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High-Temperature Shock Tube Measurements of Methyl Radical Decompositidn

Introduction

The thermal decomposition of methyl radicals proceeds via
two competing reaction pathways

CH,+ Ar — CH+ H, + Ar

Venkatesh Vasudevan,* Ronald K. Hanson, David M. Golden, Craig T. Bowman, and
David F. Davidson

High Temperature Gasdynamics Laboratory, Mechanical Engineering Department, Stanfoel<ityj
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We have studied the two-channel thermal decomposition of methyl radicals in argon, involving the reactions
CHz; + Ar — CH + H; + Ar (1a) and CH + Ar — CH, + H + Ar (1b), in shock tube experiments over

the 2253-3527 K temperature range, at pressures between 0.7 and 4.2 atm. CH was monitored by continuous-
wave, narrow-line-width laser absorption at 431.1311 nm. The collision-broadening coefficient for CH in
argon, Zcu-ar, Was measured via repeated single-frequency experiments in the ethane pyrolysis system behind
reflected shock waves. The measured2 - value and updated spectroscopic and molecular parameters
were used to calculate the CH absorption coefficient at 431.1311 nm (23194-8)) wihich was then used

to convert raw traces of fractional transmission to quantitative CH concentration time histories in the methyl
decomposition experiments. The rate coefficient of reaction 1a was measured by monitoring CH radicals
generated upon shock-heating highly dilute mixtures of ethagids, ©r methyl iodide, CHl, in an argon

bath. A detailed chemical kinetic mechanism was used to model the measured CH time histories. Within
experimental uncertainty and scatter, no pressure dependence could be discerned in the rate coefficient of
reaction 1la in the 0-74.2 atm pressure range. A least-squares, two-parameter fit of the current measurements,
applicable between 2706 and 3527 K, gikes(cn® mol™t s1) = 3.09 x 10 exp[-407007 (K)]. The rate
coefficient of reaction 1b was determined by shock-heating dilute mixturestdf @ CH;l and excess ©

in argon. During the course of reaction, OH radicals were monitored using the well-charactel@eting

of the OH A—X (0,0) band at 306.6871 nm (32606.52 ¢in H atoms generated via reaction 1b rapidly react

with Oy, which is present in excess, forming OH. The OH traces are primarily sensitive to reaction 1b, reaction
9 (H+ O, — OH + 0) and reaction 10 (C#+ O, — products), where the rate coefficients of reactions 9

and 10 are relatively well-established. No pressure dependence could be discerned for reaction 1b between
1.1 and 3.9 atm. A two-parameter, least-squares fit of the current data, valid over the?22753K temperature

range, yields the rate expressiag (cm?® mol~1 s ™) = 2.24 x 10" exp[-41600T (K)]. Theoretical calculations

carried out using a master equation/RRKM analysis fit the measurements reasonably well.

profiles. Over nearly the same temperature range, significantly
different rate coefficients (by a factor ef5) were reported in
the two studies. This was subsequently attributed by Markus et
al>® to a large, unexplained pressure dependence for CH
formation between 0.3 and 3.5 bar. Values kgg have also
been obtained in a shock tube study of the €HD, reaction
system by fitting measured CH concentration time histories

(1a)

CH; + Ar—CH,+H+ Ar (1b)

Reactions l1la and 1lb play an important role in the high-
temperature combustion and pyrolysis of hydrocarbon fuels suc
as natural gas. For example, rate coefficients of both methy!

using a detailed chemical kinetic mechanism. The inferred rate
coefficient data were found to be consistent with the measure-

hments of Dean and Hansbat ~1 bar. However, the pressure
| dependence df;, remained unresolved.

decomposition pathways need to be well-established to correctly Several experimental studies of reaction 1b have been
capture the CH peak height in elevated-temperature methaneeported in the literature’-2° All of these studies have involved

oxidation experiments. This is evident from the sensitivity plot
shown in Figure 1a.

shock tube measurements of time-dependent H-atom concentra-
tion profiles via atomic resonance absorption spectrometry and

The rate coefficient of reaction 1a has been measured byspan the 17084000 K temperature range. Whereas Bhaskaran

Hanson and co-worketdand Markus et al.Dean and Hansén
and Markus et at.monitored CH by ring dye laser absorption
near 431.1 nm and determindd, from the measured CH
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et al” monitored H atoms in a shock tube study ofHg/O»
mixtures, Roth and co-worke¥s detected H atoms in shock-
heated GHe/Ar mixtures. At high temperatures, the ethane in
the initial reaction mixture rapidly decomposes to yield {CH
which generates H atoms via reaction 1b. The thermal reactions
of CHz were also investigated by Lim and Mich&by detecting

