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Abstract

C1 to C12 stable hydrocarbons, soot volume fraction, several major species, and gas temperature have
sured in a series of methane/air coflowing nonpremixed flames whose fuel was separately doped with 2
of cyclohexane, cyclohexene, 1,3-cyclohexadiene, 1,4-cyclohexadiene, and benzene. The cyclohexadien
dehydrogenated to benzene, while cyclohexane and cyclohexene mostly decomposed to C2, C3, and C4
bons. Addition reactions were the main benzene source in the cyclohexane-doped flame, whereas both
and dehydrogenation were important benzene sources in the cyclohexene-doped flame. Reaction pathw
identified in each flame from the hydrocarbon product distributions and from calculated rate constants of
reactions. Dehydrogenation was a minor pathway in the cyclohexane- and cyclohexene-doped flames
unimolecular dissociation, not H-atom abstraction, consumed the dopants and their conjugate radicals
nonpremixed flames. The maximum soot volume fraction correlated poorly with the maximum benzen
fraction in the cyclohexadiene-doped flames, which indicates that benzene formation was not a rate-det
step to soot production in those flames.
 2003 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

This paper is the second of a series in which
report nonpremixed flame experiments that exam
the fuel decomposition and hydrocarbon growth pa
ways of practical fuel components [1]. The first p
per concerned a representative large linear alk
heptane, while this paper mainly focuses on a r
resentative cyclic alkane, cyclohexane. Cycloalka
warrant separate study because they constitute a
nificant portion of most fuels (e.g.,∼ 16 to 67% of

* Corresponding author.
E-mail address:charles.mcenally@yale.edu

(C.S. McEnally).
0010-2180/$ – see front matter 2003 The Combustion Institut
doi:10.1016/j.combustflame.2003.09.012
the aviation-grade kerosenes discussed in [2]) and
cause they can potentially form aromatic hydroc
bons through a pathway that does not exist for
ear alkanes: dehydrogenation of six-membered a
rings to benzenoid rings.

The specific flames that we studied were CH4/air
coflowing nonpremixed flames whose fuel was se
rately doped with 2000 ppm of cyclohexan
(CHXA), cyclohexene (CHXE), 1,3-cyclohexadien
(1,3-CHXD), 1,4-cyclohexadiene (1,4-CHXD), an
benzene (BZ). (Figure 1, which is discussed bel
shows the structures of these compounds. Our n
tion emphasizes whether each compound is a cy
alkane, alkene, or alkadiene.) This set of dopa
includes the stable reactants and products for each
e. Published by Elsevier Inc. All rights reserved.
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Table 1
Flame conditions

Flame QCH4 QN2 Qd QAr Qsa [Dopant]fuel
(all flow rates in cm3/min at STP) (ppm)

Undoped 330 320 0 5.5 44,000 0
Doped 330 320 1.3 5.5 44,000 2000

QCH4, QN2, Qd, QAr , andQsa are the measured volumetric flow rates of CH4, N2, dopant, Ar, and secondary air (±5%);
[dopant]fuel is the calculated dopant mole fraction in the fuel mixture (±10%).
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hydrogenation step from CHXA to BZ. We measur
stable C1 to C12 hydrocarbons, soot volume fracti
major species, and temperature on the centerlin
each flame.

The objective of our experiments was to ident
the primary decomposition and hydrocarbon grow
pathways, particularly those that form BZ, for CHXA
CHXE, and CHXD in nonpremixed flames. Our r
sults complement earlier oxidation studies of the
compounds, which have considered jet-stirred re
tors [3–5], rapid compression machines [6], and sh
tubes [7]. Nonpremixed flames exemplify many pra
tical combustors, especially soot-producing syste
such as diesel engines and gas turbines. Furtherm
reaction pathways can differ between nonpremix
flames and these other systems; indeed, sooting
dency measurements in nonpremixed CHXA a
CHXE flames indicate that dehydrogenation to B
is much less important than it was in the studies ci
above [8].

2. Experimental methods

We used the same equipment and procedures
our heptane study [1]. Atmospheric-pressure coflo
ing laminar nonpremixed flames were generated w
a burner in which the fuel mixture (CH4, N2, Ar, and,
in most cases, a dopant) flows out of an 11.1-mm
ameter tube and reacts with air that flows from
annular region outside this tube. (Figure 2, which
discussed below, depicts this geometry.) Table 1 l
the reactant flow rates. The reactants came from h
purity gas cylinders (CH4, N2, and Ar; 99.97 + %
stated purities), reagent-grade bottles (dopants; 9+
% stated purities), and a compressor (air).

We measured gas temperature (Tg) with ther-
mocouples, soot volume fraction (fv) with laser-
induced incandescence (LII), and species mole f
tions (species) with a quartz gas sample probe
online mass spectrometry. A 118-nm photoioniz
tion/time-of-flight mass spectrometer (PTMS) qua
tified C3 to C12 hydrocarbons while an electro
impact/quadrupole mass spectrometer (EQMS) qu
tified CO2, O2, CH4, C2H2, and C2H4. TheTg mea-
surements include radiation corrections, and a ra
Fig. 1. PTMS mass spectra were measured for e
doped-flame fuel mixture to determine the extent
(dopant)+ fragmentation. Each data point is the integra
ion signal corresponding to an integer mass.

insertion procedure minimized soot deposition o
the junction [9]. The LII was excited at 1064 n
and detected in the 400 to 450 nm range [10];
volume fractions were calibrated with soot depo
tion rates onto the thermocouple [9]. The gas sam
probe entered the flame from the side, such that it
cooled by the coflowing air, and the backing pre
sure was kept below 3 Torr [11]. The uncertaint
depend on the property and the location, but c
servative upper limits to the relative and absol
uncertainties are±10 and±65 K (Tg) and±10 and
+100/−50% ([species] andfv). The spatial resolu
tions were 0.3 mm (thermocouple) and 1 mm (g
sample probe and LII).

