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Before the recent discovery that enols are intermediates in many flames, they appeared in no combustion
models. Furthermore, little is known about enols’ flame chemistry. Enol formation in low-pressure flames
takes place in the preheat zone, and its precursors are most likely fuel species or the early products of fuel
decomposition. The OH+ ethene reaction has been shown to dominate ethenol production in ethene flames
although this reaction has appeared insufficient to describe ethenol formation in all hydrocarbon oxidation
systems. In this work, the mole fraction profiles of ethenol in several representative low-pressure flames are
correlated with those of possible precursor species as a means for judging likely formation pathways in flames.
These correlations and modeling suggest that the reaction of OH with ethene is in fact the dominant source
of ethenol in many hydrocarbon flames, and that addition-elimination reactions of OH with other alkenes
are also likely to be responsible for enol formation in flames. On this basis, enols are predicted to be minor
intermediates in most flames and should be most prevalent in olefinic flames where reactions of the fuel with
OH can produce enols directly.

Introduction

Recently enols, less stable tautomers of ketones and alde-
hydes, have been found to be intermediates in hydrocarbon
flames.1,2 Enols were postulated to be transient species by
Erlenmeyer3 in 1880, and the simplest enol, ethenol (vinyl
alcohol, CH2dCHOH), was not observed in the gas phase until
1976.4 Given the historic elusiveness of the enols, it is not
surprising that they have not been included in models of flame
chemistry. Nevertheless, it is now evident that they are present
in substantial concentrations in a wide range of flames. Ethenol
was first observed in a rich ethene flame by Cool et al. in 2003,2

and ethenol, propenols, and butenols were reported in a wide
range of pure and mixed-fuel flames.1

Measurement of chemical compositions of flames is one of
the foundations for the development of detailed chemical models
of hydrocarbon oxidation. These models find application in
many areas of science. They are critical for understanding
pollutant formation and ignition phenomena in combustion5,6

as highlighted and discussed in a recent review by Miller,
Pilling, and Troe7 They also are used as a basis for models of
oxidation in supercritical water,8 for representation of gas-phase
chemistry in solid-oxide fuel cells,9,10 and for descriptions of
the hydrocarbon chemistry in planetary atmospheres.11 Enols

are minor components in flames, and their practical significance,
if any, remains unclear. Explaining the presence of enols and
their effects requires that combustion chemistry models be
modified to include their formation and removal reactions.
However, very little is known about the reactions of gas-phase
neutral enols. Therefore, some guidance is required to determine
which new reactions for enol production and consumption
should be experimentally and computationally investigated for
inclusion in detailed combustion chemistry mechanisms.

The concentrations of enols in flames are a result of the
balance among production and removal reactions and transport,
and detailed flame modeling will be required to establish the
validity of any enol production mechanism. It is the aim of this
work to describe the enol observations and analyze possible
production reactions in the context of the measurements of other
combustion intermediates. Previous work reported photoion-
ization efficiency spectra showing enols in many flames, but
detailed analysis of the enol chemistry had not proceeded beyond
a single mole fraction profile, that of ethenol in a rich ethene
flame. In the present work, mole fraction profiles are reported
for ethenol in flames of ethene, allene, propene, cyclopentene,
cyclohexane, and ethanol, along with an estimated mole fraction
profile for propenols in a rich propene flame. Detailed modeling
is carried out for allene, propyne, propene, methane, ethane,
and ethene flames. The reaction of OH with C2H4 appears to
dominate ethenol production in allene, ethanol, and ethene
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flames and plays a significant role in ethenol formation in
cyclohexane and cyclopentene flames. Other reactions of OH
with alkenes are also possible sources of enols, and it is
suggested that OH+ propene may be responsible for much of
the enol production in rich propene flames.