H atoms in reflected shock wave experiments usings!®H
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(a)  CHHHAHM) - CHy+M) is presented in Figure 1b. Reaction la has a threshold that is
CHeOz— O+HEO [ 13 kJ/mol lower than reaction 1b and is therefore energetically
H+CH — C+H, H P ” HY
CHeHy— HeCH, [ favored. Both reactions proceed via “loose” transition states,
HECHL M) — CHG+M) | i.e., they occur without any energy barrier. Whereas reaction
HHCHZHM) — CHyrt) [ 1b follows the least-motion pathway wi€@, geometry, reaction
FrdEy e et | 1a follows a complicated non-least-motion pathw&y.wo-
CHgrCHy s Heot, [ dimensional, two-channel master equation calculations were
2CH— Hpt CoHy | recently reported by Eng et #l These authors pointed out that
mfé*:“_:;f;c: : the_decomposition of methyl radicals must be in the falloff_
O+CHy s HECHD | regime at~1 bar because both channels have been observed in
CHHCHy— H+CoHy | experiments at this pressure (at the low-pressure limit, only
2CH; - HHCHg | reaction la, the energetically favored channel, should be
R | accessible via collisiong). Therefore, there is the expectation
DH+CH3—>§H2(S)+H20 I of a possible pressure dependence in methyl decomposition at
O+CpHy— HHHCCO | ~1 bar, which is investigated in this study.
DH+CH — HEHCO Clearly, direct high-temperature measurements of methyl
04 0z 0 0z o4 decomposition are needed to provide accurate data on the overall
rate and branching ratidgy/(kia + kip). Also, uncertainty
(b) CH.+H r_egarding the possible effect of pressure on methyl decomposi-
2 tion needs to be resolved. In this study, measurements were
made behind reflected shock waves using narrow-line-width CH
) CH+H, 13 kd/mol and OH laser absorption near 431.1 and 306.7 nm, respectively.
2 b S Experiments were carried out at different pressures to study the
Lt“_g effect of pressure on the two methyl decomposition pathways.
= 457 kJ/mol Initial mixture compositions were chosen so that the measured
¢ | 444 kJ/mol CH i itivi i
< and OH traces showed dominant sensitivity to reactions la
o and 1b, respectively. Rate coefficients were inferred by matching
the experimental CH and OH concentration time histories with
3 profiles modeled using detailed chemical kinetic mechanisms.

Reaction Coordinate
Figure 1. (a) Sensitivity to maximum CH concentration in shock tube
oxidation of methane (CHO./Ar = 80 ppm/100 ppm/99.982%, =
1.6,P = 1.8 atm,T = 2800 K); adapted from ref 1, (b) Potential energy
surface for methyl decompositifh(not to scale).

Experimental Setup

All experiments were carried out in the reflected shock region
of a high-purity, stainless steel, helium-driven shock tube with
an inner diameter of 14.13 cm. The shock tube facility is
described in detail elsewhett.Ethane (99%) and methyl
iodide (>99.5%) were obtained from Specialty Chemical
Products Inc. and Sigma Aldrich, respectively. Research-grade
argon (99.9999%), helium (99.999%), and (©9.999%) were

mixtures. In the 21562520 K temperature range, methyl
decomposition to CkH+ H was found to dominate H-atom
formation; using detailed model simulations, Lim and Michael
inferred rate coefficients for reaction 1b. Most recently, H atoms supplied by Praxair Inc. Mixtures were prepared using partial
were monitored by Eng et &t.in incident and reflected shock  pressures and were allowed to mix in a magnetically stirred
wave experiments at pressures ranging from 0.1 to 4.8 bar andmixing chamber to promote homogeneity and consistency.
temperatures between 2000 and 4000 K, using highly dilute Because all of the mixtures used in this study were highly dilute,
CH3N2CHg/Ar and CHCOCHy/Ar mixtures to generate GH mixtures were prepared by successive dilufion.
Values forky, were obtained from the initial slope of the H-atom The shock tube test section was pumped down to pressures
profiles. At temperatures below 2500 K, H-atom formation was on the order of 107 Torr before each experiment using a
dominated by secondary reactions, resultingjjvalues much turbomolecular pump. Incident shock velocity measurements
higher than those found in earlier work by Lim and Mich&el, were made using five PZT pressure transducers and four
Roth and co-worker$® and Bhaskaran et &l. programmable timer counters and linearly extrapolated to the
Little direct experimental information is available on the endwall. Temperature and pressure in the reflected shock region
branching ratio of methyl decompositiéh.Markus et al* were determined using one-dimensional shock calculations.
measured bothki, and kyp in a single study, but there were CH radicals were detected by continuous-wave, narrow-line-
uncertainties due to pressure effects in their measurements. Deawidth ring dye laser absorption at 431.1311 nm. This wavelength
and Hansofireport Arrhenius expressions for bdth, andkp, corresponds to the overlappingdJ) and Q(7) rotational lines
however, their CH measurements were not particularly sensitive of the CH A—X (0, 0) band® Narrow-line-width radiation was
to kip. Eng et all® observed that the H-atom concentration generated by pumping a Coherent 699 ring dye laser, with
approaches a stationary level, [t long times. They obtained  stilbene 3 dye, with the multiline UV output from a Coherent
the branching ratioksy/(kia + kib), by dividing this stationary Innova-200 Ar-ion laser. Single-mode operation of the laser was
H-atom concentration by the initial methyl-radical concentration. verified using a Spectra-Physics 470 scanning interferometer.
Unexpectedly high H-atom yields of up to 70% were observed The nominal laser wavelength was determined to within 0.01
at pressures of-1 bar; this could not be reconciled with the cm~! using a Burleigh WA-1000 wavemeter. The laser beam
25—-45% high-pressure-limit branching ratio estimate of Fulle was split into two sections, a diagnostic beam and a reference
and Hipplet#? determined via studies of the reverse reaction. beam. The two beams were balanced prior to each experimental
Several theoretical studies of methyl decomposition have beenrun; this leads to effective common-mode rejection of laser
reported (see ref 10 and references cited therein). The potentiaintensity fluctuations and a minimum absorption detection limit
energy surface has been computed using ab initio methods andf less than 0.1%.
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Figure 2. (a) LIFBASE simulation of the CH absorption feature near
23194.80 cm?! (431.1311 nm) at 2800 K and 7.25 atm: dashed black
line, 2ych-ar = 0.023 cmi! atm?; solid gray line, Zcy-ar = 0.034
cm ! atnm%; solid black line, Zch-ar = 0.034 cn1! atnt ! shifted by

Vasudevan et al.
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Figure 3. Example CH data, modeling, and sensitivity: (a) CH mole
fraction time history; (b) CH-radical sensitivity at early times=

—0.015 cm}; open squares, experimental data from peak CH absorption (X di) (il Xcr).

during the pyrolysis of 20 ppm dilute ethane in argon. Numbers in

parentheses correspond to the number of experiments performed at tha\‘ivherefm is the rotational oscillator strength, is the Boltzmann

wavelength. Vertical error bars represetit0%; horizontal error bars
representt0.02 cntt. (b) Comparison of current absorption coefficient
calculation at 431.1311 nm (23194.80 ¢nwith previous work: solid
black line, this work, 1 atm; dashed black line, taken from Dean and
Hanson'® 1 atm; solid gray line, this work, 4 atm; dashed gray line,
taken from Dean and Hanséh4 atm.