Single-photon photoionization at 118 nm is
ideal method for ionizing complex hydrocarbon mi
tures: the photon energy (10.5 eV) barely exceeds
ionization energies of most hydrocarbons (e.g., 8
to 9.88 eV for the dopants [12]), so ion fragme
tion is usually negligible [13]. Figure 1, which show
normalized PTMS mass spectra of each doped-fla
fuel mixture, illustrates this attribute. The parent i
dominates each spectrum; the only significant fr
ment ions are 68 and 76 amu from CHXE (intens
∼ 10 and 2% of the parent ion) and 78 amu from 1
CHXD and 1,4-CHXD (∼ 2 and 6%). The minor in
terferences from these fragments on the hydrocar
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product profiles were removed by subtracting app
priately scaled versions of the parent ion profiles.

3. Results and discussion

3.1. Temperature and major species

The objective of this study was to identify the p
mary fuel decomposition and BZ formation proces
that occur in nonpremixed CHXA-, CHXE-, an
CHXD-fueled flames. Subsequent sections add
this topic in terms of the dopant disappearance
cations, the hydrocarbon product concentrations,
some simple kinetic calculations. This section d
cusses the measured gas temperatures and m
species mole fractions; these results place the hy
carbon product measurements in the context of
overall flame structure, demonstrate that the dopa
did not significantly affect the overall flame structu
and provide consistency checks of the diagnostics

Figure 2 shows the centerline profiles ofTg and
several major species. The data are plotted agains
nondimensional flame heightZ/HT, whereZ is the
distance above the burner surface andHT is the Z

at which the centerlineTg peaks.HT = 62± 1 mm
for the undoped flame and 64± 1 mm for the doped
flames. We have demonstrated with experiments
computer simulations thatHT is an accurate surro
gate for the height at which the stoichiometric surfa
intersects the centerline [14]; thus the local gas co
position at the centerline is fuel rich forZ/HT < 1
and fuel lean forZ/HT > 1.

The profiles show the expected structure for a n
premixed flame:Tg and [CO2] peak at the stoichio
metric surface, while [fuel] and [oxidizer] peak at th

Fig. 2. Centerline profiles ofTg, [CH4], [O2], and [CO2]
were measured with a thermocouple and the EQMS. Pro
from all six flames for each property are shown. The verti
dashed line marksZ/HT = 1, which is the approximate po
sition of the stoichiometric surface [14]. The diagram on
right shows the flame geometry.
r

fuel-rich and fuel-lean edges of the flame and
crease toward zero at the stoichiometric surface
agreement with earlier nonpremixed flame measu
ments [15,16], O2 penetrates through the stoichi
metric surface to the fuel-rich side and some O2 is
entrained at the flame base and then consumed
tweenZ/HT = 0.1 and 0.7 as if it were premixed wit
the fuel. (We estimate that the effectiveφ is ∼ 100.)

The results in Fig. 2 demonstrate that the chan
in the overall flame structure are too small to
fect the hydrocarbon product concentrations. The p
files from all six flames are nearly identical for ea
property: the maximum variation inTg is 24 K and
the [species] agree to within 20%. Furthermore, re
dence times in coflowing flames scale withZ1/2 [17],
so at a givenZ/HT they vary by less than{(64 −
62)/62}1/2 = 2% from flame to flame. These resu
are reasonable since the dopants constitute only 2
the carbon flux and 0.003% of the total reactant fl
They indicate that the large differences in hydroc
bon product concentrations discussed below mus
attributed to the chemical reactions of the dopants
their decomposition products.

3.2. Dopant decomposition rates; importance of
unimolecular dissociation

We can characterize the decomposition rates
the dopants with the parameter(Z/HT)1%, which is
the Z/HT at which [dopant]= 20 ppm, or 1% of
the initial dopant mole fraction. This parameter is
teresting because its dependence on dopant stru
reveals that unimolecular dissociation is the main
composition mechanism.

The top of Fig. 3 shows the measured center
dopant profiles (i.e., [CHXA] in the CHXA-dope
flame, [CHXE] in the CHXE-doped flame, etc.). Ea

Fig. 3. (Top) Centerline dopant profiles were measured w
the PTMS. (Bottom) Centerline dopant profiles were cal
lated in the limit at which unimolecular dissociation dom
nates H-atom abstraction.
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profile was measured twice to indicate its rep
ducibility. The profiles behave as expected for a f
component: in each flame the dopant concentra
decreases monotonically with increasingZ/HT un-
til it reaches zero while still on the fuel-rich sid
of the stoichiometric surface. Each dopant deco
poses at a significantly different rate and(Z/HT)1%
increases in the order 1,4-CHXD< CHXE < 1,3-
CHXD < CHXA < BZ.

(All of the PTMS measurements were calibrat
with the sensitivity for propadiene; since the actu
sensitivities vary, some of the profiles in Fig. 3 i
tersect at high concentrations (e.g., 1,4-CHXD a
CHXE at about 850 ppm). However,(Z/HT)1% is not
sensitive to the calibration since the dopant concen
tion decreases steeply. For example, if the sensiti
to CHXA is assumed to be half that of propadien
i.e., all of the [CHXA] are doubled, then(Z/HT)1%
changes only from 0.467 to 0.480.)