Experiment and Model

The present experiments investigate low-pressure laminar
premixed flames by molecular-beam mass spectrometry with
photoionization by tunable vacuum ultraviolet light.12-16 The
experimental breakthrough that enabled detection of enols is
the use of light from a third-generation synchrotron source, the
advanced light source (ALS) at Lawrence Berkeley National
Laboratory, for the ionization step.1,2 The ease of tunability and
good energy resolution of the synchrotron source facilitates
discrimination of isomeric species based on their photoionization
spectra. The full apparatus is described in more detail else-
where.17,18 It consists of a low-pressure flame chamber, a
differentially pumped flame-sampling system, and a time-of-
flight mass spectrometer. The 3-m monochromator at the
chemical dynamics beamline of the ALS delivers a photon
current of about 5× 1013 photons s-1 with an energy resolution
∆E(fwhm) ) 40 meV, as determined by measurements of
narrow autoionization resonances of O2. Higher undulator
harmonics are suppressed by passing the undulator beam through
a gas filter19 filled with Ar or He. A NIST-calibrated silicon
photodiode records the photon current.

A fuel/oxygen/Ar flame is stabilized on a translatable flat-
flame (McKenna) burner of 6.03 cm diameter. The temperature
in the flame is measured by a noncatalytically coated platinum/
platinum-rhodium thermocouple, referenced to a calibration
flame whose temperature has been measured by the sodium line-
reversal method.20 Flame gases are sampled through a 200µm
orifice in a fixed quartz cone mounted on a water-cooled flange.
Translation of the burner relative to the cone allows sampling
from different positions in the flame. The sampled gases pass
through a nickel skimmer and cross the synchrotron beam.
Pulsed-extraction time-of-flight mass spectrometry with a linear
Wiley-McLaren21 geometry is used to analyze the photoions.
Spectra can be taken either as a function of burner position at
a fixed photon energy or as a function of photon energy at a
fixed burner position. The flame conditions for the flames
described in this work are given in Table 1.

The measured photoion signals are normalized by the photon
flux and corrected for background counts, fragmentation from
higher-mass parents, contributions from isotopomers, and the
mass discrimination of the molecular-beam sampling.17 Mole
fraction profiles are calculated using the protocol developed by
Cool et al.18 The mole fraction profile of Ar is computed from
the measured Ar+ signal at 16.65 eV photon energy, scaled by
imposing element balance in the postflame zone (where

gradients are small and diffusion effects can be neglected). Mole
fractions of other species with known photoionization cross
sections are then obtained by direct or indirect reference to Ar.
Where photoionization cross sections are not known, they are
estimated. In the present work the ionization cross section for
ethenol versus photon energy is that estimated previously2 and
that for 1-propenol is taken to be the same as the estimated
ethenol cross section, shifted by the difference in ionization
energy. The overall uncertainty in the absolute mole fractions
is estimated to range from approximately(20% for major
species,(40% for ethenol, to about a factor of 2 for propenol.
An improvement in accuracy may be possible with experimental
changes, currently underway, to allow improved characterization
of background contributions, especially that of H2O. Relative
mole fractions (i.e., the shapes of mole fraction profiles for a
given species or relative peak mole fractions within a given
flame) are significantly more accurate.

Identification of the enol isomers at a given mass is
accomplished based on the differences in ionization energies
with the keto tautomers.1,2 Figure 1 shows the ion signal atm/z
) 44, sampled from a stoichiometric (φ ) 1.0) cyclohexane
flame with the probe tip at 1.65 mm above the burner face, as
a function of the photon energy. The ionization energies for
the ethenol and acetaldehyde tautomers are labeled by vertical
lines. The photoionization efficiency spectrum for the ethenol
tautomer can be obtained by subtraction of a calibration
spectrum of pure acetaldehyde.2 Profiles of the individual
tautomers can then be extracted from scans of ion signal versus
height above burner at photon energies above and below the
ionization threshold of acetaldehyde. Similar methods are
applied to extract propenol profiles. In flames where compari-
sons to models are made, the experimental profiles are all shifted
by a constant value in order to make the peak in the CH3 mole
fraction profiles coincide. Otherwise the distances from the
burner given when reporting mole fractions in this paper are
shifted toward the burner by 1 mm, 5 times the diameter of the
sampling orifice, to approximately correct for sampling effects.
However, the temperature profiles are all unperturbed temper-
ature profiles.