OH radicals were monitored using a narrow-line-width ring
dye laser tuned to the center of thg('R) absorption line in the
OH A—X (0, 0) band at 306.6871 nm. A 532-nm Coherent

(Verdi) laser was used to pump Rhodamine-6G dye in a Spectra-

Physics 380 ring dye laser cavity to generate-38 mW of
visible light at 613.4 nm. The visible light beam was intracavity
frequency-doubled in a temperature-tuned AD*A crystal to
produce +2 mW of UV light near 306.7 nm. A detailed
description of the OH diagnostic is available elsewHéig.

Quantitative OH and CH concentration profiles were gener-

ated from the raw traces of fractional transmission using Beer’s

law, (/lo), = exp(=k,PXL), wherel is the intensity of the
transmitted laser bearty is the intensity of the reference beam;
k, is the absorption coefficient (atfrcm™1) at frequency; P

is the total pressure (atn¥;is the mole fraction of the absorbing
species, CH or OH; and is the laser path length (14.13 cm).
The absorption coefficient of the OH radical is well-establidhed
and known to within~5%. The CH absorption coefficient was
determined as described below.

CH Spectroscopic Model A spectroscopic model, based on
previous work by Dean and Hans&hwas used to establish
the absorption coefficient of the CH radical. The CH absorption
coefficient can be expressed as

2 N
ker(¥) = (:Tiz)z fB(R—f})fJnJcD(w A

fraction of the population in the lower-energy stabéy is
Avogadro’s numberR is the universal gas constant, addy)
is the line shape factor (cm). The Boltzmann fraction can be
calculated using the equation

howe) }

kT Q

fo= (0" +1) ex;{—(E—T F(J”)] exp[—u"(
(B)

whereF(J") is the rotational energy of the lower-energy state,
we 1S the vibrational frequency, an@ is the total internal
partition function. The total partition function is evaluated as a
product of the rotational, vibrational, and electronic partition
functiong®

elec

Q=0 0.0 = (ﬂ){ 1— exr{—(howe)]}_lQ
rot<vib <elec ™ \LcB! KT ©

where B" is the rotational constant. The electronic partition
function isQelec= > { ge(N) exp[—Te(N)h/kT]}, wherege(n) and
Te(n) are the degeneracy and the electronic-term energy,
respectively, of thenth electronic state. The electronic-term
energy® of the ground doublet state &(X21) = 0 cn?,
whereas for the lowest-lying excited quartet stfiga’>") =
5844 cml. Higher electronic states (for example?A) do not
contribute to the electronic partition function, even at temper-
atures as high as 5000 K. Population of thiEaquartet state
would need to occur via collisions with argon, a spin-forbidden
process that is not likely to occur in the time scale of our
experiments (rate coefficients were typically inferred &t 50

us in the current work}? In the event that the system does
thermalize rapidly, the contribution of the low-lying quartet state
t0 Qelecis ~6% at 3000 K. This was included as an uncertainty
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sensitivity at early timesS = (dXcn/dk;) (Ki/Xch)-

in our absorption coefficient calculation where the electronic measured profile was simulated using LIFBASEvith the
partition function was taken to be equal to the degeneracy of broadening coefficient as the only free parameter. Note that
the ground stateQeec & ge(X?IT) = 4.10.16
Updated molecular and spectroscopic parameters were usedvhere the Voigt line is obtained by convolving the Gaussian
to calculate the absorption coefficient as a function of temper- (Doppler) and Lorentzian (collision) profiles. At 2800 K, a

ature and pressure. Rotational and vibrational constartar(d
B") and rotational-term energie$['"')] were taken from a
recent study by Zachwieja et &P.,and rotational oscillator

J. Phys. Chem. A, Vol. 111, No. 19, 2004065

TABLE 1: Rate Parameters for Reactions Sensitive during
CH Formation and Removal

rate coeff (crd mol~1s7%)

reaction A n E(kcal/mol) ref

CH;+M —CH+H,+M seetext this work
CHz3+M—CH,+H+ M seetext this work
CH+M—C+H+M 1.0x 104 0 64.0 3%
CH,+M—C+H,+M 1.15x 10 0 55.8 3%
H+CH—C+H; 1.65x 104 0 0.0 1
C+CH—C;+H 20x10% 0 0.0 31

C +CH, — 2CH 1.0x 104 0 0.0 31

C+ CHz—H + CH2 5.0x 108 0 0.0 1

a See text; rate coefficients were adjusted slightly (by ug-25%)
to match each measured CH decay.

124 20 ppm CH_, Ar

—_ 3400 K, 1 atm

E 104 Current mechanism
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(b) CH-radical sensitivity Figure 6. Comparison of CH time histories calculated using different

hydrocarbon pyrolysis mechanisms. Initial reflected shock conditions:
3400 K, 1 atm; 20 ppm £Hs, balance Ar.

strength values were taken from Luque and Crosléy.The
positions of the two lines that are of interest in this workgQ
(7) and Q((7), were accurately measured by Brazier and
Brown?23 The line shape factor was evaluated using a Voigt
profile for each CH transition.