In general hydrocarbons in high-temperature s
tems can decompose by unimolecular dissociatio
by bimolecular H-atom abstraction. The disappe
ance order of the dopants disagrees with the r
tive abstractability of each dopant’s H atoms, wh
suggests that unimolecular dissociation is the m
dopant decomposition pathway in our flames. For
ample, CHXE disappears before CHXA but has
more tightly bound set of H atoms (8 secondary an
vinylic versus 12 secondary), and the CHXD isom
disappear at different heights but have the same s
H atoms (4 vinylic and 4 allylic).

As a more quantitative test of this conclusio
we calculated dopant profiles in the limit at whic
dissociation dominates H-atom abstraction. The
culations ignored diffusion, assumed the domin
unimolecular dissociations for the dopants were
actions (R1) to (R5) in Table 2, adopted the hig
pressure limit Arrhenius parameters listed in the ta
used the measuredTg profiles, and used residenc
times obtained by assuming a constant buoyant
celeration of 25 m/s2 [17].

The bottom of Fig. 3 shows the calculated profil
They agree reasonably with the measured profi
particularly in terms of the decomposition order of t
dopants. Thus we conclude that this order stems f
the relative rates of (R1) to (R5). For example, 1
CHXD decomposes before 1,3-CHXD because2
elimination is symmetry-allowed for 1,4-CHXD bu
symmetry-forbidden for 1,3-CHXD [20].

The shapes of the calculated and measured pro
differ because the calculations neglect radial dif
sion. In particular, the calculated profiles are flat
the first portion of the flame, whereas the measu
profiles decrease steadily throughout the flame as
dopants diffuse away from the centerline. (Diffusi
in the other direction, from the annular flame fro
toward the centerline, accounts for the increase inTg
and [CO2] until Z/HT ∼ 0.8, at which point CO2 for-
mation and heat release begin at the centerline.)
error in the calculated(Z/HT)1% caused by neglect
ing diffusion can be estimated by assuming that
primary effect of diffusion is to reduce the amount
dopant that has to be consumed when chemical c
sumption starts to occur. Such estimates show
the error is negligible; for example, if the effectiv
[CHXA] is assumed to be 1000 ppm instead of 20
ppm, then(Z/HT)1% decreases by about 1%, fro
0.467 to 0.462.

Figure 4 compares the measured and calcula
(Z/HT)1%. It includes additional data points that co
respond to a 1-hexene-doped flame investigated
a supplement to this study and then-heptane-doped
flame in our previous study [1]; the dissociation re
tions for these cases were assumed to be (R26)
(R27) in Table 2. All of the data points lie within 17%
of the dashed line that corresponds to exact ag
Table 2
Thermal dissociation Arrhenius parameters (k = Ae−Ea/RT )

Number Reaction A (1/s) Ea (kcal/mol) Source

(R1) CHXA → 1-hexene 1016.7 88 [18]
(R2) CHXE → 1,3-butadiene+ C2H4 1015.6 66 [19]
(R3) 1,3-CHXD→BZ + H2 1013.4 59 [20]
(R4) 1,4-CHXD→BZ + H2 1012.4 44 [21]
(R5) BZ → BZ• + H 1017.3 118 [22]
(R6) 1,3-CHXD→ CHXD• + H 1015.7 73 [23]
(R13) CHXE → CHXE• + H 1015.7 82 [23]
(R14) CHXE → 1,3-CHXD+ H2 1013.7 62 [7]
(R20) CHXA → 3C2H4 1017.9 87 [4]
(R21) CHXA → CHXA• + H 1016.5 95 [23]
(R26) n-Heptane 1013.4 63 [24]
(R27) 1-Hexene→ C3H5 + C3H7 1015.9 71 [18]

BZ•, CHXD•, CHXE•, and CHXA• are phenyl, cyclohexadienyl, cyclohexenyl, and cyclohexyl radicals.
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ment, which is good agreement considering the
certainties in(Z/HT)1%, Tg, and the estimates of th
residence times. This agreement quantitatively c
firms that unimolecular dissociation is the main d
composition process for most of the dopants.

BZ appears to be an exception: the calculatio
underpredict the decomposition rate for BZ but ov
predict it for the other dopants. In fact, fall-off re
duces the rate of (R5) by at least a factor of
[22], so the underprediction is worse than the hig
pressure limit calculations imply. (Fall-off is insigni
icant for (R1) to (R4) at atmospheric pressure [18,1
(R5) suffers more fall-off because it occurs at high
temperature—see theTg scale on the right of Fig. 4—
and the high-pressure limit requires higher pressu
as temperature increases [23].) Furthermore, w
the kinetic calculations presented below show t
dissociation is the fastest decomposition pathway
CHXD, CHXE, and CHXA, similar calculations in
dicate that H-atom abstraction by OH radicals and
atoms is faster than unimolecular dissociation for B

The agreement in Fig. 4 shows that the Arrhen
parameters in Table 2 for (R1) to (R4) are accur
for nonpremixed flame conditions. The “error bar
for the CHXA data point illustrate the effect of in
creasing or decreasing theA factors by a factor of 3
and they indicate an approximate upper bound to
errors in the Arrhenius parameters based on our
sults. This conclusion is significant because some
the Arrhenius parameters were obtained under co
tions that are quite different from those in a flame. F
example, (R3) was measured at∼ 10−3 Torr [20] and
(R4) at 600 to 660 K [21]. Lindstedt and Maurice o
tained the Arrhenius parameters for (R26) by alter

Fig. 4. The disappearance locations of the dopants w
determined from their measured and calculated cente
mole fraction profiles.(Z/HT)1% is defined as theZ/HT at
which [dopant]= 20 ppm, which is 1% of [dopant]fuel. The
numbers on the right are the measured centerlineTg from
the undoped flame plotted against the verticalZ/HT scale.
an earlier set so that the rate was∼ 10 times slower a
high temperatures [24]; our results support this al
ation.