The kinetic model used in the calculations is one that is
constantly under development at Sandia. It has its origins in
the work of Miller and Bowman,22 Miller and Melius,23 and
Pope and Miller.24 It has subsequently been modified and

TABLE 1: Flames Used in the Present Experiments

flame
pressure

(torr)

feed fuel
mole

fraction

feed oxygen
mole

fraction
mass flux

(g m-2 s-1)

methaneφ ) 1.40 31.0 0.182 0.260 66.5
etheneφ ) 1.90 30.0 0.217 0.343 20.7
ethaneφ ) 1.39 30.0 0.141 0.354 18.6
ethanolφ ) 1.96 35.0 0.270 0.413 32.4
propeneφ ) 2.30 37.6 0.254 0.495 38.3
alleneφ ) 1.80 25.0 0.184 0.408 23.8
propyneφ ) 1.80 25.0 0.184 0.408 23.8
cyclopenteneφ ) 2.00 37.6 0.166 0.581 44.1
cyclohexaneφ ) 1.00 30.0 0.068 0.608 21.6

Figure 1. Photoionization efficiency curve form/z ) 44 from a
stoichiometric cyclohexane flame, sampled with the probe 1.65 mm
from the burner. The enol and keto tautomers can be clearly distin-
guished by their ionization energies, labeled with the vertical dotted
lines. The photoionization efficiency of pure acetaldehyde is shown as
the open symbols for comparison (1 Mb) 10-18 cm2).
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extended based on the modeling of Skjøth-Rasmussen et al.,25

the theoretical analyses of Miller, Klippenstein, and co-
workers,26-38 and the recent evaluations of Baulch et al.39 In
particular new computational results for the reaction of OH with
ethene,26 including the production of H+ ethenol, have been
incorporated into the model, as well as estimated values for
removal reactions of ethenol. Unless otherwise indicated, the
OH + C2H4 reaction is the only reaction producing ethenol in
the model. The calculations were performed with CHEMKIN
4.0.3,40 which allows for more flexibility in describing the
pressure dependence of rate coefficients than previous versions
of CHEMKIN.

Results and Discussion

Ethenol has been observed1 in flames of benzene, propyne,
allene, propene, ethene, 1,3-butadiene, cyclohexane, cyclopen-
tene, ethanol,n-propanol, and gasoline. This work focuses
principally on flames of a subset of these fuels that can be
reliably modeled with the Sandia mechanism. Complete char-
acterization of these flames will be reported in future publica-
tions; the present emphasis is on possible production reactions
for ethenol and propenol. The highest observed ethenol mole
fractions in these flames are on the order of 10-4, and the peak
in ethenol occurs near the bottom of the luminous zone in all
flames where it has been observed.

Definitive assignment of the production mechanism for enols
will require detailed flame modeling and accurate computation
or measurement of the relevant rate constants. Chemical
mechanisms of sufficient accuracy are not yet available for all
the flames in which enols have been measured, and most of
the relevant elementary reactions remain unstudied. The present
work builds a case for several enol production pathways from
comparisons of modeled and experimental mole fraction profiles
of enols in representative flames, extended by consideration of
correlations between mole fraction profiles of proposed precur-
sors and that of ethenol. These simple correlations serve as
qualitative guides. The reaction zone is neither isothermal nor
a purely convective plug flow. The usual profile of a reactant
and its product has the mole fraction of the product peaking
downstream of the peak in the mole fraction of the precursor.
This relationship does not always hold; if a product is thermally
less stable than the reactant, for example, it may be consumed
much nearer the burner than is the reactant. Correlations can
also be obtained between mole fractions of precursors and
products among flames of different fuels. For example, if ethene
were the principal precursor of ethenol in flames of several fuels,
one may expect more ethenol in the flames that contain more
ethene.

The reaction of OH with ethene has been calculated to
produce ethenol by chemically activated addition-decomposi-
tion,26,41,42and reactions of OH with other olefinic species may
also produce enols. The thermochemistry of several candidate
reactions is summarized in Table 2. Few experiments have been
carried out on branching fractions for these reactions, and

detailed calculations of energies for the relevant transition states
are also absent from the literature, except for the case of OH+
ethene. Theoretical and experimental characterization of these
reactions would be very helpful in elucidating the formation
chemistry of enols in flames. The following discussion considers
which of these reactions are consistent with the flame observa-
tions.