Dean and HansoH,in calculating the CH line shape, assumed
the collision-broadening coefficient of CH in Arygu-ar, to
be equal to that of NH in Ar, yn-ar (0.023 cn1t atnr? at
2800 K), the latter having been measured accurately by Chang
and Hansor’?* This assumption is reasonable al atm, the
pressure at which Dean et@lperformed all of their kinetic
measurements, because the broadening is largely Doppler and
the 2vch-ar value has only a small effect on the absorption
coefficient at the line center. To the best of our knowledge, no
direct measurements have been made of the pressure broadening
of CH A—X transitions in argon. Takubo et #used a collision
width of 0.07 cnt! for CH A—X (0,0) for a propane/air flame,
based on emission measurements by Rank €taid Harned
and Ginsburéf in an oxyacetylene flame, while Luque et &?s
examination of the CH AX spectra of Peterson and &h
suggests a collision width o£0.1 cnTl.

In this study, the collision-broadening coefficien{;ca-ar,
was inferred by measuring the absorption at discrete positions
across the convolved CH line shape [overlapping(Q and
Q2(7) rotational lines] via repeated single-frequency experi-
ments in the ethane pyrolysis system at 2800 K and 7.25 atm.
The initial mixture was 2621 ppm ethane in argon. The

LIFBASE calculates the CH line shape using a Voigt profile,

2ych-ar Value of 0.034 cm! atnT! leads to a reasonable fit
between the measured and simulated lineshapes (see Figure 2a);
the measured)Z-ar value is about a factor of 1.5 larger than
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(dXor/dki) (ki Xow)-

the value used by Dean and HangénTo reconcile the
measurements, a small collision shift of betwee®.01 and
—0.02 cnt?! had to be included in the simulation. This collision

pressure: (a) OH mole fraction time history; (b) OH-radical sensitivity
at early timesS = (dXon/dk;)(ki/Xow).

K and 7.25 atm; recent measurements by Herbonétsaiggest

a collision shift of —0.04 cnt?t in the OH Q(3) line]. It is
pertinent to note that this shift borders on th®.01 cnt?
resolution of the Burleigh WA-1000 wavemeter used in the
current study. The uncertainty in the collision-broadening
coefficient measurement is conservatively estimateti2(1%.

In the absorption coefficient calculation, the temperature
dependence of the collision-broadening coefficient was assumed
to be the same as that of NH, measured by Chang and H&hson.

Figure 2b presents a comparison of the current absorption
coefficient calculation with previous work by Dean and Han-
son® Agreement at 1 atm is good, as expected, because the
higher 2/cn-ar value has only a small effect on the absorption
coefficient magnitude at this pressure, but at 4 atm, the present
absorption coefficient calculation differs from that calculated
by Dean and Hanséfby 10—15%.

At 2800 K and 4 atm, the overall uncertainty in the CH
absorption coefficient is about10%. This uncertainty is due
to uncertainty in the following quantities: (a) CH oscillator
strength £3%), (b) collision-broadening coefficientt0%),
(c) electronic partition function#5%), (d) temperaturet{1%),
and (e) pressure{1%). A 3% change in the oscillator strength
results in a~3% change irkcy(v), whereas a 20% change in
the broadening coefficient changdgy(v) by ~8%. The
absorption coefficient is not particularly sensitive to uncertainty
in temperature and pressure: separate 1% changes in temper-
ature and pressure result in changes of 2% and 0.4% in the
absorption coefficient, respectively. Our uncertainty estimate
for kcy(v) is conservative because the collision-broadening
coefficient, the electronic partition function, and the temperature
are likely known to better thant20%, +5%, and £1%,
respectively. The combined uncertainty decreases at lower

shift is of the same order of magnitude and in the same direction pressures, where most of the current experiments were carried
as measured for other radical species such as OH in Ar [at 2800out, because of the reduced influence of collision broadening.
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triangles, 3.6-4.2 atm data; solid black line, least-squares fit to data. . . . .
tions, such as reactions 1b, 2, and 3, is somewhat higher at

elevated temperatures and pressures.

Kinetics Measurements CH+Ar—C+H<+ Ar 2)

CH3z+ Ar — CH + H, + Ar. The rate coefficient of reaction .
la was measured by monitoring CH radicals generated upon CH, + Ar—CHH, + Ar (3)
shock-heating highly dilute mixtures of ethaneHg, or methyl

iodide. CH;I in an argon bath. A detailed chemical klnet|c In summary, for both the high-temperature and high-pressure

experimentski, could be accurately and reliably ascertained
Sby fitting the measured profiles to a model at the earliest times
(t < 20 us).

Reaction Mechanism To Model CH Formation and
Removal. In previous work, different reaction schemes have
been used to model CH formation and removal in hydrocarbon

yrolysis systems. Dean and Han3amsed a two-channel

cheme for Chithermal decomposition with nearly equal rate
coefficients for the two decomposition pathways, reactions 3
and 4, to model their CH and C-atom measurements.

and is described in greater detail in an ensuing section of this
article. Initial mixture compositions were chosen such that the
measured CH traces showed dominant sensitivity to reaction
la at early times. The rate coefficient of this reaction was
adjusted in the mechanism to yield the best fit between model
and experiment. Figure 3a presents measured and modeled C
concentration profiles for an experiment conducted at 2944 K
and 0.97 atm, and Figure 3b is a sensitivity analysis for this
experiment. Sensitivity is defined asXgh/dk;)(ki/XcH), where

Xcw is the local CH mole fraction ank] is the rate coefficient CH,+ Ar—C+H,+ Ar (3)
of reactioni. Clearly, up to~50us, the most sensitive reaction
is methyl decomposition to CH and,HNote that, in the CH,+ Ar—CH+H + Ar (4)

sensitivity plot, the collision partner M is Ar.