The importance of unimolecular dissociation
our nonpremixed flames differs from earlier stud
of CHXA and CHXE oxidation in jet-stirred reac
tors [3–5], rapid compression machines [6], and sh
tubes [7], in which H-atom abstraction was the do
inant decomposition pathway. As discussed bel
this difference significantly alters the BZ formatio
pathways. Our specific methodology particularly
vors unimolecular dissociation because the dopa
are mixed with a very stable fuel (CH4); however,
numerical simulations of neat propane andn-heptane
nonpremixed flames have also concluded that dis
ciation is a key fuel decomposition pathway [24,25

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

3.3. Hydrocarbon product concentrations

The hydrocarbon product concentrations prov
further evidence regarding the decomposition and
formation processes for the dopants. About 30 pr
ucts were detectable in these flames, and cente
mole fraction profiles of each one were measured
all six flames. We do not have enough space to sh
all of these data, but Fig. 5 shows the BZ profiles a
Figs. 6–8 show the maximum centerline mole fra
tions of selected additional products. (We can prov
an electronic version of the complete data set upon
quest.) The BZ profiles in the non-BZ-doped flam

Fig. 5. Centerline [BZ] profiles were measured with t
PTMS. The vertical dashed lines mark the heights at wh
1,4-CHXD and 1,3-CHXD finish decomposing on the ce
terline.
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Fig. 6. Maximum centerline concentrations of important
and C3 hydrocarbons were determined from the EQMS
PTMS centerline profiles. C2H2, acetylene; C2H4, ethylene;
C3H4, propadiene/propyne; and C3H6, propene.

Fig. 7. Maximum centerline concentrations of important
and C5 hydrocarbons were determined from the PTMS c
terline profiles. C4H2, diacetylene; C4H4, butenyne (viny-
lacetylene); C4H6, butadiene; and C5H6, cyclopentadiene.

Fig. 8. Maximum centerline concentrations of important a
matic hydrocarbons were determined from the PTMS cen
line profiles. C7H8, toluene; C8H6, phenylacetylene; C8H8,
styrene; and C10H8, naphthalene.
illustrate the behavior observed for all of the hydr
carbon products: the concentrations are near zer
the burner surface, increase to a peak in the f
rich part of the flame, and decrease back to zero
Z/HT = 0.9, which is where O2 begins to appear o
the centerline.

In the CHXD-doped flames [BZ] increases ve
rapidly until the BZ profiles merge with the BZ profil
in the BZ-doped flame. Furthermore, the heights
which [BZ] peaks (0.31 and 0.41) are very close to
heights at which the dopant disappears ((Z/HT)1% =
0.31 and 0.43; see the dashed lines in Fig. 5). T
dehydrogenation to BZ is the dominant decompo
tion pathway—and BZ formation pathway—for bo
CHXDs. This conclusion agrees with sooting tend
cies measured in CHXD/N2 nonpremixed flames [8]
so it is a general feature of nonpremixed flames an
not specific to the conditions in our doped flames.

Detailed inspection of our results reveals that 1
CHXD decomposes exclusively to BZ, whereas
ditional minor decomposition pathways exist for 1
CHXD. In particular, forZ/HT > 0.4 [BZ] agrees
to within 10% among the 1,4-CHXD- and BZ-dope
flames, but it is systematically 10–20% lower
the 1,3-CHXD-doped flame. Furthermore, Figs. 6
show that the maximum mole fractions of all oth
hydrocarbon products are the same in the 1,4-CHX
and BZ-doped flames, while [C4H6]max, [C5H6]max,
and [C8H8]max are higher in the 1,3-CHXD-dope
flame. (The C4H6 results are difficult to make out i
the figure; [C4H6]max = 85, 75, and 76 ppm in th
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 t
sands of ppm) occur in the mole fractions of C
C3, and C4 hydrocarbons. The C2H4 and C4 concen
trations are larger in the CHXE-doped flame, wh
the C3 concentrations are larger in the CHXA-dop
flame. Thus fragmentation to lower carbon num
products is the main decomposition process for b
CHXE and CHXA, but it produces C4+ C2 products
from CHXE and C3+ C3 products from CHXA.

