
via CHXEe (= CHXEe/CHXE x CHXD/CHXEe ~
0.7% x 1/700= 10‘5), so (R14) is necessary to ex-
plain the 50 ppm CHXD measured in the CHXE-
doped flame.

Figure 16 shows a reaction scheme for fuel decom-

position and BZ formation in nonpremixed CHXE

flames based on Figs. 14 and 15 and the observed hy-

drocarbon products. The major CHXE consumption
pathway produces fHg and GH4 by (R2), and the
most important minor pathway produces 1,3-CHXD
by (R14). The dominance of (R2) explains whyh;
and GHg are the main products in the CHXE-doped

flame (see Figs. 6 and 7). Subsequent reactions of

C4Hg produce the observedz€, and GHy4 [32,33].

BZ is formed by dehydrogenation of 1,3-CHXD and

various C4+ C2 and C3+ C3 addition reactions.
Formation of CHXk and CHXAe is also in-

cluded in the reaction scheme for completeness, but
Fig. 14 demonstrates that these are minor pathways.

As discussed below, CHX&A leads to GHg and
CyHy, which are the same products as from (R2).
Figure 15 shows that CHX&overwhelmingly de-

composes by C-C fission to the 1,3-hexadien-6-

yl radical, which decomposes in turn by C-C fis-
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CHXE
TH H H, Retro|
- D-A
CHXA- CHXE- 1,3-C,H, + C,H,
1,3-CyH¢, C,H,  C=C-C=C-C-C- CHXD C,Hy, CiH,
ol -H
C=C-C=C=+ C,H, C=C-C=C-C=C

1,3-C,Hg, C,H, BZ

Fig. 16. A reaction scheme for CHXE was developed based
on the observed hydrocarbon products, Figs. 14 and 15.
Thick arrows represent major elementary reactions, thin ar-
rows represent minor elementary reactions, open arrows rep-
resent multistep pathways, atd« C represents C—C bond
fission.

sion to butadienyh- CoH4 and by C-H fission to
1,3,5-hexatriene. The sooting tendencies of hexadi-
enes are similar to those of BZ [8], which implies
that they readily convert to BZ, so hexatrienes pre-
sumably do as well. However, onky 0.7% of the
CHXE is converted to CHXE, so the upper limit to
[hexatrienehax is ~ 14 ppm, and BZ formation by
this pathway is less important than from CHXE
CHXD — BZ.

CHXA-doped flame. Possible CHXA reactions in-
clude isomerization to 1-hexene, dissociation $tig,
C—H fission, and H-atom abstraction:

CHXA — 1-hexene [1§] (R1)
CHXA — 3CyHg4 [4], (R20)
CHXA — CHXA ¢ +H [23], and (R21)
CHXA + X — CHXA ¢ +HX [4]. (R22)

Figure 17 showskef for these reactions. The
dominant process is 484 formation via (R20),
which implies that the CHXA-doped flame is effec-
tively a GHy-doped flame. However, the measure-
ments strongly contradict this notion; for example,
[C2H4lmax is higher in the CHXE-doped flame than
in the CHXA-doped flame. Thus we conclude that
the rate expression for (R20) given in [4] overpredicts
the rates in our temperature regime. (Our conditions
are much more sensitive to unimolecular dissociation
rates than were the near-stoichiometric experiments
in [4].) With (R20) excluded, isomerization to 1-
hexene is the fastest CHXA consumption reaction
when kef first reaches 10078 (at Z/Ht ~ 0.35),
followed by H-atom abstraction by H atom (33% as
fast) and by CH (7%).
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Fig. 17. Effective rate constants for various reactions of
CHXA were calculated from the computed centerline pro-
files in Ref. [14].
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Possible CHXA reactions include C—-C fission,
C—H fission, and H-atom abstraction:

CHXAe — 1-hexen-6-yl [4] (R23)
CHXAe — CHXE+H[4], and (R24)
CHXA e +X — CHXE + H [4]. (R25)

Figure 18 showskess for these reactions. The
dashed line marks the height at which most CHXA
forms. At this location the dominant CHXAcon-
sumption reaction, by a factor of 40, is C-C fission.
Thus only a small fraction of CHXA is converted
to CHXE (= CHXAe/CHXA x CHXE/CHXAe ~
40% x 1/40= 1%), which explains why CHXE was
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CHXA
l+H, -H, complex C<—>C1
CHXA. C=C-C-C-C-C
\CHC +0,, -HOZ§ complex C&C Ce
C=C-C-C-C-C- CHVXE 2C,H,  C3Hy + CyH,
CeC
C,H, + C=C-C-C- C,H,, C;H,, C,H,
CoC -H|
C=C++C,H, 1,3-C,H, BZ

Fig. 19. A reaction scheme for CHXA was developed based
on the observed hydrocarbon products, Figs. 17 and 18.
Thick arrows represent major elementary reactions, thin ar-
rows represent minor elementary reactions, open arrows rep-
resent multistep pathways, atd« C represents C—C bond
fission.