Experiments were also carried out at higher reflected-shock However, Kiefer and Kumardhwere able to successfully model
pressures and temperatures. The CH profiles were primarily Dean’s experiments using a very different reaction scheme
sensitive to reaction 1a at the earliest times. This is evident from consisting largely of rapid bimolecular reactions. In the Kiefer
Figure 4, which presents measured and modeled CH traces ané&nd Kumaran mechanism, the rate coefficient used for reaction
the corresponding sensitivity plot for an experiment conducted 4 was about a factor of 10 smaller than that used by Dean and
at 3.9 atm and 2982 K. When compared to the lower-pressureHansor? effectively eliminating the role of this reaction in the
experiment shown in Figure 3a, the time window over which mechanism. That CHdecomposition favors reaction 3 was
reaction 1a has dominant sensitivity is shorter. Figure 5 presentssubsequently confirmed via measurements in the ketene py-
results of a kinetic measurement performed at 3393 K and 1.039rolysis system by Roth and co-workéfsn the current work,
atm; as expected, the sensitive time window is shorter at higherwe have used a reaction scheme based on that of Kiefer and
temperatures. Interference from unimolecular dissociation reac- Kumaran, in which Chdecomposition results primarily in the
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TABLE 2: Summary of Experimental Results, ki, TABLE 3: Summary of Experimental Results, kyp
T P Kia T P Kip
K atm cmPmolts™ K atm cnmPmol™ts™
(K) (atm) (cm*mol*s™) (K) (atm) (cm®mol*s™)
10 ppm GHg, balance Ar 25.38 ppm CHl, 0.106% Q, balance Ar
2837 1.042 2.14 10° 2780 1.425 8.8% 10®
2738 1.095 1.0& 1¢° 2665 1.529 4.34 10°
2984 1.005 449 10° 2562 1.600 2.66¢ 108
3161 0.945 8.5« 10° 2253 1.754 1.98 10/
10 ppm GHe, balance Ar 2747 1.488 6.93% 10°
2858 0.976 2.3% 10° 2843 1.198 8.8 10°
2763 2391 118 1¢° 2698 1.242 3.73% 108
2845 2.637 2'0& 109 2693 1.288 3.6k 10°
2802 5742 154 1° 2550 1.285 2.45¢ 108
: : 2417 1.289 7.18& 107
60 10.3 ppg;ggz‘He, balance Ar 36 10° 2375 1.370 5.6k 107
27 1. 1 1 2941 1.161 15k 10°
2949 1.838 3.4% 10° 2276 1.409 2.4% 107
gggi 33(7)471 %gg ig; 24.98 ppm CH, 0.106% Q, balance Ar
2717 3.829 8.12< 108 2743 1.215 49% 10°
2706 4'116 8'06< 106 2765 3.698 5.6k 10°
' ' 2882 3.626 9.5% 10®
19.99 CH, balance Ar 2587 3.898 2.0% 1¢°
2848 1.835 1.7% 10° 2953 2.988 2.0 10°
2770 1.871 1.2% 182 2635 2.991 3.4 10
g?gg z%g igg 109 5.11 ppm GHs, 0.103% Q, balance Ar
: : 2707 1.191 4.93 108
10 ppm GHe, balance Ar 2975 1.091 2.25 10°
3393 1.039 1.8% 10 2871 1.119 1.0% 10°
gg% tl).ggj S.gi 18;0 2790 1.170 7.3% 10
3198 1.072 9.1% 1012 The mechanism and rate parameters used here are similar to
ggg i-g(l)g %gg igo those reported by Kiefer and Kumardnwith some differ-
3472 1040 5 35 1010 ences: (1) The rate coefficient for reaction 1b used by Kiefer
3348 1.079 1.49¢ 1010 and Kumaran was based on an RRKM calculation, whereas we
10.09 ppm GHs, balance Ar used a value based on direct measurements that we carried out
2709 U los7 9.1k 10° concurrently to determinlen. These experiments are described
3011 1.094 4.2% 10° in an ensuing section of this article. Note that we did adjust
2925 3.580 2.6% 10° our kip determination, within quoted uncertainty limits, to
2789 3.636 1.2% 10 provide a best fit to each modeled and measured CH trace. (2)

Minor adjustments were made to the rate coefficients o CH

+ Ar — C + H; + Ar (~1.25 times the value of Kiefer and
Kumaran) and CH+ Ar — C + H + Ar (~1.25 times the
value of Kiefer and Kumaran at < 3000 K) to capture the
measured CH decay. (3) Rate parameters for several reactions
(for example, GH» + Ar, CoHs + Ar, CoHg + Ar, CHy + Arr,

H, + Ar, H + CHy, H +CHs, H + CH,, H + CH, CH; + CH,

CH3 + CH,, CHz + CHs, etc.) in the Kiefer and Kumaran

formation of C atoms and HHowever, it is important to note
that the reaction scheme used has little or no effect on our rate
determination for reaction la. This is because, at the earliest
times, CH is primarily sensitive only to reaction 1a; see Figures
3b, 4b, and 5b.