Nonetheless, CHXE and CHXA produce som
BZ, so the question arises of whether this BZ com
from addition reactions between the fragments
from dehydrogenation. (Although dehydrogenati
is not the main decomposition pathway for the
dopants, it could still be an important BZ form
tion pathway since BZ is a minor product.) Figure
shows the CHXD profiles measured in the CHX
and CHXA-doped flames at the top and the “e
tra” BZ measured in these flames at the bottom (
the BZ profiles from these flames minus the pro
from the undoped flame). [CHXD]max in the CHXE-
doped flame is about one-third of the maximum
tra [BZ]. The results from the CHXD-doped flam
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Fig. 9. (Top) Centerline [CHXD] profiles were measur
with the PTMS. (Bottom) Approximate profiles of the B
formed from CHXE and CHXA were obtained by subtra
ing the [BZ] profiles in the undoped flame from the [BZ
profiles in the CHXE- and CHXA-doped flames. The ver
cal dashed line in the top graph marks the height at wh
CHXE finishes decomposing on the centerline.

imply that this CHXD converts to BZ, so dehydro
genation roughly accounts for at least one-third of
extra BZ in the CHXE-doped flame. In fact, sin
CHXD → BZ probably overlaps CHXE→ CHXD
to some extent, the actual fraction of the extra
formed by dehydrogenation could be much larg
than one-third. (Some of the measured C6H8 could
be hexatriene, but, as discussed below, hexatriene
converts to BZ.)

The profile shapes support this conclusion. T
extra [BZ] finishes increasing at roughly the heig
at which [CHXD] decreases to zero, which agre
with CHXD being the main source of BZ. Moreove
[CHXD]max occurs atZ/HT = 0.31, which is well
before CHXE disappears ((Z/HT)1% = 0.37; see the
dashed line in Fig. 9), so CHXD consumption do
indeed overlap CHXE consumption.

In the CHXA flame very little CHXD was detecte
([CHXD]max∼ 6 ppm) and CHXE was undetectab
(detection limit ∼ 5 ppm, limited by interference
from fragment ions of CHXA). These observatio
suggest that very little CHXA dehydrogenated to B
but they are not conclusive: CHXE and CHXD bo
start to decompose before CHXA (see Fig. 3), so th
concentrations could be small even if dehydroge
tion was important.

Therefore, to obtain further evidence we exa
ined the dependence of [BZ]max on [C3H4]max. In
our study of heptane-doped flames, in which BZ pr
ably formed from self-reaction of propargyl radic
(C3H3)—and definitely not by dehydrogenation
alkyl rings—we obtained a linear relationship b
tween these two parameters [1]. Figure 10 shows
data point from the undoped flame, the five data po
from the heptane-doped flames, the best-fit stra
Fig. 10. [BZ]max and [C3H4]max were determined from
PTMS centerline profiles measured in CHXA- and CHX
doped flames with [dopant]fuel = 2000, 3500, and 5000
ppm. The undoped and heptane-doped flame data p
come from Ref. [1], and the line is the least-squares
ear fit to them. [Dopant]fuel = 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 fr
CHXE- and CHXA-doped flames with [dopant]fuel =
2000, 3500, and 5000 ppm. The data points fr
the CHXE-doped flames lie at systematically high
[C6H6] for a given [C3H4] than the best-fit line
which suggests that a large portion of the BZ is be
formed by a new pathway, presumably dehydroge
tion. The data points from the CHXA-doped flam
follow the best-fit line much more closely, which su
gests that most of the BZ is being formed by the sa
pathways as in the heptane-doped flames and th
fore that very little BZ is formed by dehydrogenatio

3.4. Reaction pathways

In this section we present calculations of effe
tive rate constants(keff) for possible consumption re
actions of the dopants and their conjugate radic
These calculations further validate the conclusions
the previous sections, explain several of the key
perimental observations, such as the importance
fragmentation for CHXA and CHXE in nonpremixe
flames versus premixed systems, and demonstrat
reasonableness of the measured product conce
tions. We definekeff ≡ k for unimolecular reactions
(R → products) andkeff ≡ k[X] for bimolecular re-
actions with species X (R+ X → products). Thus in
both caseskeff = rate/[R] and the values can be d
rectly compared.

These calculations require concentrations of r
icals (H, CH3, OH, etc.) that were not measured
this study. Therefore we based the calculations
centerline species andTg profiles that we obtained
by numerically simulating a CH4/air flame that was
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identical to the experimental undoped flame exc
that its fuel was not diluted by N2 [14]. The model
used a detailed chemical kinetic mechanism, spec
dependent transport coefficients, an optically thin
diation submodel, fully elliptic governing equation
etc., and the numerical results agreed with experim
tal measurements. The difference in N2 dilution is not
expected to significantly alter the relative importan
of reactions.

CHXD-doped flames. Possible 1,3-CHXD reaction
include H2 elimination, C–H fission, H-atom abstra
tion (by X = H, CH3, O, OH, O2, etc.), and H-atom
addition:

(R3)1,3-CHXD→ BZ + H2 [20],

(R6)1,3-CHXD→ CHXD • +H [23],

(R7)1,3-CHXD+ X → CHXD • +HX [4] , and

(R8)1,3-CHXD+ H → CHXE• [26],

where CHXD• is the cyclohexadienyl radical an
CHXE• is the cyclohexenyl radical.

Figure 11 shows centerline profiles ofkeff for
these reactions based on the rate expressions in
cited references. All of the reactions that produ
CHXD• are shown with open symbols, the reacti
that produces CHXE• is shown with partially filled
symbols, and the reaction that produces BZ with fil
symbols. The numerical results indicate that the r
idence times in the pyrolysis zone of the flames
∼ 10 ms. This corresponds tokeff ∼ 100 s−1, which
is marked with a dashed horizontal line. When
reactions first achieve this level (atZ/HT ≈ 0.26),
H2 elimination is the fastest reaction, followed b
C–H fission (50% as fast), and H-atom addition (4%
The fastest H-atom abstraction reaction, abstrac
by CH3, is only 0.7% as fast, so these calculatio

Fig. 11. Effective rate constants for various reactions
1,3-CHXD were calculated from the computed centerl
profiles in Ref. [14].
provide further evidence that unimolecular dissoc
tion dominates H-atom abstraction for 1,3-CHXD.