OH + Ethene Reaction.The ethenol profile in a rich (φ )
1.9) ethene flame has been successfully modeled,1 and the
dominant production mechanism of ethenol in this flame is the
reaction of OH with C2H4, one product channel of which yields
ethenol:

Reaction 1 is slightly (∼1 kcal mol-1) endothermic, and the
reactants must traverse a barrier of 6 kcal mol-1 to reach the H
+ ethenol products,26 but the reaction is rapid enough to produce
substantial concentrations of ethenol. Calculations of the kinetics
of this reaction26,41,42 have predicted substantial branching to
ethenol at temperatures above 1000 K. In the present model,
the rate constant for reaction 1 is calculated26 from the solution
to the time-dependent master equation, using new ab initio
characterization of stationary points on the OH-ethene potential
energy surface. The rate coefficient for reaction 1 is ap-
proximatelyk1 ) 1 × 10-12 cm3 molecule-1 s-1 near 1375 K
andk1 ) 2 × 10-12 cm3 molecule-1 s-1 near 1675 K, similar
to the rate coefficient given by Hippler and Viskolcz,42 but with
a steeper temperature dependence. The new calculations also
show that the OH+ C2H4 reaction produces mainly C2H3 +
H2O at high temperatures, with the branching into channel 1 of
about 10% above 1250 K.26 Details of the potential energy
surface and calculated rate coefficients will be given in a
separate publication.26 The model using these calculated rate
coefficients for reaction 1 as the only source of ethenol yields
a peak rate of production of ethenol in theφ ) 1.9 ethene flame
(given by k1[C2H4][OH]) on the order of 1018 cm-3 s-1. The
experimental and modeled ethenol mole fractions in this flame
are shown in Figure 2. Note that the model conditions used in
a previous publication1 were slightly too dilute (an Ar mole
fraction of 0.5 instead of 0.44). The agreement between modeled
and observed ethenol mole fractions is improved by correction
of this error.

TABLE 2: Possible Reactions of OH with Alkenes to
Produce Enols

reaction
∆Hrxn (298 K)
(kcal mol-1) ref

OH + C2H4 f CH2CHOH + H + 0.9 55-57
OH + C3H6 f CH2CHOH + CH3 -7.8 55-57
OH + C3H6 f CH3CHdC(OH)H + H -3.3 55, 56, 58
OH + C3H6 f CH2dC(OH)CH3 + H -3.8 55, 56, 59
OH + CH2CHCHCH2 f CH2CHOH + C2H3 +7.1 55-57, 60
OH + cyclopentenef CH2CHOH + C3H5 -5.1 55-57, 61

Figure 2. Experimental and modeled mole fraction profiles in a rich
(φ ) 1.9) ethene flame. The experimental mole fraction profiles are
shifted 1 mm closer to the burner than the probe-burner distance so
that the peak positions of the modeled and experimental CH3 mole
fractions coincide. The unperturbed temperature profile is also shown.

OH + C2H498
k1

H + CH2CHOH (1)
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For the allene flame, modeling suggests that the entirety of
the ethenol can be accounted for by the reaction of OH with
C2H4. Figure 3 gives experimental and modeled mole fractions
of ethene and ethenol in the allene flame. The model uses the
same rate coefficients for OH+ ethene as in the ethene flame
model,1,26 again as the sole source of ethenol in the flame. The
model predicts the ethenol concentration in the rich allene flame
relatively well; some of the discrepancy could arise from the
CH3 + CH2 f H + C2H4 reaction, whose rate constant is
somewhat uncertain. The modeled peak in the ethenol mole
fraction occurs beyond the peak in the ethene mole fraction,
the usual relationship for a product and a precursor. The earlier
peak of the ethenol relative to the model could reflect other
sources of ethenol, but the amplitude is well-predicted by
assuming reaction 1 as the sole ethenol source. Modeling of a
propyne (φ ) 1.8) flame shows a similar ethenol profile and
predicts the same formation mechanism, and measurements of
the ethenol mole fraction in the propyne flame show similar
agreement with the model.