At later times, the CH profile is sensitive to several reactions;
these include

CH; + Ar — CH, + H + Ar (1b) mechanism were updated with more recent values from evalu-
ations such as those of GRI-Mech 3-ll of these changes,
CH+Ar—C+H+Ar 2) however, had only a small effect on the modeled CH time
histories. (4) The rate coefficient inferred for reaction 1a in this
CH,+Ar—C+H,+ Ar 3 study was, on average, about 25% lower than that of Kiefer
and Kumaran over the 286600 K temperature range, with
H+CH—C+H, (5) agreement being the poorest at low temperatur@&sfo at 2800
K) and the best at high temperaturesl6% at 3600 K).
C+CH—C,+H (6) Table 1 summarizes the rate parameters employed in this
study for the key reactions that control CH formation and
C+CH,— 2CH () removal in our experiments. That the current mechanism is
largely consistent and in good overall agreement, at high
C+CH;—H+CH, (8) temperatures, with earlier mechanisms developed by Dean and

Hansor and Kiefer and Kumarah is evident from Figure 6,
Even with the highly dilute reaction mixtures used in this study, which presents modeled CH traces for an ethane pyrolysis
it was not possible to unambiguously relate the decay in CH to experiment at 3400 K and 1 atm. The concentration chosen, 20
a single dominant reaction. Hence, whereas the rate coefficientsppm ethane in argon, corresponds to that used by Dean and
of the above reactions were constrained to match measured andHansoR in their ethane pyrolysis study.
modeled CH time histories over the temperature and pressure Pressure and Temperature Dependence of CH Time
ranges of this study, these do not necessarily represent a uniquélistory. Parts a and b of Figure 7 show the pressure and
set of reaction rate coefficients. temperature dependences, respectively, of the CH time history.
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Figure 12. Branching ratio for the unimolecular decomposition of methyl radicals. (a) Temperature dependence: solid black line, this work; open
circles, Eng et al? [p(Ar) = 1.8 x 10°® mol cn9]; solid stars, Fulle and Hippl&t (high-pressure limit); dashed line, Markus et §1.1-1.8 bar);

solid gray line, Baulch et &t (b) Pressure dependenceTat= 2750 K: solid black line, this work; open circles, Eng et*éisplid star, Fulle and
Hipplert2 (high-pressure limit); solid triangle, Markus et 4bplid gray line, Baulch et df: (c) Effect of higher branching ratio on the modeled CH

time history and comparison with experiment; a branching ratie@f70 was reported by Eng et*dlat a comparable temperature and pressure
(see Figure 12b).

At higher pressures and temperatures, the rise and decay in CHo simulate the OH measurements. An example experimental
becomes faster. As temperature is increased, there is also grofile is presented in Figure 8a, and Figure 8b shows the OH
pronounced increase in the CH peak height; see Figure 7b.radical sensitivity analysis for this experiment. At early times,
Clearly, our mechanism is able to capture the essential the OH profile shows reasonably strong sensitivity to reaction
characteristics of the CH trace. Model performance, although 1b. However, there is some secondary interference from
satisfactory over the entire temperature and pressure range ofeactions la and-911

the current study, was the poorest for experiments conducted

at low temperatures and high pressures. In the worst case, decay CH; + Ar— CH+H,+ Ar (1)
times differed by 16-20% from experiment. However, this has
little or no effect on the rate coefficients reported for reaction H+O,—OH+O (9)
1a, which were inferred using only the early-time CH rise.
CHsz+ Ar — CHz + H + Ar. The rate coefficient of reaction CH, + O,— OH + CH,O (10)
1b was determined by shock-heating dilute mixtures gfi{C
or CHgl and excess €(0.1-0.5%) in argon. During the course O+H,—H+ OH (11)
of reaction, OH radicals were monitored using the well-
characterized RS) line of the OH A-X (0, 0) band near 306.7 The rate coefficients of the three primary interfering reactions,

nm. H atoms generated via reaction 1b rapidly react with O eactions 1a, 9, and 10, are all relatively well-establistgg.
present in excess, forming OH. In Fhe absgnce of secpndarywas carefully measured in this study to within approximately
chemistry, the OH traces are primarily sensitive to reaction 1b |55 (the Arrhenius fit reported in this work was used in the
and the reaction H- O, — OH + O. We used a similar ¢, ent modeling). There have been several measurements of
measurement approach in a recent study to infer the overall rat€eaction 9, and recent studféestimate an uncertainty of just
coefficient and branching ratio for formaldehyde decomposi- 1o, forks over a broad temperature range. The rate expression
ti_on.33 The ki_netic strategy can be represented by the following recently recommended by Dryer and co-worRefer ks is in
simple reaction scheme excellent agreement (within 10%) with the GRI-Mech 3.0
expressioh used here. Reaction 10 was very recently studied
in our laboratory by Herbon et &.and is known to within
10, L approximately+-35%; the Arrhenius expressions recommended
OH +0 by Herbon et al. were used in the current modeling. Aside from
reaction 11, minor secondary interference (not shown in Figure
Rate data were inferred by adjusting the rate coefficient of 8b) from the reactions 20H> O + H,O, CH+ O, — O +
reaction 1b to match modeled OH profiles with experiment. A HCO, CH, + O, — OH + H + CO, CHy(s) + O, — OH + H
detailed chemical kinetic mechanism (GRI-Mech 3.0 with the + CO, CH+ O —H + CH,0, and CH + Ar — C + H, +
Kiefer and Kumaran hydrocarbon pyrolysis model) was used Arwas observed. Conservative uncertainty estimates were used

C,Hg or CH3I — CH3 + Ar—» CH, + H+ Ar
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TABLE 4: Thermochemical and Structural Parameters

parameter

value(s)

vibrational frequencies (cnd)
moments of inertia (amu A
symmetry number

enthalpy of formation
electronic partition function

vibrational frequencies (cn)
moments of inertia (amu A
symmetry number

enthalpy of formation
electronic partition function

vibrational frequencies (cnd)
moments of inertia (amu A
symmetry number

enthalpy of formation
electronic partition function

vibrational frequencies (cnd)
moments of inertia (amu %
symmetry number

enthalpy of formation
electronic partition function

symmetry number
enthalpy of formation
electronic partition function

for the rate coefficients of these secondary reactions when setting
error limits for our rate measurements. Note that, as temperature
is reduced, sensitivity to reaction la diminishes whereas
sensitivity to reaction 10 increases. This is because, at lower
temperatures, methyl radicals are more likely to react with

oxygen than decompose.