Possible CHXD• reactions include C–H fission
C–C fission, and H-atom abstraction:

(R9)CHXD• → BZ + H [27],

(R10)CHXD• → 1,3,5-hexatrien-1-yl, and

(R11)CHXD • +X → BZ + HX [4].

(H-atom addition is also possible, but unimportant
terms of CHXD decomposition products.) The b
rier heights for (R9) and (R10) are 25.7 and 60
kcal/mol [28], so C–H fission is strongly favored. F
illustrative purposes we have assumed a rate exp
sion for (R10) withA10 = A9 = 2 × 1013 s−1 [27]
andE10 = 60.1 kcal/mol. (E9 = 26.0 kcal/mol [27],
which is close to the computed barrier height.)

Figure 12 showskeff for these reactions. The ve
tical dashed line marks the height at whichkeff of the
1,3-CHXD reactions first reaches 100 s−1, which is
where most CHXD• forms. At this location the dom
inant CHXD• reaction, by a factor of 2300, is C–
fission. The second and third most important re
tions are H-atom abstraction by O2 and CH3, which
also form BZ. (The maximum inkeff for H-atom ab-
straction by O2 at Z/HT ≈ 0.1 results from the en
trainment of [O2] at the base of the flame (see Fig. 2
which is accurately reproduced by the numerical s
ulations [14].) C–C fission is 6 orders of magnitu
slower than C–H fission, which is much larger th
the uncertainty in our estimate ofA10, so hexatrienyl
formation is negligible.

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

Fig. 12. Effective rate constants for various reactions
CHXD• were calculated from the computed centerline p
files in Ref. [14]. The vertical dashed line marks the hei
at whichkeff for the 1,3-CHXD reactions first reaches 1
s−1.



C.S. McEnally, L.D. Pfefferle / Combustion and Flame 136 (2004) 155–167 163

el-
s. 11
ons,

ar-

XD
s,

is

s
t is
,

his

ta-
l
me

–C

ne

y to
ys
-

ns

the
ve,
n
o
re

that
me
te

the
me
u-
ts.

-

di-

d
m-
-
3-
3-
ing
at
on
0].
n’s
hat
ar-
y-

n

ol-
i-

of
ro-
Fig. 13. A reaction scheme for 1,3-CHXD was dev
oped based on the observed hydrocarbon products, Fig
and 12. Thick arrows represent major elementary reacti
thin arrows represent minor elementary reactions, open
rows represent multistep pathways, andC ↔ C represents
C–C bond fission.

served hydrocarbon products. The major 1,3-CH
consumption pathways, indicated by thick arrow
produce BZ by (R3) and CHXD• by (R6), and the
main consumption pathway for CHXD• produces BZ
by (R9). Thus this scheme readily explains why BZ
the dominant product in the experiments.

Two minor 1,3-CHXD consumption pathway
produce the other observed products. The firs
CHXE• formation by (R8). As discussed below
CHXE• decomposes to C4 hydrocarbons, so t
pathway explains the observed C4H6. The second
minor pathway is isomerization to methylcyclopen
diene (CHXD→ C5H5–CH3). This is a hypothetica
reaction that we have included in the reaction sche
to provide a source of C5H6 and C8H8. Specifically,
methylcyclopentadiene readily dissociates via C
fission to CH3 and cyclopentadienyl radical (C5H5–
CH3 → C5H5 + C3H3) [29], and the C5H5 can then
form cyclopentadiene by H-atom addition and styre
by an addition reaction with C3H3. This part of the
reaction scheme is uncertain and is intended onl
show the existence of plausible formation pathwa
for C5H6 and C8H8, not to be the definitive explana
tion; detailed kinetic studies of 1,3-CHXD reactio
under simpler conditions are clearly needed.

The reaction scheme for 1,4-CHXD resembles
one for 1,3-CHXD. However, as discussed abo
H2 elimination is much faster from 1,4-CHXD tha
from 1,3-CHXD (by a factor of 100 at 1100 K), s
the CHXE• and methylcyclopentadiene pathways a
much less important. For example, if we assume
the rate expression for H-atom addition is the sa
for 1,4-CHXD as for 1,3-CHXD, then when the ra
of H2 elimination first achieves 100 s−1 in the 1,4-
CHXD-doped flame (atZ/HT ≈ 0.19), H-atom ad-
dition is only 0.6% as fast, versus 4% as fast in
1,3-CHXD-doped flame. Thus the reaction sche
readily explains why 1,4-CHXD produces BZ excl
sively while 1,3-CHXD produces additional produc

CHXE-doped flame. Possible CHXE reactions in
clude retro-Diels–Alder dissociation, C–H fission, H2
elimination, H-atom abstraction, and H-atom ad
tion,

(R2)CHXE→ 1,3-butadiene+ C2H4 [19],

(R13)CHXE→ CHXE• +H [23],

(R14)CHXE→ 1,3-CHXD+ H2 [7],

(R15)CHXE+ X → CHXE• +HX [4], and

(R16)CHXE+ H → CHXA • [26],

where CHXA• is the cyclohexyl radical. Kiefer an
Shah have shown definitively that (R2) is the do
inant unimolecular reaction for CHXE [19]; how
ever, (R14) is potentially still important since 1,
CHXD is a more direct BZ precursor than is 1,
butadiene. Smith and Gordon detected CHXD dur
static reactor pyrolysis of CHXE and concluded th
it was formed by a unimolecular process based
experiments with deuterium-labeled compounds [3
Dayma et al. have reanalyzed Smith and Gordo
data to obtain the Arrhenius parameters for (R14) t
are listed in Table 2. More recently, Barnard and P
rott observed CHXD formation during shock tube p
rolysis of CHXE [31].