In a previous report of enols in flames,1 the φ ) 2.0
cyclopentene flame was shown to have the highest fraction of
C2H4O as ethenol, that is, the largest ethenol/acetaldehyde ratio,
of all flames studied thus far. However, the peak absolute mole
fraction of ethenol,∼5 × 10-5, is substantially smaller than in
the ethene (φ ) 1.9) flame, 1× 10-4. Investigation of the
correlations between ethene and ethenol suggests that the
reaction of OH and ethene is also the likely source of the ethenol
in this flame. Figure 4 shows the mole fraction profiles of ethene
and ethenol in the cyclopentene (φ ) 2.0) flame. The peak
ethene mole fraction is nearly 3 times that in the allene flame,
a bit larger than would be proportional to the approximately 2
times larger mole fraction of ethenol in the cyclopentene flame.
However, cyclopentene is present in far greater concentrations
than ethene, especially near the burner, and the reaction of
cyclopentene with OH could conceivably form ethenol and the
allyl radical. The mole fraction profile of the allyl radical, also
shown in Figure 4, tracks that of the ethenol. The formation of
allyl and ethenol from cyclopentene and OH is exothermic by
approximately 5 kcal mol-1 (Table 1). The rate coefficient for
the overall reaction of OH with cyclopentene is 5× 10-11 cm3

molecule-1 s-1 at 298 K,43 although it has not been measured

at higher temperature. Nevertheless, formation of ethenol and
allyl following addition of OH to cyclopentene would require
a convoluted rearrangement. Attempts to locate a transition state
for this rearrangement have so far been unsuccessful, and there
is no clear evidence that the reaction of OH and cyclopentene
is a significant source of ethenol in the rich cyclopentene flame.

In the flames discussed above, the addition-elimination
reaction of OH with ethene appears as one of the principal
sources of ethenol. The fuel in these flames is either ethene
itself or a fuel that produces relatively high concentrations of
ethene in the preheat zone. It is worth investigating the
contrasting case of rich flames of small alkane fuels, where the
concentration of enols is below the detection limit of the present
experiments (less than approximately a mole fraction of 10-5),1

yet the peak concentration of ethene is relatively high. Figure
5 shows the experimental and modeled ethene mole fraction
profiles for a rich (φ ) 1.4) ethane flame. The peak ethene mole
fraction is similar to that in the cyclopentene flame, and is 4-10
times larger than that in the allene or cyclohexane flames

Figure 3. Measured and modeled mole fraction profiles for ethene
and ethenol in a rich (φ ) 1.8) allene flame. The experimental profiles
are shifted 0.25 mm closer than the burner-probe separation so that
the peak positions of the modeled and experimental CH3 mole fractions
coincide. In the model ethenol is produced almost exclusively from
the reaction of OH with ethene. The unperturbed temperature profile
is also shown.

Figure 4. Mole fraction profiles in a rich (φ ) 2.0) cyclopentene flame.
The mole fraction profiles are shifted 1 mm closer to the burner than
the probe-burner distance as an approximate correction for sampling
effects. The unperturbed temperature profile is also shown.

Figure 5. Experimental and modeled mole fractions in aφ ) 1.4 ethane
flame. The experimental mole fraction profiles are shifted 1.5 mm closer
to the burner than the probe-burner distance so that the peak positions
of the modeled and experimental CH3 mole fractions coincide. Despite
high ethene mole fractions, the ethenol in this flame is below detection
limits (less thanø ) 10-5). The unperturbed temperature profile is also
shown.
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discussed above. Nevertheless, the photoionization efficiency
spectra show no clear threshold that can be assigned to ethenol,
as shown in Figure 6. An approximate upper limit of 10-5 is
placed on the ethenol mole fraction in this flame, based on an
estimated maximum ethenol fraction of 0.05 in the spectrum
of Figure 6 and the measured total C2H4O profile. Similarly,
an unsuccessful search for ethenol was carried out in a rich (φ

) 1.4) methane flame (Figure 6). The present data for this flame
have not been completely evaluated, but a nearly identical flame
(φ ) 1.42, 30 torr) was measured by Musick et al.44 This flame
has peak ethene mole fractions of approximately 10-3 at a
position in the flame where the temperature is approximately
1400 K;44 however, the OH concentration is relatively low in
methane flames when the ethene concentration is high. The peak
ethenol production rate in this flame, based on the temperature,
OH, and ethene profiles of Musick et al.,44 is less than 1×
1017 cm-3 s-1, more than an order of magnitude smaller than
that of theφ ) 1.9 ethene flame. The upper limit on the ethenol
mole fraction in this flame, 10-5, is approximately 10 times
smaller than the peak ethenol mole fraction in the rich ethene
flame.