Experiments were also conducted to investigate the pressuret
dependence of reaction 1b. Results of a sample high-pressur
measurement at 3.89 atm and 2587 K is shown in Figure 9. As
in the low-pressure experiment described earlier (see Figure 8),
the early-time OH concentration shows reasonable sensitivity

to reaction 1b.

Results and Discussion

CHs
3184, 3184, 3002, 1383, 1383, 580
Ia=1g=1.78,Ic = 3.60
6
AtHo (kJ mol?) = 149.7
Qelec=2

CH,

3123, 2954, 1056

1= 0.231, (glc) = 2.19
2

A¢Ho (kJ mol ) = 390.0
elec = 3 + exp(—3147 cm*hdk,T)
+ exp(—11497 cnrthck,T)

CH
2861
|=1.18
1
AHo (kJ mol?) = 390.0
Qetec= 2+ 2 exp(17.9 cnTthd/kyT)
+ 4 exp(~4500 cn*hc/k,T)

Ha
4395
| =0.281
2
AfHo (kJ mol'l) =0
Qetec=1

H

1
AfHo (kJ mol ) = 216.0
Qelec=2

Vasudevan et al.

low temperatures. At temperatures lower thaf500 K, our
measurements are in poor agreement with the data of Eng et al.
These authors inferrekl, using the initial slope of measured
H-atom ARAS profiles. However, at low temperatures, reactions
12 and 13 contribute significantly to early-time H-atom forma-
tion, resulting in the observed high rate coefficient values.

CH, + CH,— C,Hg + H (12)

CH;—CH,+H (13)
Note that the current laser absorption data exhibit lower scatter
than the H-atom ARAS measurements reported in the literature.
Pressure dependence could not be discerned ikygimeasure-
ments (see Figure 11b) between 1.1 and 3.9 atm. A two-
parameter, least-squares fit of the current data, valid over the
2253-2975 K temperature range, yields the rate expression

ky, (cm® mol ™ s71) = 2.24 x 10" exp[~41600T (K)]

The correlation coefficient and standard deviation of the above
fit are —0.992 and 0.071, respectively.

Even though no pressure dependence could be discerned for
reactions 1la and 1b between 1 and 4 atm, this does not
necessarily imply that the reactions are at the low-pressure limit
because any pressure-dependent falloff might well be small and
embedded within the scatter of the experimental data. The
currentki, andkyy, rate coefficient data are presented in Tables
2 and 3, respectively.

A detailed uncertainty analysis was carried out to set error
limits for our measurements. The uncertainty factors taken into
account were uncertainties in (a) wavemeter reading; (b)
absorption coefficient of CH and OH; (c) initial mixture
concentration; (d) reflected shock temperature, primarily due
to uncertainty in shock velocity determination; (e) rate coef-
ficients of secondary reactions; (f) fitting the modeled trace to
he experimental profile; and (g) locating time zero. The effects
f each of the above uncertainty categories on the rate
coefficients of reactions la and 1lb were ascertained and
combined to yield overall uncertainty limits for both reactions.
On the basis of this analysis, we conservatively estimate an
uncertainty of+25% in ourk;s measurement at 2944 K and
0.974 atm and an uncertainty #50% in ourk;, measurement
at 2843 K and 1.198 atm. The uncertaintykin is expected to
be larger for our high-temperatur& & 3200K) and -pressure

Our measurements Ofia between 0.7 and 1.1 bar are (p ~ 4 atm) experiments because of increased secondary

presented in Figure 10a. THe, data are in good agreement interference from unimolecular decomposition reactions such
with Dean and Hansdrand with a recent evaluation by Baulch ¢ CH + Ar — C+ Hp + Arand CH+ Ar — C + H + Ar,

et al’* The current high-temperature data are also consistent\yhile the uncertainty irkys, is expected to be larger for our
with the lower-temperature results of Rohrig e dlhe effect lower-temperature data because of increased interference from
of pressure on the bimolecular rate constant is shown in Figure the CH; + O, reaction system and methyl radical recombination.
10b. Within experimental uncertainty and scatter, a pressure parts a and b of Figure 12 present the branching rkip,
dependence COU|d nO'[ be discerned K{HII‘I the 07_4 atm (kla + klb)! as functions Of temperature and pressure, respec-
pressure range. A least-squares, two-parameter fit of the currentjyely. The branching ratio for methyl decomposition is not well-
measurements, valid over the 278527 K temperature range,  established in the literature. Markus et‘aheasured bothy,

is given by the expression andkip, in a single study. However, theli, measurements are
about a factor of 5 lower than the current data set (see Figure
10), resulting in a substantially higher branching-ratio value.
In subsequent work, Markus et@leported an averade, value

for pressures near 1 bar. When this expressiork{pis used

ky, (cm®mol ™ s7%) = 3.09 x 10"° exp[—40700T (K)]

The correlation coefficient of the above fit 150.997, and the

standard deviation is 0.038. in conjunction with the Baulch et ak.recommendation ok,
Figure 11a summarizes the current measuremerkg, aind (based on several previous studieskgf all of which are in

previous work reported for this reaction rate coefficient. The good agreemet), the resulting branching ratio is in excellent

kip data agree very well with the H-atom ARAS measurements agreement with that of the current work. The current branching-

of Eng et al? at high temperatures and of Lim and MicHaad ratio measurements show no discernible dependence on pressure,
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TABLE 5: Parameters for Multiwell Calculations at 2800 K
parameter

value

CHs

frequencied(cm™?) 3184, 3184, 3002,

1383, 1383, 580
(J-rotor) adiabatic moments of inertia (amd)A 1.78

(K-rotor) active external rotor (amu?f\ 3.60

CHa:--H (transition state)
critical energy 80 K (kJ mol?) 109.1
frequencied(cm?) 3123,2954,1056
(J-rotor) adiabatic moments of inertia (amd)A 13.8
(K-rotor) active external rotor (amu?f\ 3.60
moments of inertia active 2-D rotors (am@)A  2.19

hindrance(2800 K) 90%
collision parameterso (A?), € (K)
CHs 3.8, 144
Ar 3.47,114
<AE>4(2800 K) (cnT?) 150