Figure 14 showskeff for these reactions. Whe
keff first reaches 100 s−1 (atZ/HT ≈ 0.24) the retro-
Diels–Alder dissociation is the fastest reaction, f
lowed by H2 elimination (9% as fast), H-atom add
tion (1.2%), and H-atom abstraction by CH3 (0.7%).

Fig. 14. Effective rate constants for various reactions
CHXE were calculated from the computed centerline p
files in Ref. [14].
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Fig. 15. Effective rate constants for various reactions
CHXE• were calculated from the computed centerline p
files in Ref. [14]. The vertical dashed line marks the hei
at whichkeff for the CHXE reactions first reaches 100 s−1.

Possible CHXE• reactions include C–C fission
C–H fission, and H-atom abstraction:

(R17)CHXE• → 1,3-hexadien-6-yl [4],

(R18)CHXE• → 1,3-CHXD+ H [4], and

(R19)CHXE• +X → 1,3-CHXD+ HX [4].

Figure 15 showskeff for these reactions. Th
dashed line marks the height at which most CHX•
forms. At this location the dominant CHXE• reaction,
by a factor of 700, is C–C fission. Thus a neglig
ble fraction of the CHXE dehydrogenates to CHX
via CHXE• (= CHXE•/CHXE× CHXD/CHXE•∼
0.7%× 1/700= 10−5), so (R14) is necessary to e
plain the 50 ppm CHXD measured in the CHX
doped flame.

Figure 16 shows a reaction scheme for fuel deco
position and BZ formation in nonpremixed CHX
flames based on Figs. 14 and 15 and the observed
drocarbon products. The major CHXE consumpt
pathway produces C4H6 and C2H4 by (R2), and the
most important minor pathway produces 1,3-CHX
by (R14). The dominance of (R2) explains why C2H4
and C4H6 are the main products in the CHXE-dop
flame (see Figs. 6 and 7). Subsequent reaction
C4H6 produce the observed C3H4 and C4H4 [32,33].
BZ is formed by dehydrogenation of 1,3-CHXD an
various C4+ C2 and C3+ C3 addition reactions.

Formation of CHXE• and CHXA• is also in-
cluded in the reaction scheme for completeness,
Fig. 14 demonstrates that these are minor pathw
As discussed below, CHXA• leads to C4H6 and
C2H4, which are the same products as from (R
Figure 15 shows that CHXE• overwhelmingly de-
composes by C–C fission to the 1,3-hexadien
yl radical, which decomposes in turn by C–C fi
Fig. 16. A reaction scheme for CHXE was developed ba
on the observed hydrocarbon products, Figs. 14 and
Thick arrows represent major elementary reactions, thin
rows represent minor elementary reactions, open arrows
resent multistep pathways, andC ↔ C represents C–C bon
fission.

sion to butadienyl+ C2H4 and by C–H fission to
1,3,5-hexatriene. The sooting tendencies of hex
enes are similar to those of BZ [8], which implie
that they readily convert to BZ, so hexatrienes p
sumably do as well. However, only∼ 0.7% of the
CHXE is converted to CHXE•, so the upper limit to
[hexatriene]max 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 to C2H4,
C–H fission, and H-atom abstraction:

(R1)CHXA → 1-hexene [18],

(R20)CHXA → 3C2H4 [4],

(R21)CHXA → CHXA • +H [23], and

(R22)CHXA + X → CHXA • +HX [4] .

Figure 17 showskeff for these reactions. Th
dominant process is C2H4 formation via (R20),
which implies that the CHXA-doped flame is effe
tively a C2H4-doped flame. However, the measu
ments strongly contradict this notion; for examp
[C2H4]max is higher in the CHXE-doped flame tha
in the CHXA-doped flame. Thus we conclude th
the rate expression for (R20) given in [4] overpredi
the rates in our temperature regime. (Our conditi
are much more sensitive to unimolecular dissociat
rates than were the near-stoichiometric experime
in [4].) With (R20) excluded, isomerization to 1
hexene is the fastest CHXA consumption react
when keff first reaches 100 s−1 (at Z/HT ≈ 0.35),
followed by H-atom abstraction by H atom (33%
fast) and by CH3 (7%).
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Fig. 17. Effective rate constants for various reactions
CHXA were calculated from the computed centerline p
files in Ref. [14].

Fig. 18. Effective rate constants for various reactions
CHXA• were calculated from the computed centerline p
files in Ref. [14]. The vertical dashed line marks the hei
at whichkeff for the CHXA reactions (excluding (R20)) firs
reaches 100 s−1.

Possible CHXA• reactions include C–C fission
C–H fission, and H-atom abstraction:

(R23)CHXA• → 1-hexen-6-yl [4],

(R24)CHXA• → CHXE+ H [4], and

(R25)CHXA • +X → CHXE+ H2 [4].