Figure 19 shows a reaction scheme for fuel decom-
position and BZ formation in nonpremixed CHXA
flames based on Figs. 17 and 18 and the observed hy-
drocarbon products. The major CHXA consumption
pathways produce 1-hexene by (R1) and CHXay
(R22). The central C—C bond in 1-hexene is the weak-
est C—C bond (by about 12 kgahol [34]); thus the
dominant dissociations of 1-hexene are fissions of this
bond to produce ally n-propyl and GHg + C3Hg
[18]. Subsequent reactions of these products lead to
the observed ¢H4 and GH4 and to BZ via GH3 re-
combination. Our measurements in a 1-hexene-doped
flame confirm the production of ££14, CzH4, and
C3Hg from 1-hexene. CHXA decomposes through a
series of C—C fissions to produce the observgHi&
and GHg.

This kinetic scheme, combined with the schemes
for CHXD and CHXE, clearly explains why BZ is the
dominant decomposition product of CHXD but not
of CHXA and CHXE. First, unimolecular dissocia-
tion is a major consumption pathway for all of these
dopants, and the fastest CHXD dissociation reactions,
(R3) and (R4), produce BZ directly while the fastest
CHXA and CHXE dissociation reactions, (R1) and
(R2), produce linear hydrocarbons. Second, C—H fis-
sion dominates CHX®dissociation due to the effects
of resonance on the C—H and C-C bond strengths,
whereas C—C fission dominates CH&&nd CHXAe
dissociation since alkyl C—C bonds are weaker than
alkyl C—H bonds [35].

The kinetic scheme for CHXA also explains why
dehydrogenation is much more important in premixed
systems [3—6]. The key is abstraction of an H atom
from CHXAe by Oy; this pathway is shown with

undetectable in the CHXA-doped flame and dehydro- a dotted line in Fig. 19 since it is insignificant in

genation formed very little BZ.

our flames, but premixing greatly increases its impor-
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tance. The main reason is that premixing increases
[O2] (by a factor of ~ 50 at¢ = 2). Furthermore,
premixing increases radical concentrations in the py-
rolysis zone [14], which shifts CHXA consumption
toward CHXAe instead of 1-hexene. Finally, the in-
creased radical concentrations cause CHXA be
produced at lowetZ/HT, which favors H-atom ab-
straction over dissociation due to the shape of thg [O
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(The fv.max in the cyclic C6-doped flames is
smaller than in the heptane-doped flames because
[dopant] in the fuel mixture was 2000 ppm versus
5000 ppm.)

Based on several of our earlier studies we assume
that naphthalene formation in these flames is domi-
nated by GH» addition to phenylacetylene (i.e., the
HACA mechanism [36]) [10,37]. Therefore pheny-

profile and the negative temperature dependence of lacetylene is the next critical growth product beyond

the abstraction reaction.

3.5. Soot volume fractions; rate-limiting steps to
soot formation

Soot volume fractions fy,) connect fuel decom-
position and hydrocarbon growth with the practical
problem of particle emissions from combustors. The
fv profiles measured in the current flames resemble

those we have presented earlier for heptane-doped

flames [1]. fv,max equals~ 0.0005 (undoped flame),
0.043 @-CHXA), 0.055 {CHXE), 0.23 (1,3-
CHXD), 0.25 ¢-1,4-CHXD), and 0.26 ppmBZ).

In our heptane-doped flamegnhax depended lin-
early on [BZ}hax The bottom of Fig. 20 shows the
data from that study, a straight line fit to it, and the
corresponding results from the current flames. The
CHXA- and CHXE-doped flames fit the line reason-
ably well, but the CHXD and BZ-doped flames do
not: their fy, max are much smaller than would be ex-
pected on the basis of their [B&hx. Undoubtedly the
reason is that in these flames [BZ] peaks before hy-
drocarbon growth is possible and then is reduced by
mixing before growth starts. Or, to put it another way,
CHXD converts to BZ so easily that BZ formation is
not a rate-determining soot formation step.
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Fig. 20. [Phenylacetylenghx (top), [BZ]max (bottom), and
Jfv.max were determined from the PTMS and LIl centerline

profiles. The undoped and heptane-doped flame data points

come from Ref. [1]. The dashed line in the bottom graph is

a linear least-squares fit to the undoped and heptane-doped

flame data, and the dashed line in the top graph is a sec-
ond-order polynomial least-squares fit to all of the data.

BZ. The top of Fig. 20 showgy,max as a function

of [phenylacetylengjax. In this case all of the data
points fit on a single curve. Thus phenylacetylene for-
mation is a rate-limiting step to soot formation in
these flames.

4. Concluding remarks

Benzene formation is important in at least two
contexts: as part of air toxics formation [38] and as
a precursor to soot formation [39]. Air toxics tend to
form when fuel partially oxidizes under low-tempera-
ture, near-stoichiometric conditions, e.g., when gaso-
line in an engine is trapped in crevices and then
released during the expansion stroke [40,41]. Un-
der these conditions cyclohexane readily produces
benzene through dehydrogenation [3—6], and indeed
substantial benzene formation via this pathway has
been observed in cyclohexane-fueled spark-ignition
engines [40,41]. In contrast, soot forms when fuel py-
rolyzes under high-temperature, fuel-rich conditions,
e.g., in a burning diesel fuel spray. The experiments
reported in this paper show that under these condi-
tions cyclohexane negligibly dehydrogenates to ben-
zene. Thus soot production from cycloalkanes mirrors
that from similar-sized linear alkanes.
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