A relatively small OH concentration where the high ethene
mole fractions occur may partially explain the low enol
concentration in methane and ethane flames despite substantial
amounts of ethene. Nevertheless, this explanation appears
incomplete when compared with detailed models of these
flames. As shown in Figure 5, modeling the rich ethane flame,
using the same rate coefficients for OH+ ethene, predicts peak
ethenol mole fractions on the order of 5× 10-5, well above
the experimentally estimated upper limit. The experimental
acetaldehyde profile, on the other hand, is modeled relatively
well. Attempts to model theφ ) 1.42 methane flame of Musick
et al.44 give relatively poor agreement with their experiments,
but predict a similar peak mole fraction of ethenol, again well
above the estimated detection limit. A more thorough experi-
mental search for enols in alkane flames is justified. However,
errors in modeling the removal of enols may also play a role in
this discrepancy. A more rigorous understanding of the reactions
of enols with common flame radicals (OH, H, CH3) is clearly
needed. These removal reactions of enols also help in determin-
ing their concentrations in flames, but their kinetics have never
been measured. In the present model these removal reactions
for ethenol have simply been estimated based on the reactions
of the acetaldehyde tautomer.

OH + Propene Reaction.The propene (φ ) 2.3) flame has
a relatively large peak mole fraction of ethenol but has a

relatively smaller peak mole fraction of ethene. Figure 7 shows
the mole fraction profiles for ethene and ethenol in this flame.
As can clearly be seen in the figure, the ethenol peaks
considerably closer to the burner than the ethene, reaching its
highest mole fractions while the ethene is steeply increasing,
opposite to the typical relationship of precursor and product.
The modeled profiles of ethene and ethenol in this flame, under
the assumption that OH+ ethene is the sole source of ethenol,
are shown as dotted and dashed lines in Figure 7. This model
underestimates the ethenol concentration by about a factor of 2
and shows the typical precursor-product relationship, with
ethene peaking nearer the burner than ethenol. In propene
flames, one should consider whether reaction of OH with the
fuel could be a principal route to enols. The propene mole
fraction is still more than 0.1 at the burner positions where
ethenol is present. Modifying the model to include production
of ethenol from OH + propene (simply assuming a rate
coefficient of 9.1× 10-13 cm3 molecule-1 s-1 for the channel
yielding ethenol) gives the prediction shown by the solid line
in Figure 7. Both the amplitude and the peak position of the
ethenol are better predicted with a model that assumes some
production from OH+ propene.

Reliable rate coefficients for production of enols in the OH
+ propene reaction are not yet available. The overall kinetics
of the reaction has been extensively studied, but there are few
measurements of reaction products. Hoyermann and Sievert45

used mass spectrometry to measure the products of this reaction
at low pressure and room temperature. They noted several
bimolecular channels, including methyl+ C2H4O, which they
assigned as acetaldehyde, and H+ C3H6O, which they assigned
as acetone. It is possible that these products are in fact the enols.
At higher temperatures many researchers have presumed that
the reaction forms water and the allyl radical.46,47 However, if
the reaction is similar to the reaction of OH with ethene, one
may expect formation of ethenol and methyl radicals by C-C
fission following addition to the central carbon. Furthermore,
either formation of propen-2-ol by C-H fission following OH
addition to the central carbon, or of 1-propenol following
terminal addition, is thermodynamically possible (Table 2),
analogous to the formation of ethenol in the reaction of OH
with ethene. Figure 7 also shows the measured mole fraction
of 1-propenol in the (φ ) 2.3) flame. The cross section for
photoionization of propenol is approximated by analogy to the
estimated cross section for ethenol2 and is probably accurate to

Figure 6. Photoionization efficiency spectra ofm/z) 44 ions sampled
from rich methane and ethane flames. No clear threshold can be
observed at the ethenol ionization energy, and the upper bound on the
ethenol mole fraction is 10-5 in both flames.

Figure 7. Mole fraction profiles from a rich (φ ) 2.3) propene flame.
The mole fraction profiles are shifted 1.5 mm closer to the burner than
the probe-burner distance so that the peak positions of the modeled
and experimental CH3 mole fractions coincide. The unperturbed
temperature profile is also shown.
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no better than a factor of 2. At room temperature, Hoyermann
and Sievert45 measured the ratio of branching to the C3H6O
channel to that of the C2H4O channel as 1:3.5. If a similar ratio
occurs for relative branching to propenols and ethenol under
flame conditions, the reaction of propene with OH appears as
a likely source of the observed propenol in this flame. New
measurements and detailed computational studies of branching
fractions in the OH+ propene reaction are plainly called for.