Figure 18 showskeff for these reactions. Th
dashed line marks the height at which most CHX•
forms. At this location the dominant CHXA• con-
sumption reaction, by a factor of 40, is C–C fissio
Thus only a small fraction of CHXA is converte
to CHXE (= CHXA•/CHXA × CHXE/CHXA• ∼
40%× 1/40= 1%), which explains why CHXE wa
undetectable in the CHXA-doped flame and dehyd
genation formed very little BZ.
Fig. 19. A reaction scheme for CHXA was developed ba
on the observed hydrocarbon products, Figs. 17 and
Thick arrows represent major elementary reactions, thin
rows represent minor elementary reactions, open arrows
resent multistep pathways, andC ↔ C represents C–C bon
fission.

Figure 19 shows a reaction scheme for fuel deco
position and BZ formation in nonpremixed CHX
flames based on Figs. 17 and 18 and the observed
drocarbon products. The major CHXA consumpti
pathways produce 1-hexene by (R1) and CHXA• by
(R22). The central C–C bond in 1-hexene is the we
est C–C bond (by about 12 kcal/mol [34]); thus the
dominant dissociations of 1-hexene are fissions of
bond to produce allyl+ n-propyl and C3H6 + C3H6
[18]. Subsequent reactions of these products lea
the observed C3H4 and C2H4 and to BZ via C3H3 re-
combination. Our measurements in a 1-hexene-do
flame confirm the production of C2H4, C3H4, and
C3H6 from 1-hexene. CHXA• decomposes through
series of C–C fissions to produce the observed C4H6
and C2H4.

This kinetic scheme, combined with the schem
for CHXD and CHXE, clearly explains why BZ is th
dominant decomposition product of CHXD but n
of CHXA and CHXE. First, unimolecular dissocia
tion is a major consumption pathway for all of the
dopants, and the fastest CHXD dissociation reactio
(R3) and (R4), produce BZ directly while the faste
CHXA and CHXE dissociation reactions, (R1) a
(R2), produce linear hydrocarbons. Second, C–H
sion dominates CHXD• dissociation due to the effec
of resonance on the C–H and C–C bond streng
whereas C–C fission dominates CHXE• and CHXA•
dissociation since alkyl C–C bonds are weaker th
alkyl C–H bonds [35].

The kinetic scheme for CHXA also explains wh
dehydrogenation is much more important in premix
systems [3–6]. The key is abstraction of an H at
from CHXA• by O2; this pathway is shown with
a dotted line in Fig. 19 since it is insignificant
our flames, but premixing greatly increases its imp
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tance. The main reason is that premixing increa
[O2] (by a factor of ∼ 50 at φ = 2). Furthermore,
premixing increases radical concentrations in the
rolysis zone [14], which shifts CHXA consumptio
toward CHXA• instead of 1-hexene. Finally, the in
creased radical concentrations cause CHXA• to be
produced at lowerZ/HT, which favors H-atom ab
straction over dissociation due to the shape of the [2]
profile and the negative temperature dependenc
the abstraction reaction.

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

Soot volume fractions(fv) connect fuel decom
position and hydrocarbon growth with the practic
problem of particle emissions from combustors. T
fv profiles measured in the current flames resem
those we have presented earlier for heptane-do
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 ppm (+BZ).

In our heptane-doped flames fv,max depended lin-
early on [BZ]max. The bottom of Fig. 20 shows th
data from that study, a straight line fit to it, and t
corresponding results from the current flames. T
CHXA- and CHXE-doped flames fit the line reaso
ably well, but the CHXD and BZ-doped flames d
not: theirfv,max are much smaller than would be e
pected on the basis of their [BZ]max. Undoubtedly the
reason is that in these flames [BZ] peaks before
drocarbon growth is possible and then is reduced
mixing before growth starts. Or, to put it another wa
CHXD converts to BZ so easily that BZ formation
not a rate-determining soot formation step.

Fig. 20. [Phenylacetylene]max (top), [BZ]max (bottom), and
fv,max were determined from the PTMS and LII centerlin
profiles. The undoped and heptane-doped flame data p
come from Ref. [1]. The dashed line in the bottom graph
a linear least-squares fit to the undoped and heptane-d
flame data, and the dashed line in the top graph is a
ond-order polynomial least-squares fit to all of the data.
(The fv,max in the cyclic C6-doped flames i
smaller than in the heptane-doped flames beca
[dopant] in the fuel mixture was 2000 ppm vers
5000 ppm.)

Based on several of our earlier studies we assu
that naphthalene formation in these flames is do
nated by C2H2 addition to phenylacetylene (i.e., th
HACA mechanism [36]) [10,37]. Therefore phen
lacetylene is the next critical growth product beyo
BZ. The top of Fig. 20 showsfv,max as a function
of [phenylacetylene]max. In this case all of the dat
points fit on a single curve. Thus phenylacetylene f
mation is a rate-limiting step to soot formation
these flames.

4. Concluding remarks

Benzene formation is important in at least tw
contexts: as part of air toxics formation [38] and
a precursor to soot formation [39]. Air toxics tend
form when fuel partially oxidizes under low-temper
ture, near-stoichiometric conditions, e.g., when ga
line in an engine is trapped in crevices and th
released during the expansion stroke [40,41]. U
der these conditions cyclohexane readily produ
benzene through dehydrogenation [3–6], and ind
substantial benzene formation via this pathway
been observed in cyclohexane-fueled spark-ignit
engines [40,41]. In contrast, soot forms when fuel
rolyzes under high-temperature, fuel-rich conditio
e.g., in a burning diesel fuel spray. The experime
reported in this paper show that under these co
tions cyclohexane negligibly dehydrogenates to b
zene. Thus soot production from cycloalkanes mirr
that from similar-sized linear alkanes.
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