CH---H; (transition state)
critical energy &0 K (kJ mol) 106.2
frequencied(cm™?) 4395, 2861
(J-rotor) adiabatic moments of inertia (amd)A 12.89
(K-rotor) active external rotor (amu2f 3.60
moments of inertia active 2-D rotors (am@A 1.18 (CH rotor),

281 (H: rotor)
hindrance (2800 K) 98.7%
collision parameterso (A?), € (K)
CHs 3.8, 144
Ar 3.47,114
<AE>4(2800 K) (cnT?) 150

in contrast to the results of Eng et #lywho inferred branching
ratios of up to 70% (see Figure 12b) from measured long-time
H-atom plateaus. Our branching-ratio data are in very good
agreement with the recent evaluation of Baulch ét al.

If the branching ratio were-70%, as measured by Eng et
al., CH peak levels would, according to detailed kinetic

simulations, need to be about a factor of 2 lower than observed,

with an early-time CH rise that is substantially slower than
experiment. Note that, in the simulatidq, was kept fixed and
kia was adjusted to yield a branching ratio 6f70%. The
significant change in the temporal behavior of the CH profile
at early times is illustrated in Figure 12c for an experiment at

2770 K and 1.871 atm. Such large differences cannot be

explained by uncertainty in (a) experiment or (b) spectroscopic
calibration of the CH diagnostic. To address the effect of

pressure on the branching ratio, theoretical calculations using a

master equation/RRKM analysis were carried out and are
described in the next section of this article.

Master Equation/RRKM Analysis

Attempts were made to reproduce the experimental results

with a master equation/RRKM analysis. This is in keeping with
previous such attempts by Eng et'dhnd Hippler et af?” The
Multiwell suite®®-3°was used for the calculations, which were

performed at 2800 K. The required parameters include ther-

mochemical values for CH CH,, CH, H,, and H. The values
employed were the same as those used by Eng'éizald are
listed in Table 4. These values allow for the calculation of the
equilibrium constants. The values obtained at 2800 K were
K_1n(CH; + H = CHs) (molecule cm?) = 2.97 x 10'6 and
K_14CH + H, = CHg) (molecule cm3) = 1.26 x 10Y. The
expressions in Fulle and Hipplérfor the high-pressure-limit

J. Phys. Chem. A, Vol. 111, No. 19, 2004071

TABLE 6: Comparison of Calculated and Experimental
Values at 2800 K and 1 atm

kin(CH, + H) ki(CH + Hy) Kat/ (K1a + Kip)
(cm*mol~ts™)  (cm®*molts™)
experiment 7.% 10° 15x 1¢° 0.33
calculated 9.8 10° 1.8x 1@ 0.39

Values for calculation of the sums and densities of states of
the transition states between ¢&hd the two channels that yield
CH, + H and CH + H, were taken to reproduce the
high-pressure rate parameters for the reverse processes from
Fulle and Hipplef? given above. The transitional modes were
treated as hindered rotors in the hindered Gorin method as
employed, for example, in GoldéRAll parameters are reported
in Table 5.

The centrifugal barriers were computed from the moments
of inertia as explained in Goldef.Using a Morse potential,
with the Morsef value computed using (for the GH+ H
channel) the €&H stretching frequency in Ciithe C-H bond
distance, and the appropriate masses, the position of the
centrifugal maximum was obtained by adding the rotational
energy at the maximum, assumed to 6 and finding the
maximum. This led directly to a two-dimensional moment of
inertia that could be used in the calculation of transition-state
properties. For the transition state leading to @HH,, the
potential is more complicated than a Morse function (see
Mayneris et afl), but the surface can be fit with a Morse
potential at CH-H, distances greater than 1.33 A. This was
used as the starting point for computing the moment of inertia
for that transition state. The probability for energy transfer was
treated using the exponential down function.

When calculations were performed at 1 atm of Ar using the
best inputs determined as above, the €HH, channel did not
appear. Because this is the channel with the more complex
potential energy surface, the value for the two-dimensional
moment of inertia in the transition state was modified until the
correct branching ratio could be attained. This required a change
from 11.0 to 12.89 amu A This change together with a value
for AEgown of 150 cnm! in the exponential down model could
fit our data reasonably well. The results of a representative
calculation are compared with the experimental values in Table
6. A pressure effect with a magnitude similar to that reported
by Eng et al. could not be discerned in our calculation. Note
that many parameter changes were tried (energy transfer was
increased and decreased, Gorin hindrance was varied, the
parameters were not required to fit the Fulle and Hippler reverse
rate constant), but none yielded a significant pressure-dependent
falloff.

Conclusions

Sensitive, narrow-line-width laser absorption diagnostics for
CH and OH were used to perform measurements in the methyl
decomposition system. Rate coefficients for the two methyl
decomposition pathwaysk;, and ki, were measured with
experimental conditions in the ranges 225%27 K and 0.7
4.2 atm. Within experimental uncertainty and scatter, no
discernible dependence on pressure was observed in the rate
coefficients of either pathway in the pressure and temperature
ranges studied. The measurements are in very good agreement
with the recent evaluation of Baulch et '&l.Theoretical
calculations carried out using a master equation/RRKM analysis

rate constants for the reactions as written above yield, for 2800fit the measurements reasonably well.

K, k-1 (molecule cm?® s1) = 45 x 10710 and k-1
(molecule cm® s71) = 2.8 x 10710 Thus, ki (571) = 1.3 x
10" andkyg (s71) = 3.5 x 10"
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