In the stoichiometric (φ ) 1.0) cyclohexane flame, the
relationship of ethenol to ethene is similar to that in the rich
allene flame. Figure 8 shows the mole fraction profiles for ethene
and ethenol in this flame. One of the major destruction channels
of cyclohexane proceeds through the cyclohexyl radical to
2C2H4 + C2H3,48 and the ethene mole fraction reaches∼5 ×
10-3 in the preheat zone, about the peak mole fraction of ethene
in the allene flame. The temperature near the peak of the ethene
concentration is 1500-1600 K, which is similar to or slightly
cooler than the temperature in the allene flame at the position
of peak ethene concentration. If the loss of ethenol increases
with increasing temperature, the losses may not be dissimilar
in the two flames. However, the mole fraction of ethenol is
approximately twice as large in the cyclohexane flame as in
the allene flame. The reaction of OH with ethene is surely a
major contributor to ethenol production in theφ ) 1.0
cyclohexane flame, but, as can be seen in Figure 8, the mole
fraction of propene is also relatively large. It is possible that
the reaction of OH with propene is also a substantial source of
ethenol in this flame.

Dehydrogenation of Alcohols.Finally, in flames fueled by
ethanol, it is conceivable that the mechanism for ethenol forma-
tion could include dehydrogenation of the fuel. Ruscic and
Berkowitz49 used dehydrogenation of ethanol in reactions with
F atoms to produce ethenol. Pyrolysis of other alcohols has been
shown to yield ethenol.50 On the other hand, the abstraction of
an H atom from ethanol by OH51 and by H atoms52 yields
principally CH3CHOH, which will likely form acetaldehyde
rather than ethenol. Furthermore, whatever CH2CH2OH is
formed will dissociate principally to ethene and OH, as in the
“catalytic dehydration” of ethanol by OH noted by Hess and
Tully.53 Direct thermal dehydrogenation of ethanol faces very
large barriers and is infeasible.54 Mole fraction profiles of
ethenol, ethene, and ethanol in a rich (φ ) 1.96) ethanol flame
are displayed in Figure 9. The mole fraction of ethene is as
great as that in other flames where models predict the OH+
ethene reaction to be the dominant source of ethenol. The

ethenol profile does peak somewhat closer to the burner than
does ethene, albeit not in as dramatic a fashion as in the rich
propene flame. This early peak of ethenol suggests an additional
source of ethenol that does not rely on ethene; however, it might
also merely reflect increased loss of ethenol in the higher-
temperature region of the preheat zone. The temperature at the
position of the peak in the ethene profile is 200-300 K higher
in this rich ethanol flame than in the allene or cyclohexane
flames. It appears that the reaction of OH with ethene may also
suffice to predict ethenol formation in ethanol flames, although
the evidence is not unambiguous.

Conclusions

The present results highlight the surprising room for improve-
ment of realistic chemical models for combustion of even
apparently simple fuels. Significant fundamental chemistry
questions remain to be answered in order to assess the role of
enols in flames. In general, reactions of OH with alkenes appear
to be a key source of enols in the preheat zone of low-pressure
flames. The overall rate coefficients for many of these reactions
are well-known; however, experimental investigations of the
product branching fractions, including their pressure dependence,
are lacking. Detailed theoretical analysis of enol formation and
removal reactions will be required to reliably model enol
chemistry over a wide range of combustion conditions.
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Figure 8. Mole fraction profiles from aφ ) 1.0 cyclohexane flame.
The mole fraction profiles are shifted 1 mm closer to the burner than
the probe-burner distance as an approximate correction for sampling
effects, and the unperturbed temperature profile is shown.

Figure 9. Mole fraction and temperature profiles from aφ ) 1.97
ethanol flame. The ethene mole fraction peaks slightly farther from
the burner than does the ethenol mole fraction. The mole fraction
profiles are shifted 1 mm closer to the burner than the probe-burner
distance as an approximate correction for sampling effects. The
unperturbed temperature profile is also shown.
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